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Abstract

:

At the present time, most of existing security systems only detect and track targets in line-of-sight (LOS). However, in practice, the locations of targets are often out of the line of sight. This article focuses on the non-line-of-sight (NLOS) moving target detection with low-power transmission signals by reflection. There are two key problems, the weak target echo signal and the multipath effect. In terms of the issues, this paper constructs the echo signal model of the NLOS target. On the basis of the echo model, the detection method of NLOS moving target based on millimeter-wave radar comes up, which is of great theoretical value and important practical significance for indoor security. This paper innovatively applies the polynomial fitting method to suppress static noise and range gating method to suppress noise from other range gates. Then, the location and velocity of the target are estimated by two-dimensional fast Fourier transform (FFT) and the multiple signal classification (MUSIC) method. Furthermore, in order to verify the accuracy of the NLOS target echo signal model proposed in this paper, we respectively simulated two important parts of the signal in the model, the target echo signal and the direct backscattered signal of the intermediate interface, both of which are multipath signals. We counted the echo path length distribution in these two parts, and applied the NLOS target detection method to process them respectively. In addition, we also simulated the NLOS target echo signal and obtained actual data in the actual scene, and processed both the simulated data and the actual data. Comparing the results of target detection with and without denoising methods, the effectiveness of the two denoising methods proposed in this paper is verified.
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1. Introduction


In modern society, safety accidents such as burglary and malicious attacks still occur all over the world. Consequently, social public safety has been attracted great attention from the public. In recent years, with the advancement of technology, the security system has also been developed rapidly. At present, most security systems use cameras, infrared devices or radars to identify and detect targets. Millimeter-wave radar has been widely used in security systems [1,2,3,4] recently due to its numerous advantages, such as strong penetrating power and ability to work around the clock. Compared with other sensors, millimeter-wave radar has many advantages. In addition, in recent years, it has also been used in 5G wireless communication [5], autonomous driving [6,7], and security inspection systems [8,9]. It can work through rain, snow and fog and is immune to weather, climate and light. Additionally, its high operating frequency makes it possible to obtain a larger bandwidth and higher range resolution. Moreover, the millimeter-wave radar works in a low operating voltage and small power and is small and light, easy to install and low in cost [10]. Due to these advantages, the application research of millimeter-wave radar in the security field is of far-reaching significance. Nowadays, most of the existing security systems can only detect targets within the line of sight. However, in practice, targets are usually hidden from sight and cannot be directly observed. Therefore, NLOS target detection technology based on millimeter-wave radar has become one of the current research hotspots. This technology is expected to provide a new information support approach for indoor security applications, which has very important theoretical value and practical significance.



The NLOS region refers to the area where targets cannot be directly observed due to occlusion. In other words, the transmitted signal of the radar cannot directly reach the target. It can reach the target by penetrating obstacles or reflection and scattering. According to the way the transmitted signal reaches the target object, the NLOS target detection technology can be divided into two classifications, based on penetration and based on reflection. For indoor security, most of the current research of NLOS target detection radars focuses on technology based on penetration, such as through-wall radars [11,12,13].



Based on the principle of the reflection of electromagnetic waves, the through-wall detection radar detects various micro-movements caused by the human body’s breathing, heartbeat, and body movement through the backscattered echo of the human target behind the wall and other obstacles to identify whether there is life. According to the system conditions, the position and speed of the target can be further estimated. Foreign research institutions have made important progress in the model of through-wall radar systems, signal processing technology, and have developed a variety of through-wall radar prototypes and experimental systems. Domestic research in the field of through-wall detection technology started relatively late but has developed rapidly in recent years. There are more and more units engaged in the research of through-wall radar [14,15,16,17].



In recent decades, researchers have made lot of efforts to detect targets behind walls, especially human targets. In 2011, Lu Biying and others at the National University of Defense Technology applied the Back Projection (BP) method and coherent change detection (CCD) technology to the stepped frequency continuous wave system through-wall imaging radar to image the human moving target behind the wall in two dimensions [18]. In 2012, Jin Liangnian of Xidian University and others proposed a coherent coefficient weighted robust Capon beamforming algorithm, which obtained better imaging results than BP. They also compared the imaging performance of multiple array forms, proving that the MIMO array can achieve better imaging results with the same number of elements [19]. In order to further improve the imaging performance of the target behind the wall with the limited bandwidth and aperture, researchers from Guilin University of Electronic Technology and Nanjing University of Science and Technology have also carried out research on this since 2017 [20,21]. Further, in order to detect the posture of the human body, Liang Fulai and his team proposed the comprehensive range accumulation time-frequency transform (CRATFR), which improved the accuracy of human posture recognition [14]. In 2019, they further proposed a robust and stable classifier improvement method, called position information indexed classifier (PIIC), which improves the classification and recognition rate of human behavior [22]. In the same year, Jin Tian and Du Hao proposed a three-dimensional point input mode based on distance-Doppler-time, which further improved the classification accuracy of human posture [23]. In addition to human posture, the location of human targets is also considered. Dong Xianyu and his team proposed a Time-Frequency correlation multiple signal classification (MUSIC) algorithm suitable for wall penetration detection, which improved the accuracy of target angle positioning [23]. Moreover, in order to detect the target more accurately, the researchers also carried out research on suppressing the clutter in the radar-received signal. In order to suppress the reflection clutter of the internal structure of the wall, Zhang Yu proposed a clutter suppression algorithm in the wall based on a low-rank sparse representation model, which converts the clutter suppression into a least squares optimization problem to achieve target feature enhancement and detection [24]. Combining the geometric properties of the imaging room, M. Leigsnering and his team took advantage of the properties of multipath propagation and proposed a method based on compressed sensing to estimate object detection and velocity. However, this method requires pre-acquisition of the geometrical properties of the imaging room. This method will fail once prior information on geometric properties is lost [25].



However, NLOS target detection based on penetrability usually requires high-power transmission signals, while target detection based on reflection does not. Reflective radar based on millimeter-wave radar is expected to detect NLOS targets with low-power emission signals. Currently, the research of NLOS short-range detection radar based on reflection is in its infancy, which is inspired by NLOS optical imaging. In recent years, many institutions at home and abroad have carried out NLOS optical imaging research, among which the Massachusetts Institute of Technology is in the lead. In 2011, the MIT Multimedia Laboratory proposed a new mode of transient laser transmission based on ultrafast laser technology, and completed the three-dimensional imaging of hidden objects in the corner in 2012 [26,27,28], which confirmed the feasibility of imaging an NLOS target. In 2013, the French-German St. Louis Research Center studied the imaging of hidden objects in the corner on the meter scale. They explored the application of different lighting patterns in the NLOS field using gating technology [29,30]. Domestically, in 2011, Beijing Institute of Technology carried out an NLOS imaging experiment based on laser distance gating. The experimental results show that the NLOS image quality of clean glass is better than that of falling gray glass. What is more, the imaging effect is poor when using ceramic tile as an intermediate reflecting surface [31].



Similar to the theory of optical NLOS imaging, considering the knowledge of multipath propagation and electromagnetic scattering, the transmitted signal of radar can reach the target through the reflection of the intermediate interface. Similarly, the target echo can also return to radar by the reflection. Therefore, theoretically, the radar can detect moving targets in the NLOS region. In 2018, Qingsong Zhao realized the use of K-band SIMO radar to locate moving targets after corners [32,33]. They built a multi-channel single-path signal model and estimated the distance and azimuth of the target. However, the above model does not consider the backscattered signal of the wall, the multipath effect and the low signal-to-noise ratio (SNR) caused by scattering. Therefore, the applicability of this model needs to be improved for actual NLOS scenarios.



This paper concentrates on the research of close-range NLOS moving target detection technology based on the reflection mechanism. It is expected to realize the detection of close-range NLOS moving targets after corners with low-power emission signals, which is of great theoretical value and important practical significance for indoor security. The main work includes:




	
Considering the influence of factors such as the diversity of echo paths and the bistatic scattering, constructing the multipath echo signal model for the NLOS target;



	
Proposing a noise suppression method for NLOS moving-target detection based on the reflection mechanism, and improving the detection effect of moving targets in NLOS scenes;



	
Carrying out simulation and actual measurement experiments to verify the effectiveness of the NLOS moving-target detection data processing method through the analysis of the data processing results.








The reminder of this paper is organized as follows. In Section 2, we construct a typical NLOS scene and propose an echo signal model of NLOS target. Then, the detection method of NLOS moving target is proposed in Section 3. In Section 4, the simulations and experiments are carried out and the result analysis is provided. Finally, the conclusion and prospects for future work are given in Section 5.




2. Echo Signal Model of NLOS Target


The basic principle of NLOS target detection based on reflection is to obtain the target’s echo signal using the scattering characteristics of the interface. Therefore, building a radar multipath scattering echo signal model of the NLOS region is the foundation of research for target detection methods.



To facilitate the derivation of the echo signal model of the NLOS target, some notations are defined as shown in Table 1.



We abstract the indoor corner into a geometric scene as the typical NLOS scene model, as shown in Figure 1. The electromagnetic wave emitted by the radar reaches the target by the reflection of the intermediate interface, and returns to the radar by the reflection of the intermediate interface again after being backscattered by the target. During this process, because the radar beam has a certain width and the actual target has a certain volume, the position where the signal is scattered by the intermediate interface cannot be determined, which results in the multipath effect.



Since the direction of the radar and the wall are not perpendicular or parallel, in order to facilitate solving the target position, we constructed two coordinate systems: the radar coordinate system and the geodetic reference coordinate system. Both coordinate systems take the transmitting antenna as the coordinate origin. The geodetic coordinate system takes the parallel direction and the vertical direction to the intermediate interface as the x-axis and the y-axis, respectively. The radar coordinate system takes the line where the receiving antenna array is located as the x-axis and its vertical direction as the y-axis. These two coordinate systems can be converted into each other according to the radar angle.



It is more convenient to solve the mirror target position based on the radar coordinate system. However, in the process of converting the mirror target coordinates to the real target coordinates, relevant scene parameters should be taken into consideration, such as the distance between the radar and the two walls and the width of the aisle. In this case, it is simpler to use the geodetic coordinate system.



Since the radar detects the target by the reflection of the intermediate interface in the NLOS scene, the echo signal contains multiple parts. In addition to the target-related signal, there are also direct backscattered signals from the intermediate interface and noise interference. Considering the forward and backward scattering of the interface, the wide beam angle of the radar and the variability of the target echo path, the radar echo signal model of the NLOS target is constructed as follows.


  R ( t ) = S ( t ) + B ( t ) + N ( t )  



(1)




where   N ( t )   includes random noise, background clutter and reflected echo from other objects. Considering that the actual radar beam angle is wide and the multi-point scattering exists on the intermediate interface, it can be analyzed that both   S ( t )   and   B ( t )   are the superposition of echo signals from multiple paths.



The expression of the reflected echo of the target is as follows.


  S  ( t )  =  ∑  i = 1   L 1    ∑   n 1  = 1   N 1    ∑  p = 1  P   ∑   n 2  = 1   N 2    ∑  j = 1   L 2    f i   k  n 1    l p   m  n 2    s j   r  i ,  n 1  , p ,  n 2  , j    ( t )   



(2)







Generally, in order to obtain a larger time bandwidth product and higher range and speed resolution, linear frequency-modulated continuous wave (LFMCW) is often used as the transmit signal. We define   A 0   as the amplitude of the transmitted signal,   R  i ,  n 1  , p ,  n 2  , j    as the path length of the signal from radar transmitter to radar receiver, and   R  i ,  n 1    ,  R   n 1  , p   ,  R  p , n 2    and   R   n 2  , j    respectively represent the distance from the transmitting antenna to the first scattering point of the intermediate interface, distance from the first scattering point of the intermediate interface to the target, distance from the target to the second scattering point of the intermediate interface, and the distance from the second scattering point of the intermediate interface to the receiving antenna. According to the Fries transmission formula, the signal amplitude is inversely proportional to the propagation distance. Therefore, the expression of    r  i ,  n 1  , p ,  n 2  , j    ( t )    can be derived.


      r  i ,  n 1  , p ,  n 2  , j    ( t )  =       A 0    R  i ,  n 1     R   n 1  , p    R  p ,  n 2     R   n 2  , j     u  ( t −   R  i ,  n 1  , p ,  n 2  , j   c  )           exp { j 2 π  f 0   ( t −   R  i ,  n 1  , p ,  n 2  , j   c  )  + j π μ   ( t −   R  i ,  n 1  , p ,  n 2  , j   c  )  2  }     



(3)







The direct backscattered signal of the intermediate interface is also the superposition of multiple path signals, and its expression is as follows.


  B  ( t )  =  ∑  i = 1  L   ∑   n 1  = 1   N 1    ∑  j = 1   L 2    f i   q  n 1    s j   b  i ,  n 1  , j    ( t )   



(4)




where the direct backscattered, delay-attenuated signal of the intermediate interface can be expressed as


      b  i ,  n 1  , j    ( t )  =       A 0   R  i ,  n 1  , j  2   u  ( t −   R  i ,  n 1  , j   c  )  exp  { j 2 π  f 0   ( t −   R  i ,  n 1  , j   c  )  + j π μ   ( t −   R  i ,  n 1  , j   c  )  2  }      



(5)








3. Detection Method of NLOS Moving Target


Since the echo signal received by the radar is scattered by the intermediate interface and target many times, the target echo signal is relatively weak. We propose a data processing method for NLOS targets. By solving the mirror target, which is symmetrical with the real target about the interface, the real target is located. Additionally, we utilize the polynomial fitting method and distance gating technology to suppress echo noise and improve the SNR.



According to the moving target detection theory and the constructed echo signal model of NLOS target, in terms of target parameter estimation, the two-dimensional FFT method is used to convert the time-domain echo signal into the range-Doppler domain to obtain the target’s distance and velocity, and the multiple signal classification (MUSIC) algorithm is used to estimate the target angle. In terms of noise suppression, we suppressed static noise by performing polynomial fitting on the range-slow time signal after range FFT. In addition, the distance gating technology is used to filter out other distance gate noises, and multi-channel non-coherent pulse accumulation is applied to amplify the SNR. The Constant False Alarm Rate (CFAR) detection method is performed on the result of pulse accumulation, and the results are clustered. Since we cannot know in advance how many targets there are in the scene, the Density-Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm is quite suitable. Finally, the target is relocated according to the scene information, and the position coordinates of the real target are obtained by using the parameters of the mirror target in the radar coordinate system. The algorithm flow is shown in Figure 2. When actually processing the echo data, the data obtained by direct sampling are the difference frequency signal because the frequency of the millimeter wave is too high to be sampled. Then, we combine multiple consecutive echo signals from different receiving antennas into one frame. Next, each frame of data are processed to obtain the position and velocity information of the moving target. The specific algorithm procedure is shown in Algorithm 1.



	Algorithm 1: NLOS Target Detection Algorithm



	 [image: Remotesensing 14 01614 i001]








For convenience’s sake, some variables are defined and the meanings of the main variables are shown in Table 2. Methods of target parameter estimation and noise suppression will be introduced in detail in the following.



3.1. Target Parameter Estimation


3.1.1. Distance Estimation


The expression of the linear frequency modulation continuous wave emitted by the transmitting antenna of a single period is


  s  ( t )  =  A 0  exp  ( j 2 π  f 0  t + j π μ  t 2  )  u  ( t )   



(6)







When there is a target at a distance of R, the total time that the electromagnetic wave propagates in the air is


  T =   2 R  c   



(7)







The echo signal is mixed with the transmitted signal. We define   f  I F    as the frequency output by the mixer, which is the difference between the frequency of the transmitted signal and the received signal.


   f  I F   = μ T +   2  f 0  v  c  =   2 R μ  c  +   2  f 0  v  c   



(8)




where   f 0   is the starting frequency, v is the target velocity, and    2  f 0  v  c   is the frequency difference caused by the Doppler effect.



Since


  R μ > >  f 0  v  



(9)







So, the phase difference caused by the Doppler effect can be ignored. Then,


   f  I F   =   2 R μ  c  .  



(10)







Then, the distance can be derived.


  R =    f  I F   c   2 μ    



(11)







In practice, the corresponding frequency of the target can be obtained by sampling the output of the mixer and performing FFT on the sampled data. According to the above formula, the distance between the target and the radar can be obtained. Additionally, the range resolution can be calculated.


  d R =    F s  c   2  N r  μ    



(12)








3.1.2. Velocity Estimation


Assuming that there is a moving target with a speed of v in the NLOS range, and the state of motion of the target does not change within one frame. Then, the distance between the mirror target and the radar changes with time.


  R  ( t )  =  R n  + v t  



(13)






   R n  =  R 0  + n v  T  p r    



(14)




where   R n   is the distance between the mirror target and the radar in the nth pulse repetition period, and   R 0   is the distance between the mirror target and the radar at zero hour,   T  p r    is the pulse repetition time.



Then, the echo delay of the moving target is


   τ n   ( t )  =   2 (  R n  + v t )  c   



(15)







Then, the echo signal obtained in the nth period is


   s R   ( t )  =  A 0   exp { j 2 π   [  f 0   ( t −  τ n   ( t )  )  +   μ   ( t −  τ n   ( t )  )  2   2  }   



(16)







The output signal of mixing and filtering is


   s b   ( t )  =  A 0   exp { j 2 π   [  f 0   τ n   ( t )  + μ t  τ n   ( t )  −   μ   (  τ n   ( t )  )  2   2  }   



(17)







Ignoring the term whose denominator is   c 2  , the expression can be simplified as


      s b   ( t )  =      A 0  exp  {   j 4 π  f 0  v n  T  p r    c  }  exp  { j 2 π  [    f 0   R 0   c  +   ( 2  R n  μ + 2  f 0  v ) t  c  +   2 μ v  t 2   c  ]  }      



(18)







We define that    t n  = n  T  p r    , then


      s b   ( t )  =      A 0  exp  {   j 4 π  f 0  v  t n   c  }  exp  { j 2 π  [    f 0   R 0   c  +   ( 2  R n  μ + 2  f 0  v ) t  c  +   2 μ v  t 2   c  ]  }      



(19)







It can be seen from the above formula that the frequency peak point obtained by FFT of multiple difference frequency signals obtained in one frame is


   f n  =   2  f 0  v  c   



(20)







Then, the velocity of the target can be derived.


  v =   c  f n    2  f 0     



(21)







The velocity resolution is


  d v =  c  2  f 0   N a   T  p r      



(22)








3.1.3. Angle Estimation


The principle of the MUSIC algorithm is to eigenvalue decompose the covariance matrix of the received signal to obtain the signal subspace and the noise subspace. According to the orthogonality of the two subspaces, the spatial spectrum can be obtained, where the angle of the target can be determined by searching for the maximum value.



Assuming that there are P targets in the scene and the radar has M receiving antennas, then the received signal can be expressed as


  X ( t ) = A · S ( t ) + N ( t )  



(23)




where   X ( t )   represents the received signal of the antenna array, A represents the steering vector matrix of the antenna array,   S ( t )   represents the reflected signal of the target, and   N ( t )   represents the noise.



According to the received signal, its covariance matrix can be calculated. The covariance matrix of the received signal can be expressed as


   R X  = A  R S   A H  +  R N  = A  R S   A H  +  σ 2  I  



(24)




where   R S   represents the covariance matrix of the signal,   R N   represents the covariance matrix of the noise, and  σ  is the mean square error of Gaussian white noise. The eigenvalue of the covariance matrix is decomposed and sorted from largest to smallest. According to the signal source estimation method, the first P eigenvectors are the signal subspace, and the last   M − P   eigenvectors are the noise subspace.



The spatial spectrum is defined as


   P m   ( θ )  =  1   a H   E n   E n H  a   =  1   ∥   E n H    a ∥  2     



(25)




where    E n  =  [  v  p + 1   ,  v  p + 2   , ⋯ ,  v  p + M   ]    is the noise subspace matrix. Since the signal subspace is orthogonal to the noise subspace, the angle corresponding to the peak of the spatial spectrum is the angle of the target.





3.2. Noise Suppression Methods


3.2.1. Polynomial Fitting Denoising Method


If there are static objects in the scene, then the echo signal contains static noise. This will reduce the SNR of the echo signal, which will have a certain impact on the detection of moving targets. In response to this problem, we adopted a polynomial fitting method to filter out static noise.



The radar transmitter transmits chirp signals with a certain pulse repetition frequency, which reach the receiving antenna by scattering or reflecting by the intermediate interface and the target. The received echo signal is mixed with the transmitted signal to obtain an difference frequency signal. According to a certain frame rate, several difference frequency signals compose a two-dimensional signal. The range FFT is performed on it, and the range-slow time signal can be obtained.



Along the slow time direction, a low-order polynomial fitting is performed on the signal of the same range bin. We define   t  s l o w    as slow time and the expression of the nth range bin is


   S n  = α  t  s l o w   + β  



(26)







If there are static targets in the scene, the echo of the target is the same at any moment. Then, the difference frequency signals at different slow time points are the same in the range-slow time domain. Therefore, removing the invariant term obtained by polynomial fitting from the range-slow time domain signal can remove a part of the static noise and improve the SNR.




3.2.2. Range Gating Technology


The range gating technology determines the receiving time of the detector according to the transmission time of the pulse and the distance of the target, so that the target can be isolated from the background noise, and the influence of the direct backscattering of the intermediate interface and the multiple scattering of the target can be effectively reduced. The principle is to control the switch of the radar receiver by controlling the switch of the gate, so that the radar receiver only receives the echo signal within the range of the target, which improves the signal-to-noise ratio of the echo signal.



For millimeter wave radar, due to the high transmitted signal frequency, the echo signal cannot be directly sampled. So, the received signal and the transmitted signal are mixed first, then the difference frequency signal is sampled. Due to the limitation of the hardware equipment, the distance gating cannot be directly performed in the process of receiving the signal. Therefore, we adopt the frequency-domain distance gating method to filter out the interference of background clutter.



For the NLOS scene shown in Figure 3, the distance range of the NLOS target can be determined.


     D 2     D 1 2  +  D 3 2      D 3   sin  ( π − 2 θ )  ≤ R ≤     ( 2  D 2  −  D 3  )  2  +   (  D 1  +  D 4  )  2     



(27)







Therefore, the range gate outside this part should be closed in the range-Doppler domain to reduce noise interference. In addition, the distance door of other known obstacles in the NLOS scene should also be closed to further reduce the interference of background clutter.






4. Simulation and Experimental Results


In order to explore the feasibility of the above detection method of the NLOS moving target, we carried out simulations and experiments. The results are analyzed and summarized in detail as follows.



4.1. Simulation Results


We build the simulation scene as shown in Figure 4. There is a moving target (M) and a stationary target (S) in the scene, and the velocity of the moving target is 5 m/s. Set the radar working mode as one transmitter and four receivers, and the distance between adjacent receiving antennas is half the wavelength. The 128 continuously received echo signals are regarded as one frame. We have set up two coordinate systems, the radar coordinate system and the geodetic coordinate system, which are shown in Figure 4. The simulation parameters are shown in Table 3, where the target coordinates are based on the geodetic coordinate system.



According to the principle of range estimation and velocity estimation, the range resolution and velocity resolution can be calculated.


  d R =    F s  c   2  N r  μ   = 0.25   m  



(28)






  d v =  c  2  f 0   N a   T  p r     = 0.4530   m / s  



(29)







According to the range gating technology proposed in this paper, in the simulation scene, the length of the echo path of the NLOS target satisfies


  8   m ≤ R ≤ 13.89   m  



(30)







Considering that the range resolution of this scene is 0.25 m, the echo path length range of the NLOS target is approximately 8∼14 m.



According to the NLOS target echo signal model proposed in this paper, the signal received by the radar receiver includes target echo, direct backscattered signal from the intermediate interface and noise interference. In order to verify the effectiveness of the model, the target echo signal and the direct backscattered signal from the intermediate interface are simulated, respectively.



Firstly, the NLOS target echo signal is obtained by simulation, on which the detection method is applied to estimate the target parameters. The results are shown in Figure 5. It can be seen from the result that after two-dimensional FFT, there are two obvious targets in the range-Doppler domain. One target is a stationary target, and the other is a moving target with a velocity of about 5 m/s. Then, through CFAR detection and clustering, the parameters of the target are estimated. The stationary target is located at a distance of 10.13 m from the radar at an angle of 2.0   ∘  , and the moving target is at a distance of 9 m from the radar at an angle of 4.5   ∘  . There exists an error in the final positioning of the target, which is mainly due to low resolution and multipath effects.



The path lengths of the echo signal of the target M are counted, and the path lengths distribution is shown in Figure 6. It can be seen that due to the multipath effect, the path length between 8.625 and 8.875 accounts for a relatively large portion. This length is greater than the direct distance between the radar and the mirrored target. In addition, the range resolution of the radar is 0.25 m. Therefore, the target distance estimated is slightly larger than the actual target distance.



For the direct backscattered signal from the intermediate interface, the same data processing method is applied as the target echo signal. The result is shown in Figure 7. It can be found that the direct backscattered signal from the intermediate interface forms an obvious stationary target point in the range-Doppler domain. Further, after CFAR detection and clustering, it can be obtained that the target is located at a distance of 5.5 m from the radar and the angle is 0   ∘  . Obviously, the intermediary interface was mistakenly detected as a target point. In other words, the direct backscatter of the intermediate interface causes fake targets in the detection results.



In the above, the range of the echo path length of the NLOS target is calculated between 8 m and 14 m. Obviously, the distance parameter of the fake target caused by the intermediate interface is not within this range. The path lengths of the direct backscattered signal are counted, and the histogram of the path length distribution is shown in Figure 8.



It can be seen from the figure that there are very few direct backscattering paths longer than 8 m. Therefore, if the distance gate outside the distance range is closed, the interference of direct backscatter can be greatly reduced.



In order to observe the effects of the polynomial fitting denoising method and the range gating technique more intuitively, the target detection results with and without denoising methods are shown and analyzed, respectively.



In the simulation scene, the echo signal received by the radar includes the echo signal of two targets, the direct backscattered signal of the intermediate interface and the noise interference. The NLOS target detection method without denoising operations is applied to process the signal, and the results are shown in Figure 9.



Obviously, in the range-Doppler domain, there are two strong point targets and one weak point target. CFAR detection method is performed on the range-Doppler domain signal to obtain three targets. After clustering and positioning, two stationary targets and one moving target are obtained. The estimated target parameters are shown in Table 4. Obviously, the two strong targets detected are the target points set in the scene. The stationary target located at 10.13 m is the target S, and the moving target located at 9 m is the target M. The weak target at 5.5 m is a fake target caused by the direct backscattered signal from the intermediate interface.



In order to reduce the impact of direct backscatter from the intermediate interface, the range gating technology is used to close the distance gate outside the range of the target’s echo signal path length. The results are shown in Figure 10.



From the results, it is easy to find that there are only two obvious target points in the range-Doppler domain signal after the range gating. The influence of the direct backscattered signal from the interface is well eliminated. After clustering, two targets are finally detected, the stationary target (S) and the moving target (M) set in the scene. It can be seen that the fake target caused by the direct backscattered signal of the intermediate interface are completely filtered out. By comparing with the results of the detection method without denoising operations, it can be clearly concluded that the distance gating technology can greatly reduce the noise interference of other distance gates and improve the accuracy of target detection.



In order to detect moving targets more accurately and reduce the influence of static noise, the polynomial fitting denoising method proposed above is applied to eliminate static noise in the range-slow time domain. The results are shown in Figure 11.



From the results, it is easy to find that three obvious targets can be observed after the range FFT operation in the range-slow time domain. Then, after the polynomial fitting denoising operation, there is only one obvious target left. After applying the velocity FFT operation, there are one obvious moving target in the obtained range Doppler domain signal. CFAR detection is performed after distance gating, and there is only one moving target in the result obtained, and no stationary target. After using the MUSIC algorithm to estimate the angle of the target, the location of the target can be further determined. The distance of the target is estimated to be 9 m, the speed is estimated to be 5.015 m/s, and the angle is estimated to be 4.5   ∘  . There is only the moving target in the final result. In other words, our NLOS moving target detection method can detect moving targets and filter out the interference caused by stationary targets. By comparing the results with the target detection method that only uses the range gating technology, it can be concluded that the polynomial fitting denoising method can greatly filter out the static noise, so the moving target can be detected more accurately.



In summary, we can draw several conclusions. First of all, the range gating technology can greatly reduce the influence of the direct backscattered signal from the intermediate interface, and filter out the noise outside the target distance range. Secondly, the polynomial fitting denoising method can effectively filter out static noise and detect moving targets more accurately. Finally, although there exists error in the final positioning of the target due to low resolution and multipath effects, the overall results are relatively accurate, indicating that the algorithm can realize the detection and parameter estimation of NLOS moving targets.




4.2. Experimental Results


The actual NLOS scene is more complicated. In order to verify the feasibility of the moving target detection method in the actual scene, we built an actual NLOS scene with the corner reflector as the actual target. The experiments are carried out with a millimeter wave radar, which is shown in Figure 12. We work with the received data using the NLOS target detection method above and analyze the results.



We build an NLOS scene in a meeting room in the New Main Building of Beihang University, and its abstract geometric model is shown in Figure 13. There are interference and static noise in the scene. The related parameters are shown in Table 5.



As shown in Figure 13, L1 is the length of the guide rail, L2 is the distance from the bottom of the guide rail to the center of the reflection point on the intermediate interface, and L3 is the distance from the radar to the center of the reflection point on the intermediate interface. The center of the reflection point of the intermediate interface is approximately the position of the intermediate interface directly opposite the center of the radar main lobe. In addition, since it is impossible to accurately measure the placement angle of the radar and the placement angle of the guide rail in the actual scene, the angle of the radar and the angle of the target are both roughly estimated.



The actual radar parameters are the same as the simulation parameters, so the range resolution and velocity resolution are also the same as the simulation. The range resolution is 0.25 m and the velocity resolution is 0.4530 m/s.



We mount the corner reflector on the guide rail and set the maximum speed of the guide rail to 1.5 m/s. The switch of the guide rail is controlled by software, and then, the movement of the corner reflector is controlled. The corner reflector moves from one end to another and back, and there is a process of acceleration and deceleration during the time. In this process, the echo signals received by the millimeter-wave radar are derived and processed. In order to verify the effectiveness of the two denoising methods proposed in this paper with actual data, the target detection method with and without denoising operation are respectively applied to one frame of the echoes, and the results are analyzed.



Firstly, the target detection method without denoising operation are applied to process the data, and the results are shown in Figure 14. The estimated target parameters are shown in Table 6. From the results, it can be found that after two-dimensional FFT, there are several targets in the range-Doppler domain, which is rather messy. Further, through CFAR detection and clustering, several target points are obtained. Combined with the information of the actual scene, it can be found that the point target with the strongest energy is the moving corner reflector. Other target points are caused by noise interference in the actual scene, which reflects that there exists interference and static noise in the actual scene.



Next, we choose the target detection method with range gating technology to process the data, and the results are shown in Figure 15. Obviously, after the range gating operation, there exist an obvious moving target and a weak stationary target in the range-Doppler domain signal. After the range gating, the noise interference outside the range of the NLOS target echo signal path length is filtered out. Therefore, the number of targets finally detected is much less than that of the target detection method without denoising operation. Therefore, it can also be reflected that the distance gating technology can greatly reduce the noise interference of other distance gates.



Finally, the polynomial fitting denoising method and range gating technology are both applied to process the data, and the results are shown in Figure 16. It can be seen from the results of the range FFT that there are noise and other interference in the echo signal received by the radar. After denoising by polynomial fitting, a part of static noise is removed. After velocity FFT and distance gating, an obvious moving target can be observed in the range-Doppler domain. At the same time, there is still weak noise in the signal. After CFAR detection, the moving target is accurately detected. The DBSCAN clustering algorithm is used to process the results of CFAR detection, and finally, the target is located and its velocity is estimated. Finally, it can be detected that the target with a velocity of 1.14 m/s is located at 6.94 m and 8.00   ∘   to the left of the center of the radar beam, which is consistent with the scene information. Due to the limitations of hardware equipment, precise target parameters cannot be obtained.



Comparing the results obtained by the above three target detection methods, we can easily find that the range gating technology can filter out all the noise outside the distance range of the NLOS target, which greatly reduces the influence of the direct backscattered signal from the intermediate interface. The polynomial fitting denoising method can filter out static noise and effectively reduce the influence of some static objects in the actual scene. In general, the NLOS target detection method proposed can accurately detect NLOS moving targets and greatly reduce the impact of noise interference, which has been verified in an actual scene.



By comparing the data processing process and results of the simulation and the actual measurement, it can be found that there are some differences, which can be mainly divided into two points. Firstly, the actual experimental environment is more complex. The echoes received by the radar are more cluttered due to the presence of many interfering objects in the scene. Besides, the surrounding wind carried by the moving target will also form clutter interference. Another difference is that the electromagnetic wave propagation in the actual experimental scene has a large loss due to the influence of dust particles and gas molecules in the air, which is not considered in the simulation scene. In the air, the echo signal with a long propagation path has a larger loss than the short path, so the echo signal energy of the mirror reflection propagation path accounts for a larger proportion. Further, the influence caused by the multipath effect is weaker and the target location information of the actual experimental results is more accurate. In conclusion, whether simulation or experiment, the moving target is accurately detected and the static noise is filtered out, which verifies the effectiveness of the NLOS target detection method.



In actual scene, there exists an error in the final positioning of the target. In the actual scene, there are many factors that affect the positioning error. It mainly includes the measurement error of some parameters in the actual NLOS scene, the deviation of the radar placement angle, the multipath effect, and low distance and angle resolution. Although there exist errors in practice, the method still has high accuracy and applicability. Different actual NLOS scenes are built and the echo data are collected by millimeter-wave radar. The NLOS moving target detection method was applied on the echo data of various NLOS scenes. From the results of target detection, the method proposed in this paper can accurately detect the NLOS moving target, which shows that it has good stability and universality. This is related to the denoising method adopted by this paper. In the algorithm proposed in this paper, range gating technology is used to filter out the interference caused by wall backscattering and multiple reflections, and the polynomial fitting denoising method is used to remove the static noise. These two methods do not depend on a fixed scene, and can work well in different NLOS scenes, so that moving objects can be detected accurately.



For the same experimental echo data, we applied the NLOS moving target location algorithm proposed by Zhao Qingsong [32,33], and the results are shown in Figure 17. From the results, it can be seen that after moving target indication (MTI), although the static noise is filtered out, the echo energy of the moving target is also greatly reduced. This algorithm estimates that the distance between the target and the radar is 7 m, which is similar to the distance estimation result of the method proposed in this paper and consistent with the scene information. However, the angle of the NLOS moving target detected by this method is 0.23 degrees by multiple channels’ phase comparison, which is quite different from the actual experimental scene. It shows that the angle estimated by the MUSIC algorithm is more accurate than the multi-channel comparison method. This algorithm procedure is simple and the calculation speed is fast. Compared with this, the NLOS moving target detection method proposed in this paper is computationally slower, due to the lager calculation because of the addition of velocity estimation and the MUSIC method.



By comparing the results of the NLOS moving target detection method proposed in this paper and the NLOS moving target location algorithm, it is easy to find that there are two main differences. Firstly, in the actual NLOS scene, the target angle estimated by the multi-channel comparison method has a large error, while the MUSIC algorithm can locate the target more accurately. The second difference is that the NLOS moving target detection method proposed in this paper can estimate the velocity of the target while detecting and locating the target, which provides support for predicting its motion state. Therefore, the method proposed in this paper is more suitable when the target’s velocity needs to be obtained.





5. Conclusions


In conclusion, this paper studies the NLOS scene and abstracts its geometric model. On this basis, an NLOS target multipath echo signal model based on the reflection principle is constructed. Then, an NLOS moving target detection method based on reflective radar is proposed, which is expected to detect the NLOS targets with low power. Polynomial fitting method and range gating technology are applied to the NLOS moving target detection method to suppress noise. Finally, the target is detected by CFAR detection and DBSCAN clustering. In addition, the target’s position and velocity parameters are estimated by two-dimensional FFT and MUSIC algorithm.



From the processing results of simulation data and measured data, we can come to a conclusion. The range gating technology can filter out the range gate noise outside the range of the NLOS target, which greatly reduces the influence of the direct backscattered signal of the intermediate interface and the multiple reflection signal of the target. The polynomial fitting denoising method can filter out most of the static noise, which can effectively cut down the influence on the detection results when there are static objects in the actual scene. We carried out simulation experiments on the two important parts of the NLOS target echo signal model, and analyzed the influence of multipath effects on the target detection results. The accuracy of the NLOS target echo signal model proposed in this paper is verified. In addition, experiments on actual scenes were carried out, and the actual data are obtained. By processing simulation data and measured data separately, and comparing the detection results of target detection methods with and without denoising operation, it was verified that the two denoising methods proposed in this paper have great effects in actual scenes.



In future work, the echo signal model of NLOS target will be further improved. More NLOS moving target detection methods will be studied in depth to improve the accuracy of target detection.
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Abbreviations


The following abbreviations are used in this manuscript:



	NLOS
	Non-line-of-sight



	LOS
	Line-of-sight



	FFT
	Fast Fourier Transform



	MUSIC
	Multiple Signal Classifications



	BP
	Back Projection



	CCD
	Coherent Change Detection



	MIMO
	Multiple Input Multiple Output



	CRATFR
	Comprehensive Range Accumulation Time-Frequency Transform



	PIIC
	Position Information Indexd Classifier



	SIMO
	Single Input Multiple Output



	SNR
	Signal-to-noise Ratio



	CFAR
	Constant False Alarm Rate



	DBSCAN
	Density-Based Spatial Clustering of Applications with Noise



	MTI
	Moving Target Indication
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Figure 1. Detection of target in NLOS of millimeter-wave radar via reflection. 
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Figure 2. Detection method of target in NLOS of millimeter-wave radar. 
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Figure 3. The distance range of the mirror target of the NLOS moving target. 
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Figure 4. Simulated NLOS scene. 
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Figure 5. Target detection results of target echo. (a) Two–dimensional FFT, (b) range–gated result, (c) CFAR detection and (d) position of clustered target in radar coordinates. 
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Figure 6. Distribution of echo path length of a moving target. 






Figure 6. Distribution of echo path length of a moving target.



[image: Remotesensing 14 01614 g006]







[image: Remotesensing 14 01614 g007 550] 





Figure 7. Target detection results of the direct backscattered signal. (a) Range FFT, (b) two–dimensional FFT, (c) CFAR detection and (d) position of clustered target in radar coordinate. 
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Figure 8. Distribution of echo path length of the direct backscattered signal from the intermediary interface. 
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Figure 9. Detection results without denoising operations for simulation echo. (a) Range FFT, (b) two–dimensional FFT, (c) CFAR detection and (d) position of clustered target in radar coordinates. 
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Figure 10. Detection results with range gating technology for simulation echo. (a) Two–dimensional FFT, (b) range–gated result, (c) CFAR detection and (d) position of clustered target in radar coordinates. 
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Figure 11. Detection results with two denoising operations for simulation echo. (a) Range FFT, (b) polynomial fitting denoise, (c) velocity FFT, (d) range–gated result, (e) CFAR detection and (f) target position in radar coordinates. 
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Figure 12. Actual radar and scene. (a) Millimeter-wave radar, (b) the guide rail. 
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Figure 13. Abstract geometric model of the actual NLOS scene. 
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Figure 14. Detection results without denoising operations for actual data. (a) Range FFT, (b) two–dimensional FFT, (c) CFAR detection and (d) position of clustered target in radar coordinates. 
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Figure 15. Detection results with range gating technology for actual data. (a) Two–dimensional FFT, (b) range−gated result, (c) CFAR detection and (d) position of clustered target in radar coordinates. 






Figure 15. Detection results with range gating technology for actual data. (a) Two–dimensional FFT, (b) range−gated result, (c) CFAR detection and (d) position of clustered target in radar coordinates.



[image: Remotesensing 14 01614 g015]







[image: Remotesensing 14 01614 g016 550] 





Figure 16. Detection results with two denoising operations for actual data. (a) Range FFT, (b) polynomial fitting denoise, (c) velocity FFT, (d) range−gated result, (e) CFAR detection and (f) target position in radar coordinates. 
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Figure 17. Detection results of the NLOS moving target location algorithm proposed by Zhao Qingsong. (a) Range FFT after MTI, (b) target range estimation after accumulation. 
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Table 1. Interpretation of notations about echo signal model.
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	Notation
	Meaning





	   R ( t )   
	Radar echo signal



	   S ( t )   
	Reflected echo of the target



	   B ( t )   
	Direct backscattered signal of the intermediate interface



	   N ( t )   
	Noise interference



	   f i   
	Transmit antenna gain



	   k  n 1    
	Forward scattering coefficient of the intermediate interface at point   n 1  



	   l p   
	The backscattering coefficient of the target at point p



	   m  n 2    
	Forward scattering coefficient of the intermediate interface at point   n 2  



	   s j   
	Receiving antenna gain



	    r  i ,  n 1  , p ,  n 2  , j    ( t )    
	Delay-attenuated signal passing through points   n 1  , p and   n 2  



	   q  n 1    
	Backscattering coefficient of the intermediate interface at point   n 1  



	    b  i ,  n 1  , j    ( t )    
	Delay-attenuated signal passing through point   n 1  
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Table 2. Meanings of the main variables used in the detection method of NLOS targets.
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	Variable
	Meaning





	  μ  
	The frequency modulation slope



	   f  I F    
	Frequency difference between the received signal and the transmitted signal



	   T  p r    
	The pulse repetition time



	    s b   ( t )    
	Difference frequency signal between the received signal and the transmitted signal



	   d R   
	Range resolution



	   d v   
	Velocity resolution



	   t  s l o w    
	Slow time



	   D 1   
	Vertical distance between radar and wall A



	   D 2   
	Vertical distance between radar and wall B



	   D 3   
	Length from the projection point of the radar on wall A to the corner



	   D 4   
	Length of aisle behind corner



	  θ  
	The angle between radar orientation and wall A



	   R  m i n    
	Minimum distance between NLOS target and radar



	   R  m a x    
	Maximum distance between NLOS target and radar
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Table 3. Simulation parameters.






Table 3. Simulation parameters.





	

	
Parameters

	
Value






	
Scene

	
D1

	
4 m




	
D2

	
5 m




	
D3

	
3 m




	
  θ  

	
45   ∘  




	
Target coordinates

	
(6.5, 3.0) & (5.5, 3.5)




	
Target distance

	
9.55 m & 8.51 m




	
Target velocity

	
0 m/s & 5 m/s




	
Angle between target and beam

	
2.12   ∘   & 4.76   ∘  




	
Radar

	
Carrier frequency

	
76.5 GHz




	
Bandwidth

	
600 MHz




	
Pulse Repetition Time

	
33.6  μ s




	
Sampling frequency

	
20 MHz
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Table 4. Estimated target parameters in the detection results without denoising operations for simulation data.






Table 4. Estimated target parameters in the detection results without denoising operations for simulation data.











	
	Distance/m
	Velocity/m/s
	Angle/    ∘   





	Target I
	5.5
	0
	0



	Target II (Target M)
	9
	5.015
	4.5



	Target II (Target S)
	10.13
	0
	2
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Table 5. Experimental parameters.






Table 5. Experimental parameters.





	

	
Parameters

	
Value






	
Scene

	
L1

	
3.5 m




	
L2

	
1.96 m




	
L3

	
2.81 m




	
  θ  

	
about 45   ∘  




	
Range of target distance

	
4.77 m∼7.31 m




	
Range of target velocity

	
0 m/s∼1.5 m/s




	
Angle between target and beam

	
5   ∘  ∼10   ∘  




	
Radar

	
Carrier frequency

	
76.5 GHz




	
Bandwidth

	
600 MHz




	
Pulse Repetition Time

	
33.6  μ s




	
Sampling frequency

	
20 MHz
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Table 6. Estimated target parameters in the detection results without denoising operations for actual data.






Table 6. Estimated target parameters in the detection results without denoising operations for actual data.











	
	Distance/m
	Velocity/m/s
	Angle/    ∘   





	Target I
	3.94
	0
	14.23



	Target II (Real Target)
	6.92
	1.14
	7.89



	Target III
	14.53
	0
	4.67



	Target IV
	17.83
	2.05
	2.34
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