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Abstract

:

Airborne array tomographic synthetic aperture radar (TomoSAR) is a major breakthrough, which can obtain three-dimensional (3D) information of layover scenes in a single pass. As a high-resolution SAR, airborne array TomoSAR has considerable potential for 3D applications. However, the original TomoSAR elevation resolution is limited by the baseline and platform length. In this study, a novel method for enhancing the elevation resolution is proposed. First, the actual curve trajectory observation model of airborne array TomoSAR is established. Subsequently, multi-channel image data are substituted into the model to obtain the observation equation. Furthermore, the azimuth and elevation directions of the two-dimensional observation scene are modeled uniformly. The scene reconstruction is realized through the two-dimensional joint solution. Finally, the observation equation is sparsely solved according to the sparse distribution characteristics of the target to obtain the image. The performance of the proposed method is verified via simulation and real-data experiments. The experimental results indicate that, compared with the traditional elevation resolution enhancement method, the proposed method improves the elevation resolution by two times. The proposed method also provides a new thinking for high-resolution SAR 3D imaging.
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1. Introduction


Airborne array tomographic synthetic aperture radar (TomoSAR) imaging technology is a major breakthrough, which can obtain the elevation information of layover scenes, such as high mountains and layover buildings [1]. Owing to its advantage that three-dimensional (3D) information can be obtained by a single pass, it shows great application prospects in the 3D application field. In addition, it plays an important role in SAR imaging applications, such as in the field of military reconnaissance [2], topographic surveying [3], resource exploration [4], environmental monitoring [5], crop detection [6,7], and other applications [8,9,10,11].



TomoSAR development history can be traced back to 1995, when K.K.Nell demonstrated that 3D reconstruction can be achieved through TomoSAR. Since then, TomoSAR has been studied in various countries [12]. Deutsches Zentrum für Luft-und Raumfahrt designed the sector imaging radar for enhanced vision [13,14]. Later, Forschungsgesellschaft für Angewandte Naturwissenschaften e.V. designed the airborne radar for three-dimensional imaging and nadir observation (ARTINO) [15]. For the spaceborne TomoSAR system, studies on 3D imaging are classified into two aspects: high-resolution imaging algorithms and applications. The former mainly includes research on motion compensation (MOCO) and enhancement of resolution algorithms. The traditional improved two-step motion compensation (TS-MOCO) algorithm dominates [16]. For elevation resolution enhancement, the compressed sensing (CS) algorithm and its evolution prevail [17,18]. The CS method requires the target distribution to be sparse in the elevation direction, which is mainly divided into two categories. The first is greedy pursuit algorithm, such as the orthogonal matching pursuit algorithm proposed by Sujit Kumar Sahoo et al. [19]. In comparison, the second kind of convex relaxation algorithm, such as the basis pursuit algorithm (BP), proposed by SS Chen et al. [20]. Zhu et al. first proposed a base-tracking minimum parametric method to solve the CS limitation; subsequently, a series of studies based on CS imaging algorithms were conducted [21]. Jiang et al. proposed a new 3D imaging method and used RadarSat-1 data for validation [22]. In the same year, Xu et al. proposed high-resolution imaging based on Bayesian compression perception for imaging scenes with clutter [23]. As for the studies focusing on the application of 3D imaging methods, mainstream methods apply different algorithms to different situations, such as forests and buildings [24]. Many scholars have conducted extensive research on 3D imaging with fruitful results in sparse imaging algorithms and other aspects [25,26].



Although widespread research on TomoSAR 3D imaging has achieved promising results, existing studies have certain limitations. First, flight-pass distribution is nonuniform, which causes high side lobes in TomoSAR imaging, thereby making some ideal algorithms inapplicable [27]. Second, the flight-pass number is insufficient. To avoid spatial fuzzy, sampling needs to satisfy Nyquist theorem, which requires a sufficiently small flight-pass interval and sufficient flight-pass data to ensure high-resolution imaging. However, obtaining sufficient flight-pass data are not only costly but also impractical [28]. Airborne array TomoSAR can solve the abovementioned problems by placing several antennas along the cross-track direction to provide data supporting 3D imaging [8]. In 2014, the National Key Laboratory of Microwave Imaging Technology and the Institute of Electronics, Chinese Academy of Sciences, developed the first airborne array TomoSAR system in China [29]. Since 2015, based on this system, numerous experiments have been conducted for buildings and mountainous areas [30]. Moreover, a series of high-precision imaging algorithms have been presented. In 2017 and 2018, Li et al. presented a Gaussian mixture model 3D imaging method based on CS [31] and group sparsity 3D reconstruction method [32]. In 2018, Li et al. proposed an automatic focus algorithm based on topography search [33]. In the same year, Wang et al. proposed an algorithm based on spatial clustering seed growth for point cloud filtering [34], while Cheng et al. demonstrated multiple scattering of typical structures in urban areas [35,36]. In 2020, Jiao et al. demonstrated 3D imaging using a contextual information approach with a statistical method [37].



In summary, based on airborne array TomoSAR, domestic and foreign scholars have achieved abundant research results [38]. However, the basis of these studies is to compensate for the motion error. In fact, owing to airflow bumps and other factors, aircraft motion is subject to errors, which will change the movement of the aircraft baseline and subsequently extend its physical length in space. However, the relevant studies mainly focus on compensating motion errors [39,40]. This limitation of the baseline length is the reason for the lack of direct application of 3D imaging to enhance the elevation resolution using the motion error.



The existing system’s elevation resolution can be enhanced by the CS algorithm. However, the baseline length of airborne array TomoSAR is limited, which restricts the elevation resolution. To overcome the limitation, this paper proposes elevation resolution enhancement using a non-ideal linear motion error method. The main idea of the proposed method is to exploit the baseline variation due to the motion error. Because of the platform limitation, airborne array TomoSAR has a short baseline length in the cross-track direction. Therefore, it is feasible to use the motion error to enhance the elevation resolution under the limitation. Unlike the conventional imaging approximation methods that lose effective baseline length, the proposed method can break through traditional effective baseline length. The airborne array TomoSAR system can obtain the scene range, azimuth, and elevation 3D spatial spectrum, and the motion error can significantly increase the support domain of the elevation spatial spectrum. Therefore, the proposed method can improve the system’s ability to resolve the elevation direction. The main contributions of the method are as follows: the non-ideal linear motion error is used to enhance the elevation resolution; the baseline length, which is lost in the traditional motion compensation process, is used to the maximum, thus providing a solid foundation for the elevation resolution improvement; and finally, the elevation resolution is enhanced with the loss of azimuth and range resolution, thereby realizing high-resolution 3D imaging.



This paper is organized as follows. In Section 2, the basic principles of the proposed method are introduced in detail. In Section 3, the proposed method for enhancing the elevation resolution is proposed. Section 4 briefly introduces the database of our system. Section 5 presents simulation experiment and real data experiment results. Discussions are given in Section 6. Section 7 presents the conclusions of the paper.




2. Airborne Array TomoSAR Imaging Theory


In this section, the airborne array TomoSAR signal model is first described; then, its spatial spectrum is illustrated. Finally, the use of the motion error to enlarge the effective baseline is demonstrated.



2.1. Airborne Array TomoSAR Signal Model


Airborne array TomoSAR obtains elevation resolution by sequentially adding multiple channels along the cross-range direction, thereby forming a synthetic aperture in the elevation direction. A geometric model of airborne array TomoSAR imaging under an ideal trajectory is shown in Figure 1. In the geodetic coordinate system (x, y, z), axes x, y, and z represent the azimuth, ground, and height directions, respectively. In the radar coordinate system (a, r, s), axes a, r, and s represent the azimuth, range, and elevation directions, respectively. In both radar and geodetic coordinate systems, the three directions are orthogonal to each other. Let us assume that the platform has a uniform linear motion along the azimuth direction. The system works in the side-view mode, and   θ c   is the central incidence angle.



For the point target    P 1   (  x 1  ,  y 1  ,  z 1  )    in the scene, the echoes of the received channel according to the geometric relationship in Figure 1 can be expressed as follows:


  p  ( t )  = r e c t  (  t  T p   )  e x p  { j 2 π  f c  t + j π  K r   t 2  }   



(1)




where t,   T p  , and   f c   denote the fast time, the transmit pulse width, and the center frequency, respectively.   K r   represents the linear tuning frequency.



For the above imaging geometry model, the airborne array TomoSAR signals are emitted by the   l 1   array element and received by    l 2  ,  l 3  , ⋯ ,  l n    array elements. The received signal can be expressed as


  s  ( t ,  a m  ,  l n  )  =  σ i  · p  ( t − τ  (  a m  ,  l n  ,  P 1  )  )   



(2)




where   s ( t ,  a m  ,  l n  )   denotes the echo of the target   P 1   sampled at the   m t h   pulse time and received by the   n t h   array element at the fast time moment t, and   σ i   represents the backscattering coefficient of the target   P 1  .   τ (  a m  ,  l n  ,  P 1  )   is the echo time delay transmitted from the array element   l 1  , passing through the point target P in the middle and finally received by the array element   l n  ; it is expressed as follows:


     τ  (  a m  ,  l n  ,  P 1  )  =    R t   (  a m  ,  l 1  ,  P 1  )  +  R r   (  a m  ,  l n  ,  P 1  )   )   c      



(3)






      R t   (  a m  ,  l 1  ,  P 1  )  =     (  a m  −  x 1  )  2  +   (  l 1  −  y 1  )  2  +   ( H −  z 1  )  2        



(4)






      R r   (  a m  ,  l n  ,  P 1  )  =     (  a m  −  x 1  )  2  +   (  l n  −  y 1  )  2  +   ( H −  z 1  )  2        



(5)




where c and   R t   denote the speed of light and the spatial distance between the transmitting array element   l 1   and the observation scene target   P 1  .    R r   (  a m  ,  l n  ,  P 1  )    is the distance between the observation scene target   P 1   and the receiving array element   l n  .



The signal from Equation (1) after the phase compensation of the original echo can be expressed as follows:


     s  ( t , a , l )  =  σ i  · p  ( t − τ  ( a , l ,  P 1  )  )      



(6)




where the azimuth sampling position is a and the cross-course sampling position is l. The compensated echo signal is transformed into the wave-number domain by 3D Fourier transform. It can be shown as follows:


      F M   (  k t  ,  k a  ,  k l  )      = F  (  k t  ,  k a  ,  k l  )  · H  (  k t  ,  k a  ,  k l  )      



(7)




where   F (  k t  ,  k a  ,  k l  )   is the echo signal after compensation by 3D Fourier transform and can be expressed as


     F  (  k t  ,  k a  ,  k l  )  =  σ i  · P  (  k t  )  · e x p  − j  ϕ i   (  k t  ,  k a  ,  k l  )       



(8)






      ϕ i   (  k t  ,  k a  ,  k l  )  =  k a   x i  +  k l   y i  +   4  k t 2  −  k a 2  −  k l 2     ( H −  z i  )      



(9)




where    k t  = 2 π  f 0  / c  ,   k a  , and   k l   represent the number of range waves, azimuth waves, and cross-course waves, respectively.



  P (  k t  )   is the signal spectrum of the transmitted signal in the wave number domain, and it is expressed as follows:


     P  (  k t  )  =  1    |   K r   |     · e x p  j  π 4  s g n  (  K r  )   · r e c t     c  4 π   ·  k t  −  f c     K r   T p     · e x p  − j  π 4     (  c  4 π   ·  k t  −  f c  )  2   K r        



(10)







  H (  k t  ,  k a  ,  k l  )   is the observation target    P 0   (  x 0  ,  y 0  ,  z 0  )    used as the reference point to construct the matched filter, and it is expressed as follows:


     H  (  k t  ,  k a  ,  k l  )  =  P *   (  k t  )  · e x p  j  ϕ 0   (  k t  ,  k a  ,  k l  )       



(11)






      ϕ 0   (  k t  ,  k a  ,  k l  )  =  k a   x 0  +  k l   y 0  +   4  k t 2  −  k a 2  −  k l 2     ( H −  z i  )           



(12)







Among them:


      ϕ i   (  k t  ,  k a  ,  k l  )      =  k a   x i  +  k l   y i  +   4  k t 2  −  k a 2  −  k l 2     z i      



(13)




and


      ϕ 0   (  k t  ,  k a  ,  k l  )      =  k a   x 0  +  k l   y 0  +   4  k t 2  −  k a 2  −  k l 2     z 0           



(14)







The 3D wave number is subjected to a 3D STOLT transformation, where the mapping relationships are expressed as:


     k x     =  k a      



(15)






     k y     =  k l      



(16)






     k z     = −   4  k t 2  −  k a 2  −  k l 2        



(17)







Finally, the 3D distribution of the backscattering coefficients of the observed scene is obtained by performing the 3D Fourier inversion on the results, thus realizing 3D resolution [21].



The echo spectrum of the airborne array TomoSAR signal model contains the 3D spatial spectrum information of the scene. The azimuth spatial spectrum support domain is the azimuth signal bandwidth, and the azimuth antenna length is D, which is expressed as follows:


      K a  ∈  [ −   2 π  D  ,   2 π  D  ]      



(18)







The spatial spectrum support domain in the range direction is represented as follows:


      K r  ∈  [ −   4 π  c   (  f c  −   Δ f  2  )  ,   4 π  c   (  f c  −   Δ f  2  )  ]      



(19)




where   f c   and   Δ f   are the carrier frequency and the bandwidth of the transmitting linear frequency modulation (LFM) signal. The spatial spectrum support domain in the elevation direction is as follows:


      K s  ∈  [ −   2 π B c o s Δ β   λ ( R + Δ R )   ,   2 π B c o s Δ β   λ ( R + Δ R )   ]      



(20)







B, R, and  β  are, respectively, the length of the array antenna, the distance from the scene center, and the viewing angle under the wave number center, respectively.   R + Δ R   is the distance from the scene target to the antenna, and   Δ β   represents the position where the target deviates from the wave number center [8].




2.2. Effective Baseline Length


Figure 2 shows the geometric relationship of the measured effective baseline length of airborne array TomoSAR under this system. Distances from point   P 1   on the ground to antennas   l 1   and   l 2   are   R 0   and   R 1  , respectively. The baseline inclination angle is  α . B represents the baseline length, which is the distance between two antenna phase centers.



The baseline is decomposed along the range direction and the elevation direction perpendicular to the range direction, obtaining parallel and perpendicular baselines, respectively, [24]. In addition, the perpendicular baseline becomes the effective baseline of the airborne array TomoSAR system.


       B ∥  = B s i n  ( θ − α )         B ⊥  = B c o s  ( θ − α )      



(21)







During the actual flight, problems such as air turbulence are encountered, which cause carrier deviation from the original track, producing a motion error. The geometric model of airborne array TomoSAR imaging under the non-ideal track is shown in Figure 3. In the scene,   A m  ,   l n  , and H are the azimuth position of the radar at the moment of mth pulse, the position of the nth array element, and the platform height, respectively.



Single-point imaging requires an effective irradiation range within the synthetic aperture time. The actual effective baseline length variation projected into the azimuth–elevation geometric plane as shown in Figure 4. The figure clearly shows the antenna array element position with a bump on the platform.



The blue solid line and red dashed line correspond to the non-ideal track and ideal track. When the baseline length changes from the projection of    A 0   A 1    along the elevation direction to the projection of    A 0   ′    A 1   ′    , the effective baseline length under the non-ideal track and ideal track equations are expressed as follows.


       B ⊥  =    (  s 1  −  s 0  )  2   ∗ s i n  (  θ c  − α )         B ⊥   ′   =    (  s 1   ′   −  s 0   ′   )  2   ∗ s i n  (  θ c  − α )      



(22)







The analysis clearly indicates that the actual effective baseline length is much longer than the fitted effective baseline length. This serves as a solid foundation for the proposed method. With the proposed method that uses the motion error to increase the physical effective baseline, the elevation spatial spectrum can be widened without losing the azimuth and range direction spatial spectra, resulting in the improvement of the elevation resolution.





3. Resolution Enhancement Using the Motion Error Method


This paper presents a method to enhance the original physical effective baseline length by using the motion error of the non-ideal trajectory. This approach is different from the traditional imaging method that compensates the motion error under the non-ideal trajectory. The original physical baseline length is increased by using the non-ideal track motion error. At the same time, the 2D joint modeling of azimuth and elevation is carried out for the observation scene; then, the scene reconstruction is realized by 2D joint solution. The specific implementation steps are as follows:




	1.

	
Airborne array TomoSAR transmits LFM signals to the observation scene and received echo.




	2.

	
Echo data images of each channel are obtained in 2D. Based on the position and orientation system (POS) data, the ranges of non-ideal and ideal trajectories are determined.




	3.

	
Each channel complex image is aligned and the amplitude phase is corrected.




	4.

	
According to the trajectory information and scene grid position, the observation equation is generated.




	5.

	
The conversion result data of ten continuous azimuth pixels along the same distance, which can describe the change in the trajectory in a synthetic aperture, are intercepted in sequence and substituted into the observation equation. The observation equation is solved under the constraint of target sparsity, obtaining the reconstruction results.




	6.

	
The reconstruction results are fused to obtain the 3D reconstruction results of the whole scene.









The proposed airborne array TomoSAR 3D imaging method is shown in Figure 5.



The specific algorithm of 3D reconstruction is shown in the below Algorithm 1. Following the above processing, 3D reconstruction of the whole scene can be realized.



According to the above steps, the motion error is used to enhance the physical effective baseline length while obtaining a higher elevation resolution in the same case.






	Algorithm 1: 3D Reconstruction.



	
Input: Multi-channel image registration data   s r  , POS data



    x , y , z ,  x  r e f   ,  y  r e f   ,  z  r e f   ,  R  m i n    



Initialization: Multi-channel image registration data size   M ∗ N ∗ K  



for all   m = 1 : 10 : M   do



   Step 1: Ten points in ten azimuth directions are selected one after the other.



 The azimuth coordinate a and elevation coordinate s are recorded.



   Step 2: The grid points are divided into   P ∗ Q  . The observation matrix is



 calculated as   A = e x p ( − 2 j π ( P ∗ a + Q ∗ s ) )  , the actual curve trajectory



 observation model of airborne array TomoSAR is established.



   for all   n =  1 : N    do



      Step 3: Starting from one distance direction in sequence, azimuth FFT is



 performed. The multi-channel image data are substituted into the model to



 obtain the observation equation.



   end



      Step 4: The observation equation is sparsely solved according to the sparse



 distribution characteristics of the target to obtain the target image. Alternative



 adaptive estimation in the azimuth frequency domain and elevation time domain.



end



Output: The 3D reconstruction data   s e  .











4. Datasets


For the simulation and real-data experiments, the result obtained by our team in 2021 using airborne array TomoSAR in Weinan, Shaanxi Province, were used. The system is shown in Figure 6. The system operates in a 2-transmission, 8-receiver mode, and has 16 phase centers in the cross-range direction with 0.2 m spacing between adjacent centers. Other system parameters are shown in Table 1.



Based on the parameters, the elevation resolution   ρ s   and ambiguous elevation   Δ h   of the airborne array TomoSAR system can be obtained as follows.


       ρ s  =   λ H   2 B c o s ( θ − α ) c o s θ   ≈ 34   m       Δ h =   λ ( H − z )   2 b c o s ( θ − α ) c o s θ   ≈ 534   m     



(23)







When the separation of two scattering points within a resolution cell is less than 34 m, only a super-resolution method can be used for distinguishing them. Furthermore, the maximum ambiguous elevation of the scene is 534 m. When the beam width is certain, the lower platform height and the smaller shooting angle will have a negative impact of the imaging area. Therefore, the shooting angle of our system is 34   ∘  , and the flight height of the platform is 4.7 km. The proposed method discusses how to improve the elevation resolution in a given system.



To verify the practicality of the proposed method, we evaluated multiple sets of strip data. One synthetic aperture length was calculated according to the airborne array TomoSAR system parameters, as per the following formula.


      L  S A R   =  R  m i n   ∗ θ     



(24)




where   L  S A R   ,   R  m i n   , and  θ  are the subaperture length, closest scene slant distance, and transmit signal beam width, respectively. The total flight length is calculated from   X =  x  e n d   −  x 1   , where   x 1   and   x  e n d    are coordinate values corresponding to the start and end of the azimuth direction. The number of subapertures is calculated using   N = X /  L  S A R    . The difference between the highest and lowest points of the projection in POS data, which are along the y and z directions in the elevation upward, is found for each subaperture.



According to the above statistics, there are a total of 2087 strips that meet the requirements. The remaining strip data are the cases of large motion errors caused by non-ideal trajectories comprising bumps. The statistics of motion errors in the synthetic aperture are shown in Figure 7. The vertical coordinate is the number of compliant subapertures and the horizontal coordinate is the specific value of the motion error. Clearly, relatively large motion errors exist in the data. The above analysis proves that the actual data support the proposed method.




5. Experimental Results and Analysis


To verify the effectiveness of the proposed method, first, several simulation experiments are analyzed to compare the reconstruction of the same observation scene. Furthermore, a flight experiment using the airborne array TomoSAR for the urban area of Weinan, Shaanxi Province, are selected; it comprises 3D reconstruction of four sets of layover points and layover buildings. Specifically, due to the BP algorithm has high computational complexity, we compare the convex relaxation algorithm BP in compressed sensing to the proposed method [20].



5.1. Simulation Experiments


Simulation parameters are X-band airborne array TomoSAR parameters, corresponding to the scaling charts of the ideal linear and non-ideal linear trajectories, as shown in Figure 8. The input variable of this simulation is a vector containing   10 × 16   complex values, where 10 and 16 are azimuth-direction sampling points and number of elevation direction channels, respectively. The signal-to-noise ratio (SNR) is 30 dB. Other parameters are the same as shown in Table 1. We sampled 400 points uniformly at a 1 m interval along the elevation direction. Two scattering points having the same amplitude and quadrature phase are considered in the simulation.



Figure 8 indicates that the baseline lengths of the ideal and non-ideal linear trajectories are approximately 4 m and 8 m, respectively. From Equation (21) and Table 1, the effective baselines are approximately 3.3 m and 6.6 m. In theory, using the motion error, Rayleigh resolution can reach approximately twice as much as without using the motion error. In other words, under the proposed system, the original Rayleigh resolution form is 34 m, and when the motion error is used, the Rayleigh resolution can reach 17 m.



To illustrate that the proposed method can enhance elevation resolution, we compare the strength of resolution of two scattering points at different intervals. Green, red, and blue represent the results of using the motion error, without using the motion error, and the original reconstruction, respectively. The elevation position of the first scattering point is fixed at 1 m, while the second scattering point gradually approaches the first scattering point in the elevation upward. Elevation intervals of two scattering points are 5 m, 4 m, 3 m, 2 m, and 1 m. The results are shown in Figure 9.



Figure 9a–d show effective results of distinguishing two targets by using and without using the motion error when the elevation intervals are 2–5 m. Nevertheless, the discrimination ability of spurious targets and outliers is improved by using the motion error. As Figure 9e shows, when the elevation interval is 1 m, the proposed method using the motion error can effectively distinguish two targets, while the method without using the motion error cannot completely distinguish the targets. Therefore, the proposed method shows great application potential in elevation resolution. The simulation results indicate that the conventional method without using the motion error can achieve a Rayleigh resolution 16 times higher than the theoretical Rayleigh resolution, while the proposed method can achieve 32 times the theoretical Rayleigh resolution.



To evaluate relevant performance, we conducted 100 runs of Monte Carlo experiments with different motion errors, and the results are shown in Figure 10. The ideal linear motion range was fixed while gradually increasing the motion error. Fifteen groups of signals were used for the experiment. The set of effective baseline size ratios of the method using the motion error to the method without using the motion error was shown in Table 2. It can be seen that reconstruction success rate increases significantly with increasing ratio. When the ratio is   1.6   times, there is already a high probability that the method using the motion error can distinguish targets with 1 m elevation interval. In conclusion, the proposed method can improve the elevation resolution substantially in practical situations.




5.2. Real-Data Experiments


5.2.1. Layover Points


Target area reconstruction scene is a calibration field with multiple sets of layover points. The SAR image is shown in Figure 11, wherein the highlighted strong scattering points are the calibration points. Four strong scattering points are located on a flat field. Figure 12 shows the physical drawing of layover scalers.



Four sets of layover points are selected with elevation intervals of 1 m and 0.5 m. The 2D imaging plots of the four sets of layover points are shown in Figure 13. In Figure 13a, at the 96th grid in the azimuth direction is the 1st set of layover points, while at the 110th grid in the azimuth direction is the 2nd set of layover points. In Figure 13b, at the 98th grid in the azimuth direction is the 3rd set of layover points, while at the 104th grid in the azimuth direction is the 4th set of layover points.



The four sets of layover points are reconstructed using the motion error and the traditional BP algorithm. The reconstruction results of the four sets of layover points are given in Figure 14.



The total number of reconstruction grid points for the first set of layover points is 2134, with a spacing of 0.25 m between adjacent grid points. Figure 14a,b show the results of the orientation cumulative reconstruction using the BP algorithm and the proposed method for points 1 and 2, with an elevation interval of 0.5 m. Clearly, the reconstruction using the BP algorithm cannot successfully distinguish the two scattering points, whereas the proposed method can identify the two scattering points. In general, the method using the motion error can distinguish two layover points with an elevation interval of 0.5 m. The number of total reconstruction grid points for the remaining sets of layover points is 1068, with a spacing of 0.5 m between adjacent grid points. Figure 14c,d show the results of the orientation cumulative reconstruction using the BP algorithm and the method using the motion error for points 3 and 4, with an elevation interval of 1 m. Clearly, the BP algorithm still cannot distinguish the two scattering points, whereas the proposed method can. Figure 14e,f show the results of the orientation cumulative reconstruction using the BP algorithm and the proposed method for points 5 and 6, with an elevation interval of 1 m. The results indicate that the proposed method can effectively distinguish the two scattering points and shows higher robustness compared with the BP algorithm. Figure 14g,h show the results of the orientation cumulative reconstruction using the BP algorithm and the proposed method using the motion error for points 7 and 8, with an elevation interval of 1 m. Clearly, the reconstruction results of the BP algorithm show many points, while the proposed method have only two strong points even at an elevation interval of 1.5 m. The proposed method can distinguish four layover points with an elevation interval of 1 m and shows better performance than BP algorithm. Furthermore, the reconstruction amplitude of the proposed method was evaluated.



The reconstruction time of the two methods was measured, and the comparison of statistical results is shown in Table 3.



The reconstruction results of the four sets of layover points show that irrespective of the distance between layover points (i.e., 1 m or 0.5 m), the proposed method can successfully distinguish the points.




5.2.2. Layover Building


Furthermore, reconstruction of an urban building was processed, whose 2D SAR imaging is shown in Figure 15.



The azimuth cumulative reconstruction results of the building obtained using the proposed method are shown in Figure 16.



The 3D reconstruction result is shown in Figure 17.



The above simulation and actual overlay reconstruction results show that the proposed method can achieve about 34 times the resolution of the Rayleigh resolution and 2 times the resolution of the BP algorithm. It can distinguish overlay points with elevation spacing of 0.5 m and 1 m. At the same time, it is illustrated by the reconstruction results of a single building.






6. Discussion


Simulation and airborne array TomoSAR system results show the effectiveness of the proposed method to improve elevation resolution by using motion error. The simulation results show that the proposed method improves the elevation Rayleigh resolution by using motion error. It can be seen from the simulation results that with the increase in the effective baseline length, the resolution success rate also increases. At the same time, the elevation resolution is more than twice that of BP algorithm, reaching 1 m, and the error is about 0.05 m (e.g., Figure 9), which reflects higher accuracy and robustness. The algorithm is applied to airborne array TomoSAR system to verify the effectiveness of this method in improving elevation resolution. The layover points of 0.5 m and 1 m elevation can be distinguished. At the same time, a layover building is reconstructed by this method. In the simulation, although the Rayleigh resolution of the system is only 34 m, the proposed method can distinguish the super-resolution of two targets with an elevation interval of 1 m (e.g., Figure 14). The resolution results in the elevation direction of airborne array TomoSAR show the same super-resolution performance, except that the fourth group of points are located at the far end of the scene with a little error (e.g., Figure 14h). At the same time, to our surprise, the elevation spacing of 0.5 m can also be resolved (e.g., Figure 14a).



As mentioned earlier, our proposed algorithm can increases the effective baseline length, which therefore improves the elevation resolution. It is important because baseline length and elevation resolution are key parameters in 3D imaging. The algorithm can obtain higher super-resolution performance in the elevation direction. Although the proposed algorithm has high accuracy, there are other tasks to be completed: first, the proposed method is at the cost of more time. The subsequent research needs to balance time cost and computing efficiency. In addition, the proposed method needs to use the motion error in the aperture many times, so it is suitable for the system of wide-beam transmission. The elevation resolution improvement of narrow-beam systems needs further research.




7. Conclusions


High-resolution 3D reconstruction technology is of great significance in urban surveying, environmental monitoring, and other fields. However, the elevation resolution obtained by existing methods is inconsistent owing to the inherent characteristics of the baseline length. In addition, the existing motion error analysis technology focuses on compensating the motion error. This paper described these problems in detail and proposed a method to improve the elevation resolution by using the motion error to enhance the baseline length. In addition, the spectrum correspondence rule was analyzed. First, the actual curve trajectory observation model of airborne array TomoSAR was established. Subsequently, multi-channel image data were substituted into the model to obtain the observation equation. Finally, the observation equation was sparsely solved according to the sparse distribution characteristics of the target to obtain the target image. The simulation and real-data experiments showed that when the ratio of the actual and fitting effective baseline length is two, while the resolution should also be twice the quality. The reconstruction results obtained using the BP algorithm and the proposed method were compared. The proposed method can accurately identify overlay points with elevation interval of 1 m or higher. It could also distinguish the points at an elevation interval of 0.5 m, although the side lobe was high. The results confirmed that the proposed method has broad application prospects in high-resolution SAR 3D imaging.



In a future study, we will focus on balancing higher resolution and the execution time.
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The following abbreviations are used in this manuscript:



	TomoSAR
	tomographic synthetic aperture radar



	3D
	three-dimensional



	MOCO
	motion compensation



	2D
	two-dimensional



	TS-MOCO
	two-step motion compensation



	ARTINO
	airborne radar for three-dimensional imaging and nadir observation



	AIRCAS
	Aerospace Information Research Institute, Chinese Academy of Sciences



	CS
	compressed sensing



	LFM
	linear frequency modulation



	POS
	position and orientation system



	FFT
	fast Fourier transform



	SNR
	signal-to-noise ratio



	BP
	basis pursuit
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Figure 1. Geometric model of airborne array TomoSAR imaging under ideal trajectory. 
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Figure 2. Geometric relationship of the airborne array TomoSAR measurement baseline length. 
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Figure 3. Geometric model of airborne array TomoSAR imaging under non-ideal trajectory. 
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Figure 4. Trajectory projected into the azimuth–elevation geometric plane. 
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Figure 5. Improved 3D imaging method. 
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Figure 6. Airborne array TomoSAR system. 
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Figure 7. Subaperture motion error statistics. 
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Figure 8. X-band trajectory. (a) Ideal linear trajectory. (b) Non-ideal linear trajectory. 
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Figure 9. Comparison of scattering point reconstruction performance (using motion error(the proposed method) compare without using motion error (BP algorithm)). (a) Two targets interval 5 m and zoom of the highest point. (b) Two targets interval 4 m and zoom of the highest point. (c) Two targets interval 3 m and zoom of the highest point. (d) Two targets interval 2 m and zoom of the highest point. (e) Two targets interval 1 m and zoom of the highest point. 
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Figure 10. Performance evaluation of the proposed method. 
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Figure 11. Layover points 2D SAR imaging. 
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Figure 12. Layover scalers physical drawing. (a) Two targets interval 0.5 m. (b) Two targets interval 1 m. 
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Figure 13. Four groups layover points. (a) On the 96th and 110th grids are the 0.5 m and 1 m layover points. (b) On the 98th and 104th grids are 1 m and 1 m layover points. 
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Figure 14. Comparison of reconstruction performance in layover points. (a) BP reconstruction result of point 1 and point 2. (b) Proposed method reconstruction result of point 1 and point 2. (c) BP reconstruction result of point 3 and point 4. (d) Proposed method reconstruction result of point 3 and point 4. (e) BP reconstruction result of point 5 and point 6. (f) Proposed method reconstruction result of point 5 and point 6. (g) BP reconstruction result of point 7 and point 8. (h) Proposed method reconstruction result of point 7 and point 8. 
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Figure 15. Processing building 2D SAR imaging. 
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Figure 16. Azimuth cumulative display of building reconstruction results. 
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Figure 17. 3D reconstruction result. 
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Table 1. Airborne array TomoSAR parameters.
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	Parameter
	Symbol
	Value





	Center Frequency
	   f c   
	10 GHz



	Bandwidth
	   B w   
	500 MHz



	Maximum baseline length
	B
	3.6 m



	Baseline interval
	b
	0.2 m



	Flight height
	H
	4.7 km



	Flight velocity
	v
	80 m/s



	Horizontal inclination of baseline
	α
	0°
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Table 2. Effective baseline size ratios.
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	Group
	1
	2
	3
	4
	5
	6
	7
	8



	ratio
	1.00
	1.10
	1.20
	1.23
	1.25
	1.30
	1.40
	1.50



	Group
	9
	10
	11
	12
	13
	14
	15
	



	ratio
	1.55
	1.60
	1.70
	1.80
	1.90
	2.00
	3.00
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Table 3. Reconstruction time.






Table 3. Reconstruction time.





	Group
	BP(s)
	Proposed Method(s)





	1
	0.609
	5.463



	2
	0.615
	5.688



	3
	0.669
	5.775



	4
	0.696
	6.111
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