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Fig. 1 Single photon detector. (a) 189 pixel X 600 pixel SPAD array by Sony, Japan™ ; (b) 4 pixel X4 pixel SiPM detector

by Israel Institute of Technology
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Fig. 2 Progress in lightweight type-aware LiDAR scanning technology. (a) MEMS LiDAR by Toyota Central R&D Labs,

Japanm: ;

(b) MEMS scanner array with 23 mm aperture by Fraunhofer Institute for Photonic Microsystems,

Germany™™ ; (¢) OPA chip by Analog Photonics, USA™"
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Fig. 3 Fiber coupled 5 pixel X5 pixel {lash LiIDAR by Guilin University of Technology
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Table 1  Characteristics of lightweight type-aware LiDAR scanning mechanism
Scanner Mechanical MEMS Flash OPA
Princiol Mechanical rotation, Micro-mirror vibrating, Whole scene with one Solid-state beam steering,
rinciple . . . . . . .
P point by point point by point single laser point by point
High laser power, Ease of integration, Real time, No moving parts,
Advantages

long detection range

Drawbacks Heavy structure

DJI-TELE 15 (China) .,
Hesai-Pandar (China) ,
Velodyne-VLP (USA),
Huawei-96beam (China)

Typical products

mass production

Limited scanning range

Robosense-M1 (China) ,
Luminar-Iris (USA),
Innoviz-Pro (Israel)

ease of integration ease of integration

High requirements on Producing side lobes,

detector performance leading to large energy loss

Ouster-DF (USA),
Ibeo-NEXT (Germany) ,
LuminWave-SMx (China)

Quanergy-S3 (USA),
Lumotive-X20 (USA),
Litra-L'T-X (China)
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Fig. 4 Performance comparison of array LiDARs based on SoC
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Table 2 Representative research results of filtering algorithms
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Filtering method Characteristics Representative algorithms Ref.
Echo waveform convolved with filtering kernel; high Gaussian filtering [51]
Spatial domain efficiency and real-time filtering; affected by the filtering Savitzky-Golay [54]
parameters Average filtering [55]
Ti ¢ d . Removing high frequency noise in frequency domain; Fourier transform [56]
ime-frequency domain . .
d Y affected by threshold and basis function Wavelet transform [57]
- L . . . EMD and
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EMD . . . . derivative [62,65]
domain; data driven; long execution time .
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Remaining IMFs in frequenc domain; rigorous
th fld' ti vercomi dal 1'g' VMD and
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VMD . . & . 'g derivative [67-68]
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. algorithms
number K and the quadratic penalty a
Multiple echo waveforms stacked after shifting and MCA and
MCA aligning; noise suppression; hard to align signal; derivative [69]
increase of heterogenous points algorithms
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Fig. 5 Superiority of the EMD and VMD algorithms for processing nonlinear and non-stationary signal. (a) Denoising effects
of EMD based on different criteria® ; (b) denoising effects of EMD and VMD"
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Fig. 6 Distortion and correction results of MEMS two-dimensional galvanometer scanning™” . (a) Actual scanning image;

(b) distorted image of grid test target; (c) grid image after distortion correction
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Table 3 LiDAR performance for docking in space

Year Country Mission Payload Performance Service time

E 1 tal Satellit .
20051 Canada — xgentmen i(SSa 1611 ¢ Ranging accuracy 5 cm@50 m 2005—2007
ystem, -

Orion Multi-Purpose  Pixel count 256 pixel X 256 pixel,

Crew Vehicle field of view 20° 2014—now

2014 USA Artemis Program

Positi acy <5 cm,
201177 China  China Manned Space Shenzhou-8 osition aceuracy =0 cm 2011.11.01—2011. 11. 17

attitude accuracy <<0. 3°

Pixel count 126 pixel X126 pixel,

. 2012.10.08—2012. 10. 28
maximum range 750 m

20120 USA — Dragon

) China’s L
2020 China mi‘? ‘;)nar. . Chang’e 5 Range 15 m—20 km 2020. 11, 24—2020. 12. 17
Xploration rojec

F A4 PERHOLE AR
Table 4 LiDAR performance for landing in space

Landing year Country Mission Payload Performance Service time

Chinas L
2013 China E plomiiso L;ﬂé;l.’ . Chang’e 3 Range 40—160 m, accuracy 15 cm 2013—2016
xploration Projec

Range 30 m—25 km, ranging

20181 Japan Hayabusa2 Hayabusa2 resolution 0.5 m, ranging accuracy 2014—2020
1 m@30 m
Range 500-1000 m.,
20141120 USA ALHAT ALHAT probe anee m -
ranging accuracy 8 cm
Expected USA Europa Lander E b Pixel count 2000 pixel X 2000 pixel,
T I —
20241121 mission Hropa probe ranging accuracy 5 cm@500 m
; Maxi >7.4 km,
201812 USA OSIRIS-Rex OSIRIS-Rex spacecraft ax1@um range m 2016—now
ranging accuracy <<0.5 m
. China’s Mars . Landing accuracy
fzs] Ch T 1 2020—
2021 mna Exploration mission ranmwen 3.1 kmX0.2 km now
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Abstract

Significance The lightweight type-aware light detection and ranging (LiDAR) is an active three-dimensional (3D)
optical imaging technology used for environment perception. Mounted on platforms such as vehicles and aircrafts, the
type-aware LiDAR performs as the eye to capture and process environmental information, providing real-time and accurate
3D data for target detection, identification and decision making. Compared with the traditional surveying and mapping
LiDAR, the type-aware LiDAR has the advantages of smaller volume, larger amount of data, higher transmission rate and
higher-resolution 3D imaging. As the demand of 3D sensing grows, the lightweight type-aware LiDAR technology becomes
one of the hotspots in the future development. The type-aware LiDAR is mainly applied in the fields of aerospace
exploration and autonomous driving. To meet the requirements of miniaturization and intelligence, the key technologies of
type-aware LiDAR are developing toward lightweight system design. In this paper, the current key technologies and
typical applications of lightweight type-aware LiDAR are summarized, and the development trend of key technologies is
forecasted.

Progress  Firstly, the integration-level LiDAR has been greatly contributed by the development of fiber and
semiconductor lasers, single photon detector, and micro-electro-mechanical system (MEMS) and optical phased array
(OPA) laser scanner. Fiber laser has been employed for aerospace application with adjustable repetition rate of 5-50 kHz.
With an inherently safer wavelength for autonomous driving application, vertical cavity surface emitting laser (VCSEL) of
1550 nm has better carrier confinement than semiconductor laser of 905 nm. Single photon avalanche diode (SPAD) array
with hundreds of pixels has been developed for 3D imaging on femtosecond magnitude. The 4 pixel X 4 pixel silicon
photomultiplier (SiPM) has been developed to capture light intensity information, whose single pixel is composed of
100 SPADs (Fig. 1). To facilitate integration, scan unit of type-aware LiDAR is gradually developing from the traditional
multi-beam mechanical scanning type to MEMS, OPA, and flash LiDAR (Table 1), and the ranging system is developing
toward system on chip (SoC) technology.

Secondly, the ranging performance of LiDAR has a significant influence on the quality of point cloud, which is
elaborated from two aspects of ranging system and ranging algorithm. The ranging system can be categorized as time-to-
digital converter (TDC) and analogue-to-digital converter (ADC) according to the implementation schemes of time
discrimination. In order to miniaturize the ranging system, the TDC/ADC hybrid SoC is designed to achieve long-range
detection (Fig. 4). Toshiba has developed a 40-channel LiDAR SoC with a ranging error less than 0.25% and a distance
ranging from 25 m to 225 m. Subsequently, the ranging algorithms for saturated, weak, and multiple echo waveforms are
summarized separately. The selection of algorithms depends on the signal situation and application condition. With the
recent developments, SoC is becoming the mainstream form of ranging system and the ranging algorithms need to evolve
for processing more complicated signal.

Thirdly, the research status of pointing error correction of type-aware LiDAR is introduced, including the correction
of scanning mechanism internal errors and system installation errors. The scanning mechanism internal errors can be
eliminated by correction function obtained from mechanism analysis (Fig. 6), which is elaborated in various scanning
mechanism of prism, MEMS and OPA. The system installation error is reduced by modeling the difference between the
actual laser path and the ideal path, as well as adopting model optimization methods include network method, two-face
method and length-consistency method. The future research of the pointing error correction needs more generalization
and process standardization.

Fourthly, lightweight type-aware LiDAR has been employed in versatile applications. For autonomous driving
application, low cost and potential for integration are required (Fig. 9). Mechanical (ranging 100-500 m, accuracy 2—7 c¢cm) and
hybrid solid-state scanning systems (ranging 150—-500 m, accuracy up to 1 cm) are currently the prevailing types of LiDAR
loaded on autonomous vehicles. As for space application, the flash LiDAR is commonly utilized in space rendezvous and
hazard avoidance tasks due to its high directivity, high resolution and high precision (Table 3 and Table 4).

Prospects Lightweight type-aware LiDAR has become the development frontier and research hotspot in the field of
intelligent sensors. In the past decade, hybrid-solid MEMS LiDAR as a mature product has sprung up. As the integrated
chip technology fast grows, SoC technology perhaps becomes a mainstream solution to performance improvements of
lightweight type-aware LiDAR with compactness, high resolution and high speed. In the future, the on-chip technology
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integrated with signal processing algorithm, state-solid scanning mechanism combined with universal correction method,

and mutual promotion of technologies between civil and aerospace applications, will motivate the development of
lightweight type-aware LiDAR.

Key words imaging systems; lightweight type-aware LiDAR; system design; ranging accuracy; pointing accuracy;
autonomous driving; aerospace exploration
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