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Abstract

:

Light detection and ranging (LiDAR) has been applied in many areas because of its excellent performance. An easily achievable, cost-effective, and high-performance ranging method is a major challenge of LiDAR. Meanwhile, with the increasing applications of LiDAR, numerous LiDARs can be made to operate simultaneously, and potential interference is inevitable. Therefore, immunity against interference is paramount in LiDAR systems. In this paper, we demonstrated a ranging method referred to as phase-modulated continuous-wave (PhMCW). A detection range of 50 m and a ranging error of 2.2 cm are achieved. A one-dimensional scanning LiDAR system that is capable of detecting targets at 28 m is built, demonstrating the validation of the PhMCW method. Moreover, we propose a quantitative method for evaluating the anti-interference capability of lidar systems. The p-values of the Ljung–Box test were 0.0589 and 0.6327 for ToF and coherent LiDAR interferences, respectively, indicating that the PhMCW system is immune to interference. The proposed method can be applied to all types of LiDAR systems, regardless of the ranging method or beam-steering technique used.
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1. Introduction


Light detection and ranging (LiDAR) has garnered considerable attention because of its excellent performance [1,2,3,4,5,6,7,8,9,10]. Compared to its counterpart operating at radio frequencies, LiDAR can achieve long-range, superior accuracy and angular resolution owing to the short wavelength of light [1]. LiDAR devices have been applied in many areas such as autonomous vehicles, robotics, and drones. In particular, autonomous vehicle technology requires an eye-safe, anti-interference, and low-cost ranging method.



The ranging mechanism is a core technology of the LiDAR system [11], and the time-of-flight (ToF) ranging method based on pulsed light has been the dominant technology in commercial lidar applications because of its simplicity and ease of implementation [2,5,12,13,14,15]. However, the detection range of the ToF is primarily limited by eye safety issues [16]. In addition, to improve the precision of the lidar system to the millimeter scale, the modulation bandwidth must be at the GHz level [6,17]. Such high-level modulation devices are difficult to use in commercial applications. Therefore, much research interest has moved on to frequency-modulated continuous waves (FMCW) [7,18,19,20]. However, FMCW is plagued by low stability, high complexity, and high insertion loss of the frequency modulation source [21,22,23,24]. Consequently, the use of FMCW is impractical for commercial applications. Thus, LiDAR requires an easily achievable, cost-effective, high-performance ranging method.



Moreover, in realistic applications, LiDAR systems are encountering situations wherein numerous LiDARs operate simultaneously and a potential interference is inevitable [25,26,27]. Therefore, immunity against interference is paramount in LiDAR systems [26]. However, the ToF is notorious for its lack of anti-interference capability [12,15,26]. Several studies have focused on the modification of sensors in ToF ranging systems. Lee et al. [28] used an internal interference light reduction structure on the sensors to reduce the measurement error. Dashpute et al. [29] used the polarization state of reflected light to reduce the depth measurement error. Moreover, to improve the capability of interference by design, the authors of [25,30,31] analyzed different interference modes by modeling the signal interference. However, the problem of being easily interfered with is prevalent in ToF LiDARs. Thus, there is a need for a new ranging method with a much better anti-interference capability than ToF.



Meanwhile, in many evaluations of LiDAR’s anti-interference capability, the victim LiDAR is placed in an indirect interference environment. Carballo et al. [32] performed measurements from a fixed position using multiple LiDARs mounted side-by-side and operated them simultaneously. Popko et al. [31] used a scanner at different angles to modify direct and scattered interference. However, in these reports, the victim and interferential LiDARs were not synchronized in either the time domain or the field of view, implying that the possibility of disturbance caused to the victim LiDAR remains completely uncertain and random. Therefore, the evaluation results were not convincing. To quantitatively analyze the anti-interference capability of LiDARs, a novel test method is required. As for the FMCW, although the coherent ranging method has an intrinsic rejection of interference [19], to the best of our knowledge, there have been no experimental demonstrations.



In this study, we demonstrated a ranging method referred to as phase-modulated continuous-wave (PhMCW), which exhibited excellent anti-interference capabilities. First, we proposed a PhMCW ranging mechanism and combined it to set up a ranging system. In addition, we varied the distance of a diffusive reflection board placed at the furthest distance of 50 m, and the ranging error was as low as 2.2 cm. A one-dimensional scanning LiDAR system that is capable of detecting targets at 28 m was built, demonstrating the validation of the PhMCW method. Moreover, we proposed a modified model for ranging precision. Furthermore, using the PhMCW as an example, we proposed two sets of anti-interference capability experiments against ToF and coherent LiDARs. Through an analysis of the differences in the measured precision with and without interference through the Ljung–Box method, we arrived at a quantitative conclusion about the anti-interference capability of LiDARs. The p-values of the PhMCW system were 0.0589 and 0.6327 with ToF and coherent LiDAR interference, respectively, demonstrating the excellent capability of the PhMCW against interference. Moreover, the proposed method can be applied to all types of lidar systems. To the best of our knowledge, this is the first quantitative method to evaluate the anti-interference capability of LiDARs.




2. PhMCW Mechanism


The mechanism of PhMCW is briefly illustrated in Figure 1a. The laser phase    φ T  ( t )   is modulated by a rectangular waveform, where    φ 0    is the initial optical phase,   Δ φ   is modulation depth,  n  is an integer, and  T  is the period of phase modulation.


   φ T   t  =      φ 0  ,     n T ≤ t <  T 2  + n T        φ 0  + Δ φ ,      T 2  + n T ≤ t <   n + 1   T        



(1)







The modulated laser is coupled as a local oscillator (LO) and transmitter signal (TX), which is transmitted into free space. The TX signal will be back-scattered by the target and collected by the receiver. Subsequentially, the received signal (RX) and LO are mixed to obtain an intermediate frequency (IF) signal. For a stationary target, ignoring the DC term of the IF signal, it can be expressed as:


   I  I F    t  =      A  L O    A R  cos    ω 0  τ + Δ φ   ,     0 + n T ≤ t < τ + n T        A  L O    A R  cos    ω 0  τ   ,     τ + n T ≤ t <  T 2  + n T        A  L O    A R  cos    ω 0  τ − Δ φ   ,      T 2  + n T ≤ t <  T 2  + τ + n T        A  L O    A R  cos    ω 0  τ   ,      T 2  + τ + n T ≤ t <   n + 1   T        



(2)




where    A  L O     is the amplitude of the electric field of LO,    A R    is the amplitude of the electric field of RX,    ω 0    is the optical frequency, and  τ  is the time of flight. As shown in Figure 1b, the IF signal consists of a bunch of pulses whose pulse width is equal to  τ . Therefore, by measuring the pulse width of the IF signal and then multiplying it by    c / 2   , where  c  is the speed of light, we can obtain the distance information.




3. Ranging Experiments


According to the mechanism, we built a PhMCW system based on a monostatic configuration to demonstrate the validation of the proposed PhMCW method, as shown in Figure 2. We chose a 1550 nm CW narrow-linewidth laser (Connect CoSF-D) as the light source, followed by an erbium-doped fiber amplifier. The optical phase is modulated by a LiNbO3 phase modulator, which is driven by an arbitrary function generator (AFG). After that, the modulated laser is split into LO and TX by a 10:90 beam splitter, and the TX signal is collimated and emitted into free space. The RX signal, back-scattered by the target, is routed to a 2 × 2 optical coupler and mixed with the LO signal. The mixed optical signal is received by a pair of balanced photodetectors (Thorlabs PDB470C-AC) and transmitted to the electrical IF signal. Finally, the IF signal is monitored, stored, and digitally processed by an oscilloscope (Tektronix MSO54). We chose an off-the-shelf diffused reflection board with a reflectivity of 90% as the target, and the distance to the target was varied from 5 m to a maximum of 50 m.



At each distance, we performed 50 ranging measurements, and the averaged results are shown in Figure 3. The linear relationship between the measured distance and the actual distance indicates the validation of the PhMCW method and the ranging error is as low as 2.2 cm, suggesting good accuracy.



In addition to accuracy, precision is another important criterion for LiDAR [1,11,12,18]. Therefore, we calculated the measured results with varying distances, and the distribution results are shown in Figure 4, where the dashed curves indicate Gaussian fits and all distributions confirm a Gaussian distribution. The minimum and maximum standard deviations were 1.7 and 6.2 cm, respectively, demonstrating the exceptional precision of the PhMCW system.



Theoretically, the ranging precision  σ  is inversely proportional to the square root of the signal-to-noise ratio (SNR), that is,   σ ∝  1 /    SNR  2      [33]. In our ranging system, the power of the LO was several orders of magnitude higher than that of the RX. Therefore, the noise in the system is believed to be dominated by the shot noise of the LO. Meanwhile, the IF signal level is proportional to the amplitude of the electric field of the RX signal    A R   , that is, to the square root of the RX power      P  R X    2   . According to the LiDAR link budget,    P  R X     is primarily affected by the target reflectivity  ρ  and the distance to the target  d  [19]. Therefore,  σ  is derived to be proportional to    d 2    and inversely proportional to    ρ 4   , as given by   σ ∝  1 /    SNR  2    ∝    d 2   /   ρ 4     . The target reflectivity is 90%, and, as a result, the ranging precision can be expressed as   σ = A ×      d 2   /    0.9  4       , where  A  is a coefficient. Figure 5 illustrates the precision values extracted from Figure 4. The precision formulas fitted from Figure 5 are   σ = 0.87    cm  /  m 2  ×    d 2   /    0.9  4     . According to such a model, a target located at 100 m would result in a precision of 8.93 cm, which is comparable to commercial LiDARs [32], suggesting promising application prospects for the PhMCW method.



In order to demonstrate the validation of the PhMCW ranging method, we built a PhMCW LiDAR by mounting the collimator, shown in Figure 2, on a rotational base, and the laser beam direction is mechanically steered horizontally. Due to the narrow width of the clean room’s corridor, the scanning angle is thus varied from −2° to −2° with a step of 0.5°. Figure 6a gives a picture of the experimental scene, showing targets consisting of a diffused reflection board, laboratory doors, and a researcher at approximate distances of 15 m, 28 m, and 5 m, respectively. The measured results are shown in Figure 6b for average target distances of 15.13 m, 27.85 m, and 5.03 m, respectively. The measured distances are in good agreement with the actual distances.




4. Anti-Interference Capability


With the increasing applications of LiDAR, numerous LiDARs can be made to operate simultaneously, and potential interference is inevitable. For autonomous vehicles, the anti-interference capability is among the most important issues owing to safety requirements [26]. Therefore, exploring the anti-interference capabilities of LiDAR systems is crucial. By measuring the anti-interference capability of the PhMCW, we demonstrated two sets of experiments that can quantitatively analyze the anti-interference capability, which can be used in any other LiDAR system.



The setup of an anti-interference experiment against ToF is illustrated in Figure 7. The aggressor light source is a 1550 nm pulsed laser triggered by an AFG. It is aimed at the target by a collimator (COL1). The setup of the PhMCW system (victim) is similar to that shown in Figure 2. The minor difference lies in that, instead of being terminated by a balanced photodetector, each output port of the 2 × 2 optical coupler (OC2) is further split by a 50:50 optical coupler (OC3 and OC4), resulting in a total of four ports, where port two and three are connected to the balanced photodetector to detect the IF signal, and port 4 is connected to a single-ended photodetector to monitor the interfered RX signal. A highly reflective metal plate located at 7.10 m is set as the target. The nominal frequencies of both AFGs are 100 kHz. The peak power of the aggressor light pulse is measured to be 100 W to 160 W and the power of the TX signal is maintained at 4 mW.



Figure 8a,b shows typical waveforms of the interfered RX signal and the IF signal, respectively. The pronounced peaking in Figure 8a indicates that the aggressor pulses have been received by the victim aperture and are concurrent with the PhMCW detection. As shown in Figure 8b, the aggressor pulse has negligible influence on the IF signal. The minor peaking in the IF signal, as circled in Figure 8b, is due to a minute imbalance resulting from the optical couplers or the balanced photodetectors.



We acquired 50 successive RX signals, as shown in Figure 9a. For better visibility, we only show every other four RX signals. It is obvious that the pulsed interference signals gradually advance in time with respect to the IF signals. This is because the AFGs are asynchronous and there is a minute frequency offset between them, even though their nominal frequencies are both 100 kHz. The pulse widths of the corresponding IF signals are obtained by the oscilloscope, and we can also conclude, from Figure 9a, that the timing relationship between the interference signal and the IF signal does not influence the ranging result. Figure 9b shows the ranging precision as a function of target distance with and without the interference signals. There is no significant difference between the two curves, suggesting the capability of anti-interference against ToF LiDARs. In order to reach a more quantitative conclusion, the Ljung–Box test is performed [34]. Briefly, if the interference has no influence on the PhMCW system, the difference of the measured precision with and without interference is thus a white noise, i.e.,    Δ σ  =  σ  W /   −  σ  W / O     is Gaussian distributed random measurement error, where    σ  W /     and    σ  W / O     are the measured precisions with and without interference, respectively. Subsequently, the Ljung–Box statistic is calculated using   Q  m  = T   T + 2     ∑   n = 1  m       ρ n   ^    T − n    , where T = 6 is the sample size, m = 1 is the lag rank or degree of freedom, and      ρ n   ^  =    1  T − n     ∑   k = n + 1  T     x k  −   x ¯        x  k − n   −   x ¯        1 T    ∑   k = 1  T       x k  −   x ¯      2      is the n-order autocorrelation coefficient. Finally, the p-value is calculated by   p = P    χ 2  ≥ Q ( m )    , where    χ 2    is the chi-square random variable. If the p-value is greater than 0.05, we cannot reject the null hypothesis that    Δ σ    is white noise and thus interference does not influence the LiDAR system. The measured precision values are summarized in Table 1 and the p-value is calculated to be 0.0589, demonstrating the anti-interference capability against ToF LiDARs.



For a commercial LiDAR, the echo waveform may not be measured during the anti-interference evaluation. To resolve this problem, we can first place the victim Lidar on an optical table and then observe the stationary scanning pattern by using an infrared camera. Subsequently, we can aim the interference source (AFG1 + PLD + COL1 in Figure 7) to a particular voxel and record the ranging results of the corresponding voxel as a function of time. The interference source can be amplitude-, frequency- or phase-modulated to mimic any possible interference in realistic applications. Finally, the Ljung–Box test is performed to quantitively determine the anti-interference capability, as mentioned above.



In addition to ToF, we also validated the immunity against coherent LiDARs. The diagram of the setup is illustrated in Figure 10. As a demonstration, the aggressor light source was another PhMCW laser operating at 1550 nm. The phase-modulation frequency of the aggressor laser was chosen to be 10 MHz, which is two orders of magnitude higher than that of the victim PhMCW system, guaranteeing that the phase-modulation interference was concurrent with the PhMCW detection. Prior to the anti-interference experiment, the aggressor laser was mechanically chopped and the waveform of the RX signal was monitored at either arm of the balanced detectors. Figure 11a shows the monitored RX signal and the negative rectangular pulse indicates that the aggressor light had been received by the victim aperture. Figure 11b shows the ranging precision as a function of distance with and without interference. The measured precision values are summarized in Table 2. The two curves exhibit negligible differences and the p-value is calculated to be 0.6327, illustrating the immunity against coherent LiDARs.




5. Conclusions


This study demonstrated a phase-modulated continuous-wave (PhMCW) ranging method. Experimentally, we varied the distance of a diffusive reflection board to a furthest distance of 50 m, and a ranging error as low as 2.2 cm was achieved, which is comparable to that of commercial LiDARs. In addition, we modeled the ranging precision of the PhMCW system. Furthermore, a one-dimensional scanning LiDAR system that is capable of detecting targets at 28 m was built, demonstrating the validation of the PhMCW method. Subsequently, we proposed a quantitative method for evaluating the anti-interference capability of lidar systems. Specifically, the ranging precision was measured with and without interference, and the Ljung–Box test was performed to quantitatively illustrate the minimal influence of interference. The p-values were 0.0589 and 0.6327 with ToF and coherent LiDAR interferences, respectively, demonstrating that the PhMCW system is immune to interference. Additionally, the proposed method can be applied to all types of LiDAR systems, regardless of the ranging method or beam-steering technique used. To the best of our knowledge, this is the first quantitative method for evaluating the anti-interference capability of LiDARs.



The PhMCW ranging method is specifically suitable for applications with medium detection ranges such as autonomous vehicles, robotics, and drones. In Table 3, we have outlined the requirements for autonomous vehicle LiDAR and compared the performances of FMCW, commercial ToF, and the PhMCW methods. While the PhMCW has similar performances to commercial ToF LiDARs, it outperforms them with its excellent eye-safe feature and anti-interference ability. While FMCW has the best overall performance, it is limited by low stability, high complexity, and high insertion loss of the frequency-modulated source, as mentioned in references [7,32,35,36,37,38]. Thus, the PhMCW is a simple and effective ranging method that satisfies various applications such as autonomous vehicles, robotics, and drones.



Finally, it is worth noting that the PhMCW method is especially suitable for detection at 100 m, where the refractive index can be considered constant along the light trajectory. Although factors including temperature, pressure, and humidity inevitably lead to refractive index variation and result in ranging error, they can be calibrated in conjunction with temperature, pressure, and humidity sensors.
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Figure 1. (a) A schematic of the PhMCW system. PM: phase modulation; BS: beam splitter and OC: optical coupler. (b) The optical phase of the LO and RX and the waveform of the IF signal. 
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Figure 2. A schematic of the PhMCW system. LD: laser; EDFA: erbium-doped fiber amplifier; PM: phase modulator; AFG: arbitrary function generator; OC: optical coupler; CIR: circulator; COL: collimator; BPD: balance photodetector; and OSC: oscilloscope. 






Figure 2. A schematic of the PhMCW system. LD: laser; EDFA: erbium-doped fiber amplifier; PM: phase modulator; AFG: arbitrary function generator; OC: optical coupler; CIR: circulator; COL: collimator; BPD: balance photodetector; and OSC: oscilloscope.



[image: Applsci 13 05356 g002]







[image: Applsci 13 05356 g003 550] 





Figure 3. Measured distance as a function of actual distance. Inset is the ranging errors of each distance. 
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Figure 4. (a–f) Distribution figures of the ranging results at actual distances of 5.025 m, 10.09 m, 14.99 m, 19.96 m, 24.983 m, 50.179 m, respectively. Orange lines indicate Gaussian fits. 
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Figure 5. Precision as a function of the measured distance. The orange line indicates the 1/2-power polynomial fitting. 
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Figure 6. One-dimensional scanning results. (a) An image of the experimental scene. The colored boxes indicate the corresponding measurement positions. (b) The measured results of targets. The points are color-coded by the distance values. 
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Figure 7. A schematic of the experimental setup demonstrating the anti-interference capability against ToF. AFG: arbitrary function generator; PLD: pulsed laser; COL: collimator; LD: laser; EDFA: erbium-doped fiber amplifier; PM: phase modulator; OC: optical coupler; CIR: circulator; BPD: balance photodetector; PD: photodetector; and OSC: oscilloscope. 
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Figure 8. Waveforms of the interfered RX signal (a) and IF signal (b). 
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Figure 9. (a) Superimposed image of the interfered RX signal. For better visibility, only 10 RX signals are shown. (b) Precision as a function of distance with and without interference. 
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Figure 10. A schematic of the experimental setup demonstrating anti-interference capability against coherent Lidars. LD: laser; EDFA: erbium-doped fiber amplifier; PM: phase modulator; AFG: arbitrary function generator; COL: collimator; OC: optical coupler; CIR: circulator; BPD: balance photodetector; and OSC: oscilloscope. 
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Figure 11. (a) The optical waveform at either arm of the balanced photodetector. (b) Ranging precision as a function of distance with and without interference. 
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Table 1. Precision as a function of distance with and without ToF LiDAR interference.
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	d (m)
	2
	3
	4
	5
	6
	7





	   σ  W /     (cm)
	2.393
	2.407
	2.129
	2.302
	2.261
	2.223



	   σ  W / O     (cm)
	2.463
	2.336
	2.199
	2.160
	2.348
	2.215



	   Δ σ    (cm)
	−0.070
	0.071
	−0.070
	0.142
	−0.087
	0.008
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Table 2. Precision as a function of distance with and without coherent Lidar interference.
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	d (m)
	2
	3
	4
	5
	6
	7





	   σ  W /     (cm)
	2.006
	2.088
	2.039
	2.089
	2.043
	2.116



	   σ  W / O     (cm)
	2.039
	2.07
	2.016
	2.088
	2.081
	2.103



	   Δ σ    (cm)
	−0.033
	0.018
	0.023
	0.001
	−0.038
	0.013
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Table 3. Comparison among various LiDAR technologies.
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Distance

(m)

	
Precision

(cm)

	
Ref

	
Feature






	
autonomous vehicle requirement

	
50 m (blind zone detection)

100–150 m (pedestrian detection)

	
cm range

	
[32]

	

	
Eye-safe



	
Anti-interference



	
Low-cost









	
FMCW

	
75

	
0.33

	
[7]

	

	
High performance



	
Anti-interference



	
High-cost: require complex RF devices and equipment



	
Poor stability: predistortions and IQ modulators are easily affected by thermal and mechanical fluctuations









	
100

	
5.09

	
[35]




	
35

	
/

	
[36]




	
Commercial ToF

	
120

	
5

	
[37]

	

	
Mature technology



	
Potential eye safety issue



	
Poor anti-interference









	
150

	
10

	
[38]




	
PhMCW

	
100

	
8

	
This work

	

	
Simple system architecture



	
Eye-safe



	
Anti-interference



	
Low-cost
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