

  remotesensing-14-00507




remotesensing-14-00507







Remote Sens. 2022, 14(3), 507; doi:10.3390/rs14030507




Technical Note



Research of Distance-Intensity Imaging Algorithm for Pulsed LiDAR Based on Pulse Width Correction



Shiyu Yan 1,2, Guohui Yang 3[image: Orcid], Qingyan Li 1,2, Yue Wang 1[image: Orcid] and Chunhui Wang 1,2,*





1



National Key Laboratory of Tunable Laser Technology, Harbin Institute of Technology, Harbin 150001, China






2



Geling Institute of AI and Robotics, Shenzhgen 518063, China






3



Harbin Institute of Technology, School of Electronic and Information Engineering, Harbin 150001, China









*



Correspondence: wang2352@hit.edu.cn







Academic Editor: Shiyang Tang



Received: 14 December 2021 / Accepted: 17 January 2022 / Published: 21 January 2022



Abstract

:

Walking error has been problematic for pulsed LiDAR based on a single threshold comparator. Traditionally, walk error must be suppressed by some time discrimination methods with extremely complex electronic circuits and high costs. In this paper, we propose a compact and flexible method for reducing walk error and achieving distance-intensity imaging. A single threshold comparator and commercial time digital converter chip are designed to measure the laser pulse’s time of flight and pulse width. In order to obtain first-class measurement accuracy, we designed a specific pulse width correction method based on the Kalman filter to correct the laser recording time, significantly reducing the ranging walk error by echo intensity fluctuation. In addition, the pulse width obtained by our method, which is a recording of the laser intensity, is conducive to target identification. The experiment results verified plane point clouds of various targets obtained by the proposed method with a plane flatness less than 0.34. The novel contribution of the study is to provide a highly integrated and cost-effective solution for the realization of high-precision ranging and multi-dimensional detection by pulsed LiDAR. It is valuable for realizing multi-dimension, outstanding performance, and low-cost LiDAR.
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1. Introduction


The basic principle of pulsed laser ranging is that the laser pulse is actively fired to the target, the laser echo of the illuminated point on the target is detected, the flight time of the laser pulse is measured, and the distance information of the target is calculated. Pulsed laser detection and ranging (LiDAR) has the advantages of high peak power of laser emission, long detection distance, and a low requirement on the coherence of the light source. It has been widely used in the fields of forest vegetation mapping [1], environment detection [2], and three-dimensional urban modeling [3,4]. Especially in recent years, with the rise of autonomous vehicles and unmanned aerial vehicles (UAVs), lidar has seen more applications and development. Kim, Tae-Hyeong et al. [5] proposed a lidar placement method for the multiple lidar system of autonomous vehicles to reduce the dead zone and improves the point cloud resolution. Chisholm, RA et al. [6] presented an end-to-end autonomous system for estimating tree diameters using a below-canopy UAV in parklands. Choi, Yeon Ji et al. [7] presented a deep learning (DL) approach with LiDAR data to aid autonomous navigation for UAVs in completely unknown, GPS-denied indoor environments. These applications are based on LiDAR’s basic ranging function.



The main factors affecting the accuracy of pulse laser ranging include the bandwidth of receiving channel, the signal-to-noise ratio of echo, the accuracy of time measurement, and time discrimination. Typically, the shorter the pulse width of the transmitting laser of the pulse lidar, the higher the ranging accuracy [8]. Therefore, a high bandwidth receiving channel is indispensable [9]. A professional time digital converter (TDC) timing chip can ensure the accuracy of time measurement in about one hundred ps [10]. The time discrimination methods of laser pulse signal mainly include analog time discrimination and digital time identification methods. The digital time identification method is to digitize the analog signal through the high-speed analog/digital converter(ADC) chip and then process the converted digital signal through the digital signal processing chip. Usually, time discrimination and time measurement can be realized simultaneously by this kind of method [11]. The application of high speed ADC brings various echo information. Full waveform analysis has become a key research direction. Full waveform analysis provide additional information on the target’s properties compared to conventional discrete echo systems [12]. Waveform centroid method is a representative algorithm of full waveform algorithm, which can achieve high precision ranging and provide more information [13]. Although digital time identification method is more accurate than the analog time discrimination method, the digital time discrimination method has disadvantages such as high cost, complex circuits, and higher volume and application environment requirements [14,15]. The analog time discrimination method should match with the special TDC timing chip to measure the laser’s flight of time. The sample analog time discrimination method (leading edge discrimination) is greatly affected by the echo waveform of the pulsed laser, which limits the accuracy of the ranging to a great extent [16]. Researchers have proposed some discrimination methods to to reduce walk error caused by the variation of echo intensity (such as the constant fraction discrimination [17] and high-pass filtering discrimination [18,19]). Nevertheless, the need for high receiving bandwidth dramatically increases the difficulty of circuit design and implementation of the above modified methods.



In this paper, aiming to simultaneously improve the accuracy of LiDAR’s analog time discrimination method and its robustness to laser pulse intensity fluctuation, we designed a time discrimination and measurement circuit with a single threshold comparator and TDC-GPX2 timing chip. By measuring the laser pulse width, and combined with machine learning compensated time of laser’s flight of time, the range measurement accuracy of the lidar is improved effectively, and the time drift caused by the fluctuation of laser pulse echo intensity is obviously reduced. Meanwhile, the pulse width is used as the recording method of laser echo intensity, and the distance-intensity imaging of the lidar is realized. The outstanding contribution of this paper is to achieve high precision ranging with low cost circuit, and effectively deal with the fluctuation of echo intensity and echo intensity recording. To verify the feasibility and performance of our design, a series of experiments were carried out as follows.




2. Plused LiDAR Radiative Transmission Mechanism


In order to more accurately describe the time domain distribution of echo pulse, according to the actual shape of the transmitting pulse, this paper adopts the Gaussian function as the expression of the transmitting pulse time domain waveform [20]:


   S t   ( t )  = I ·    4 ln 2  π   exp   − 4 ln 2      t −  T d    τ  1     1 / 2      2      2     



(1)




where I is the transmitted power parameter;   T d   is the transmitted delay time;   τ  1     1 / 2      2    is the parameter related to pulse width.



The attenuation coefficient generated during transmission, reflection and reception of the echo pulse can be expressed as:


  α =    η  s y s   ·  η  a t m  2  ·  S r  · ρ ·  f  t g t   · A m ·   cos  2   ( θ )    R 2    



(2)




where   η  s y s    is the parmeter of system;   η  a t m    is the one-way atmospheric attenuation coefficient;   S r   is the area of the receiving aperture;  ρ  is the photodetector response coefficient;   f  t g t    is the bidirectional reflectance distribution function (BRDF) of the target;   A m   is the amplification of the detector amplifier circuit;  θ  is echo incidence angle;   c o s ( θ )   derived from the calculation of the backscattering cross-section for the Lambert targets. For specific targets (such as specular targets), the formula may be adjusted.



The time domain waveform of echo pulse received by the photodetector can be expressed as:


   S r   ( t )  = α · I ·    4 ln 2  π   exp   − 4 ln 2      t / β −  T d  −  T t    τ  1     1 / 2      2      2     



(3)




where  β  is the time domain broadening coefficient;   T t   is the time interval between the transmitted pulse and the echo pulse, which is equal to twice the distance between the target and the laser emitter divided by the speed of light.



Herein, the distance between LiDAR and target can be calculated by:


  D =  1 2  c ·  T t   



(4)




where c is the velocity of light; T is the flight of time. In LiDAR applications, the velocity of light is generally considered to be a constant value.




3. Methodology


A structure chart of the pulsed LiDAR system appears in Figure 1. Generally, it can be divided into three subsystems: transmitting system, receiving system, and data processing system. The MCU outputs two signals, one drives the triggering pulse circuit to enable the laser to transmit laser pulse, and one goes into the time interval measurement circuit as the starting pulse of the ranging. The driving circuit controls the MEMS mirror to scan the forward scene. Once the transmitted laser pulse illuminates the target surface, the Backscatter laser beam is collected and aggregated into the photosensitive side of the avalanche photodiode (APD) by receiving lens. It is converted to a current signal by the APD. The current signal is amplified and discriminated to a square wave pulse signal and be transferred to the time interval measurement circuit as the ending pulse of the ranging. Time to digital converter (TDC) is the core device of the time interval measurement circuit, which can calculate the time interval between the two pulses. Finally, the ranging results are calculated in the data processing system by Equation (1).



3.1. Time Discrimination Methods for Pulsed LiDAR


3.1.1. Leading-Edge Discrimination(LD)


In this method, a threshold comparator is used to determine the arrival moment of the laser pulse. When the rising edge of the laser pulse exceeds the pre-established threshold, the arrival moment is detected. Although leading edge discrimination is relatively simple and easy to be implemented, it is sensitive to amplitude time walk and rising time walk. Figure 2 shows an example of an transmitted pulse and three echo pulses with various peak values and the same arrivel time. Due to the fixed threshold, the stop moment of the echo is more forward with the higher amplitude it is. Thus,   t 1  ,   t 2  , and   t 3  , the flight times obtained by leading edge discrimination are arranged from small to large.




3.1.2. Constant Fraction Discrimination (CFD)


In the constant fraction discrimination method, the given threshold of the comparator varies with the peak value of a received waveform. The arrival moment is identified at the fixed proportional point at the peak of the received waveform through a series of special circuits. The constant fraction discriminator divides the input signal into two channels, one for the delay and the other for attenuation, and then obtains the digital signal brings through the high-speed comparator. It not only adopts the zero-crossing timing technology but also can adjust the trigger ratio. The amplitude time walk caused by fluctuation of laser intensity is greatly reduced.



As shown in Figure 3, echo 1 and 3 are of different peak values but of the same full width at half maximum (FWHM). Echo 2 and 3 are of the same peak values but of the different FWHMs. It can be seen that the stop moments of echo 1 and 3 are successfully positioned at the same percentage point with the same trigger ratio.



However, although the peak value of echo pulse 2 is the same as it of the echo pulse 3, stop moments extracted from the two echos are different. It can be seen that the FWHM of the echo 2 is bigger than it of the echo 3, implying that the constant fraction discrimination is sensitive to the FWHMs of the received waveforms.





3.2. Our Method


Considering the limitations of the above time discrimination methods on echo fluctuation, pulse width, and detector unsaturated, we propose a new approach. It relies on a simple single threshold comparator circuit and TDC-GP22 chip to measure the laser pulse’s leading-edge time interval and echo pulse width. Set the TDC-GP22 chip to pulse width measurement mode. The flight of time can be calculated with   Δ T = S D O 3 − S D O 1  . The pulse width of reference laser pulse and echo laser pulse can be obtained by    W  r e f   = S D O 2 − S D O 1   and    W  e c   = S D O 4 − S D O 3  , respectively. The principle diagram of time measurement is shown in Figure 4.



Then, the Kalman filter method is combined to get the best compensation time interval, and finally combines the time interval and compensation pulse width to obtain the high precision laser pulse’s flight of time. To avoid the influence of echo overbroadening, we design a compensating pulse width screening mechanism. When the echo pulse width after Kalman filtering is too wide, a preset value is selected as the compensation value of the echo pulse width. In this algorithm, we choose 0.5 as the pulse width compensation coefficient. For different pulse laser system, it can be adjusted according to the actual situation. Accordingly, the implementation of the proposed algorithm has been illustrated in Figure 5.



At the same time, the laser echo pulse width can be used to record the intensity of laser echo, which helps to realize the LiDAR to identify different objects at the same distance.



In the process of the kalman filter aogorithm, we have two distinct set of equations. Ones are prediction set, as the following:


    K a  l n   −  = A ·  K a  l  n − 1     



(5)






     P n   −  = A ·  P  n − 1   ·  A T  + Q  



(6)







Anthoers are correction set, as the following:


   K n  =    P n   −  ·  H T  ·    H ·    P n   −  ·  H T  + R    − 1    



(7)






    K a l  _ n  =   K a  l n   −  +  K n     M n  + H ·    K a  l n    −     



(8)






   P n  =   I −  K n  · H      P n   −   



(9)




where the matrices A, B, and H are equal to 1; R is the variance of TDC output results, herein we set it as 20ps; Q is the variance of measurement, which is set as 5ps in our paper;   K n   is the Kalman gain;   K a  l  n − 1     is the previous estimation;   K a  l n    is the current estimation.





4. Experimental Verification


To verify our design’s validity, the proposed algorithm is demonstrated and evaluated in terms of accuracy with experimental datasets. Herein, we design a pulsed Lidar system , as showed in Figure 6. Table 1 lists the specifications of our system.



4.1. Experimental Phenomenon


For the pulsed LiDAR with the max ranging distance above 1 km, the peak power of the laser pulse is generally in the order of tens of watts. When the target is close or the reflectivity is strong, the energy of the echo laser pulse is also intense. Such a high-intensity echo pulse will cause the saturation of the impulse response in APD. This phenomenon has a significant influence on the ranging performance of standard pulsed LiDAR. A similar APD impulse response saturation phenomenon was also observed using the pulse lidar system built in this paper, as shown in Figure 7. The target object of this experiment is the standard diffuse plate with 50% reflectivity, and the distance is 5.51 m. We observe the signals before the discriminator with oscilloscope in Figure 7.



As Figure 7 showed, in the initial stage (pump power control voltage from 200 mv to 350 mv), with the increase of echo laser power, the peak value of the APD photoelectric response signal also increases. With the further growth of laser power, the amplitude of the APD response pulse does not increase, but the pulse width of the APD response pulse does increase. Along with the saturation of the APD impulse response, the rising edge of the pulse also appears to move forward to a certain extent.




4.2. Experimental Verification


In the actual dynamic ranging, laser intensity fluctuation and pulse width saturation are more likely to occur when the target is close to the LiDAR. We distributed single-point laser ranging on diffuse panels with reflectivity of 15%, 20%, 35%, 50%, and 75% at approximately 10 m from the LiDAR. At each diffuse panel, 15,000 times measurements are made. The ranging data obtained by leading-edge discrimination, constant fraction discrimination methods and our algorithm are shown in Table 2.



We evaluated the relationships between target’s reflectivity and time ranging results of three methods in Figure 8.



As shown in Figure 8, we notice that, the ranging result of the leading-edge discrimination decreases significantly with the enhancement of target reflectivity.There was no evidence that constant fraction discrimination has a favorable influence on attenuating the fluctuation of echo intensity on ranging results. The ranging results of the two algorithms both fluctuate obviously when the target reflectivity is low. The echo is sensitive to the target’s reflection characteristics. Vibrations caused by speckle and temperature fluctuations are more intense, when the echo signal is relatively weak. In contrast, the ranging results of our algorithm and targets’reflectivities have almost no mutual effect. The range measurement results of different reflectance targets at the same distance fluctuated within 30 ps. It can be concluded that this method is robust to the fluctuation of laser pulse echo intensity.



To further verify the effect of the proposed algorithm in actual point cloud imaging, diffuse panels with different reflectance, metal doors, and white walls are selected as scanning targets, respectively. The obtained point cloud images are shown in Figure 9 and Figure 10.



Figure 9 and Figure 10 shows the point cloud imaging results. The value of the color bars in Figure 9 and Figure 10 are pulse width data obtained by our algorithm. As shown in Figure 9b,c, the point cloud data of diffuse panels with various reflectivity obtained by the leading-edge discrimination and constant fraction discrimination are uneven. While the point cloud data of diffuse panels with varied reflectivity obtained by our algorithm are almost all in the same plane. In our algorithm, pulse width data are used as intensity values to color point cloud data, which helps distinguish objects with different properties at the same distance. Similar experiments have been carried out in our previous work [21], and the experimental results show that the point cloud results measured by this method are basically at the same level as those obtained by the centroid algorithm. However, the hardware cost and time consumption of this method are much lower, and high speed ADC and large amount of data calculation are not required. Figure 10b,c show that the central part of the metal door is protruding, and the door frame and background wall are also deformed to a certain extent. The point cloud data obtained by leading-edge discrimination and constant fraction discrimination are seriously inconsistent with the actual shape of the target. In the point cloud data obtained by our algorithm, the metal door panels, the door frame, and the background wall are flat, reflecting the target’s shape. The center part of the metal door in Figure 10 coincides with the center of the laser beam scanning region of the LiDAR, and the laser beam is almost parallel to the normal direction of the metal door panel. The echo intensity of this part of the beam is relatively strong, similar to specular reflection. Accordingly, the ranging performance of leading-edge discrimination is seriously reduced, which is consistent with the above analysis.



Herein, the point-cloud data of diffuse plate with different reflectance and metal door obtained by leading-edge discrimination, constant fraction discrimination, and our algorithm are selected to calculate the plane flatness of each. The coordinates of the three points of diffuse reflectance plates with different reflectance and the metal door (A–C in Figure 9 and D–F in Figure 10) were fitted to the initial plane as follows:


   a 0  x +  b 0  y +  c 0  z +  d o  = 0  



(10)







Calculate the distance of each point   P i   to the fitting plane:


   d i  =    a 0   x i  +  b 0   y i  +  c 0   z i  +  d i        a 0   2  +    b 0   2  +    c o   2     ,     i = 1 , 2 , … , n    



(11)







The flatness of the feature surface can be calculated by the following formula:


  f l a t = ±     ∑  d i   2   n − 3    ,     i = 1 , 2 , … , n    



(12)







The plane flatness data of the three planes are shown in Table 3.



As the data presented in Table 3, the flatness of the plane point cloud data obtained by our algorithm is significantly better than that obtained by the leading-edge discrimination and constant fraction discrimination. The flatness of each plane point cloud data obtained by the algorithm in this paper is less than 0.34. The above algorithms’ plane flatness of point cloud data of metal door panels obtained is the most apparent difference. Due to similar specular reflection in the center part of the metal door, the echo intensity of the center part of the metal door is considerably different from that of the edge part.





5. Conclusions


A pulsed LiDAR with a distance-intensity imaging algorithm based on pulse width correction is experimentally demonstrated. Real-time distance-intensity point-cloud mapping is achieved. A simple high-speed threshold comparator and a commercial TDC chip are combined to allow simultaneous measurement of pulse width and time of flight. A designed Kalman filter is used to process the data to reduce data disturbance. The pulse width correction method can tremendously reduce the ranging error caused by laser echo intensity fluctuation. The experiment results verified plane point clouds of various targets obtained by the proposed method with a plane flatness less than 0.34. Meanwhile, the pulse intensity data recorded by pulse width obtained by our design contribute to identifying different objects at the same distance.
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Figure 1. A structure chart of the pulsed LiDAR system. 
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Figure 2. Transmitted pulse and echo pulses with various amplitudes. 
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Figure 3. Echo pulses with various amplitudes and pulse widths. 
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Figure 4. The principle diagram of time measurement. 
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Figure 5. The flow chart of the proposed algorithm. 
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Figure 6. The experimental pulsed LiDAR. (a) External view; (b) Internal MCU and TDC circuit board. 






Figure 6. The experimental pulsed LiDAR. (a) External view; (b) Internal MCU and TDC circuit board.



[image: Remotesensing 14 00507 g006]







[image: Remotesensing 14 00507 g007 550] 





Figure 7. The echo signals with various pump power control voltages with a target of 50% diffuse reflection plate at 5.51 m. 
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Figure 8. Standard error map of time ranging results with two methods at various diffuse panels of the same distance. 
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Figure 9. Testing environments 1. (a) Picture of diffuse reflector; (b) Point cloud of diffuse reflector by LD; (c) Point cloud of diffuse reflector by CFD; (d) Point cloud of diffuse reflector by our method. 
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Figure 10. Testing environments 2. (a) Picture of diffuse reflector; (b) Point cloud of diffuse reflector by LD; (c) Point cloud of diffuse reflector by CFD; (d) Point cloud of diffuse reflector by our method. 
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Table 1. Specifications of the pulsed Lidar system.
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	Parameter
	Value





	Laser wavelength
	1550 nm



	Laser pulse width
	10 ns



	Laser beam diameter
	1.0 mm



	Angle of divergence
	0.51 mrad



	Size of APD photosensitive surface
	1 mm   2  



	TDC
	GPX2
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Table 2. Time ranging results of three methods at various diffuse panels of the same distance.
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	Target Reflectivity
	Mean Ranging Result of LED (ps)
	Variance (ps)
	Mean Ranging Result of CFD (ps)
	Variance (ps)
	Mean Ranging Result of Our Algorithm (ps)
	Variance (ps)





	10%
	70,924.70
	56,548.28
	70,912.50
	51,479.56
	70,739.80
	34,499.76



	20%
	68,359.95
	4563.23
	68,515.30
	4125.41
	70,753.20
	2891.41



	35%
	67,544.38
	2777.36
	67,541.45
	2532.42
	70,771.33
	2322.06



	50%
	67,233.22
	2207.41
	67,321.22
	2212.27
	70,781.56
	2162.92



	75%
	66,861.95
	1725.11
	66,898.32
	1895.68
	70,800.12
	2119.94










[image: Table] 





Table 3. The plane flatness data of the three planes.






Table 3. The plane flatness data of the three planes.





	Methods
	Surface Evenness of Diffuse Reflection Plate
	Surface Evenness of Metal Door Panels with Painted





	Leading edge discrimination
	0.5130
	1.9776



	Constant fraction discrimination
	0.4992
	1.8775



	Our algorithm
	0.2725
	0.3230
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