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Abstract— ADAS (Advanced Driver Assistance Systems) is a collective term of vehicle mounted sensors and
devices aiming to improve traffic safety and realize high-level autonomous driving. Lidar systems are considered
an indispensable part of ADAS to complement the other sensors like cameras and Radar. They realize these
complements by providing a real-time high-resolution 3D representation of the environment of the vehicle, in
which the positional information of each object area is included so that obstacles and potential hazards can be
detected in advance by the ADAS. For this purpose, a Lidar must have the reliability of continuous work and
provide the information accurately. In this paper, the requirements of Lidar systems in ADAS are firstly figured
out by comparing them with other sensors applied in vehicles. Afterward, different types of Lidar systems
regarding traffic safety and driver assistance are presented according to the stated Lidar function and driving
condition on the road. Apart from the requirements, different working principles of Lidar products on the market
are reviewed according to their scanning methods. Furthermore the results of this review are summed up in a
technical evaluation to show the applicability of specific Lidar designs with respect to the requirements of vehicle
applications.
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I.  INTRODUCTION

Lidar is the acronym of “light detection and ranging”. It emits a beam of light and measures the flight time of the
light (TOF) to obtain the target range information. In 2004, the first Defense Advanced Research Projects Agency
(DARPA) Grand Challenge for autonomous driving was held. None of the 15 participating autonomous vehicles
completed the 142 miles desert course. A year later, a self-driving vehicle from Stanford University equipped with
five SICK LMS-291 two-dimensional Lidars won the competition [1]. In 2007, the first 64-line Lidar was developed
by Velodyne. In the DARPA Grand Challenge of the same year, five of the six finished vehicles were equipped with
the Velodyne Lidar systems [2].

The past decade has seen a rapid development of Lidar sensors in automobile industry. However, one of the main
obstacles to restrict their development is that few standards are formulated for Lidar sensors. In contrast, various
standards and regulations are available for automotive lighting, e.g., UNECE vehicle regulation 8 for halogen
headlamps and UNECE vehicle regulation 112 for LED headlamps [3] [4]. Therefore, the metrics of Lidar sensors
are required to be investigated to further improve their performance. This paper provides an overview of important
metrics of Lidar sensors and analyses the relationship between them. Chapter II introduces the ADAS functions and
different levels in autonomous driving. In chapter III, a comparison of electromagnetic sensors applied on vehicles is
presented. Subsequently, essential metrics of Lidar sensors are investigated in chapter IV. Chapter V analyses the
requirements of laser safety and discusses the influence of weather conditions. Consequently a technical evaluation
of different vehicle-mounted Lidar systems is provided.

II. ADAS AND AUTONOMOUS DRIVING

Advanced Driver Assistance Systems (ADAS), as the name describes, help drivers avoid accidents by supporting
different driving tasks [5]. The driving tasks of interest for ADAS can be divided into two different categories:
Lateral controls and longitudinal controls. In Table I the fundamental driving tasks of ADAS are listed.



TABLE L REVIEW OF DRIVING TASKS OF ADAS ACCORDING TO [5]

Lateral Controls Longitudinal Controls

Adaptive Cruise Control (ACC)
Forward Collision Warning (FCW)
Emergency Brake Assist (EBA)
Forward Crash Mitigation (FCM)
Traffic Sign Recognition (TSR)

e  Lane Departure Warning (LDW)
e  Blind Spot Detection (BSD)
Lane Change Asistance (LCA)

According to the SAE Standard J 3016 autonomous driving is divided into six levels regarding the extent of
which the vehicle replaces the driver to perform driving tasks. Level 0 stands for no automation so that the driver has
to perform all the driving tasks, while the vehicle has to perform all the driving tasks by full automation in Level
5 [6]. The functions of ADAS are corresponding to different levels in autonomous driving. For instance, LDW and
BSD are categorized as Level 0 because they only provide the driver visual and auditory cues. Instead, the driver
requires to control the vehicle completely. In contrast, ACC adjusts the speed of the vehicle to ensure a safe distance
from the vehicle ahead, hence can be classified as Level 1 [7]. To support the driving tasks mentioned in Table I,
four major sensors are integrated on the vehicle, namely ultrasonic sensors, cameras, Lidar and radar. Ultrasonic
sensors measure the flight time of an ultrasonic pulse to obtain the distance information [8]. Due to the limitation of
sound speed, ultrasonic sensors are generally applied for low-speed driving conditions. Compared to ultrasonic
sensors, cameras, Lidar and radar are based on electromagnetic waves. Therefore, the target can be detected in real-
time at a high driving speed. The sensor fusion can take advantage of different sensors and improve system
reliability. Hence, to investigate strengths and weaknesses of cameras, radar and Lidar, their principles will be
investigated in the next chapter.

III. ELECTROMAGNETIC SENSORS

Electromagnetic sensors measure the required physical quantities by actively transmitting or passively receiving
electromagnetic waves converting the electromagnetic signals into electrical signals. Among them, vehicle-
mounted optical sensors usually utilize wavelengths in the visible, infrared and radio spectrum to measure objects

(Fig. 1).
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Figure 1. Electromagnetic spectrum according to [9]

A. Camera

Cameras are generally classified as passive sensors that typically use a charge-coupled device (CCD) and a
complementary metal oxide semiconductor (CMOS) as detector. Due to their high quantum efficiency in the visible
spectrum (380 nm to 780 nm), cameras can provide high-resolution chromatic images. Thus, their main task in
autonomous driving is to identify and track objects [10]. Compared to CCD sensors, the compactness, low mass, low
power consumption and radiation tolerance gives CMOS sensors advantages. However, CCD sensors offer
advantages in dynamic range and photometric accuracy [11].

TOF-cameras illuminate the pulsed light to a desired field of view (FOV). The distance (D) is measured with the
fight time of the transmitted pulse Tror and the light velocity c. The distance of the measurement is expressed
in (1) [11].

D= C'TTOF/Q’ (1)
The distance (D) is proportional to the flight time of the pulse Ttor, whereby light propagates with the constant

speed (c). In addition, stereo cameras also provide depth images while providing chromatic information using the
principle of triangulation ranging. However, due to the energy being emitted in a wide FOV and the decreasing



accuracy of triangulation for increasing distance, the detection range of both TOF systems and stereo camera is
limited. Since the detectors of most cameras are sensitive for visible light, the signal quality strongly depends on
ambient light and weather conditions. In most actual automatic driving schemes, cameras are accordingly fused with
Lidar sensors in order to improve the identification accuracy and system reliability [12] [13].

B. Radar

Radars use millimeter-waves to measure the radial distance and the velocity of a mobile target with high
precision. In addition, they are also robust under extreme environmental conditions, e.g. low illumination, snow and
rain [14]. Compared to cameras and Lidar, radar systems measure the relative velocity of a target directly using the
Doppler Effect. The two typical frequencies for automotive radar sensors are 24 GHz and 77 GHz. Compared to
77 GHz radars, 24 GHz radars are developed for short range applications and have the advantage of low cost and
small size. To measure the angular positions of a target, several units have to be adjacently arranged. 77 GHz radar
sensors are mainly used for long range detection to realize ACC and EBA in ADAS [15]. Compared to 24 GHz
sensors, 77 GHz radars require a smaller antenna aperture, which refers to a smaller size of the sensor. Additionally,
the benefit of a high operating frequency is a reasonable spatial resolution due to the combination of both high
transmitted power and narrow modulated pulse width [16]. One of the main drawbacks of radar sensors compared to
cameras is their lack of angular resolution. Therefore, they also require to be fused with other sensors to recognize
more details of objects.

C. Lidar

Lidars are optical sensors that utilize near infrared radiation and are usually composed of emitter, detector, beam
steering devices and a time-to-digital converter circuit (TDC) to determine distance information [17]. The coverage
of the FOV is achieved by optical lenses or scanning devices. For vehicle-mounted Lidars, the principle of distance
measurement is based on TOF and can be divided into two modes. In direct TOF, the time difference between the
transmitted pulse and the received signal is measured [18]. Assuming that the emitter and the detector are at the same
position, a laser pulse travels along the path to the reflecting object twice within the TOF. In indirect TOF, a
continuous modulated sinusoidal wave (cw) is transmitted. The phase difference between the transmitted signal and
the received signal is measured [19]. The main tasks of Lidar sensors in autonomous driving are odometry and
mapping [20]. Moreover, Lidars can also be used for lane detection due to the measurement of different object
reflectivity in a point cloud [21]. The Audi A8 was the first commercial vehicle equipped with a Lidar system for
ACC to help the driver steer, accelerate and brake [22]. The further performance metrics of Lidar sensors are
investigated and discussed in detail in the next chapter.

According to the reviews in this chapter, the advantages and disadvantages of electromagnetic sensors are
summarized in Table II. Due to the sensitivity for visible light, cameras are able to provide not only grayscale images,
but also chromatic information, which is necessary to detect the signal lamps. Lidar sensors provide a large FOV and
measure the distance of objects precisely and independent of the ambient lighting conditions.

TABLE II. ADVANTAGES AND DISADVANTAGES OF OPTICAL SENSORS
Sensors Advantages Disadvantages
+  Chromatic information —  Limited range detection
Cameras +  Very high resolution —  Low robustness in poor lighting
+  Object detection/classification and weather conditions
+  Robustness against poor weather
conditions —  Low angular resolution
Radar S . °.
+  Independence of lighting conditions —  Recognition of color
+  Measurement of velocity
+  Large FOV .
C . —  Recognition of color
. + Independence of lighting conditions .- .
Lidar —  Vulnerability of mechanical
+  Accurate range measurement .
. . scanning components
+  High resolution

IV. PERFORMANCE METRICS OF LIDAR SYSTEMS
In this chapter the important metrics of Lidar sensors are analyzed based on exemplary commercial devices.

A. Wavelength of Emitter

The wavelength of the emitter is an important parameter of Lidar sensors. It determines the sensitivity of the
photodiodes used as detectors, has a significant impact on laser safety aspects (section G) and on the atmospheric
absorption (section 5C). As previously described Lidar sensors operate in the near infrared spectrum (780 nm to



3000 nm). To generate laser beams in the corresponding spectrum, two types of laser diodes are typically applied in
Lidar systems.
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Figure 2.The structures of laser diodes. (a) Edge-emitting laser. (b) Vertical-cavity surface emitting laser according to [23]

Fig. 2 indicates the basics structure of both edge-emitting lasers (EELs) and vertical-cavity surface-emitting
lasers (VCSELs). Compared to VCSELSs, the advantage of EELs is the high emission power. In the case of a constant
background noise this leads to a good signal-to-noise ratio (SNR) and helps to achieve a large detection range. Lidar
sensors utilize bandpass filters to reflect background noise such as sunlight and head lamp radiation. A wavelength-
specific grating is built into the active layer of VCSELSs that reduces the wavelength shift with temperature down to
0.07 nm/°C. Hence, VCSELs have a narrow wavelength range of the emission and can be equipped with a narrow
bandpass filter to reduce noise reaching the detector [24]. Since the emitted beam shows a circular cross section,
beam shaping for VCSELs is relatively easy. In practice, since limited in output power, VCSELs are more
appropriate for Lidar systems that are used for short range ADAS functions, e.g. blind-spot detection (BSD), lane
departure warning (LDW) and rear cross traffic alert (LCA) [24].

Most commercial Lidar systems are based on a wavelength of 905 nm or 1550 nm. Avalanche photodiode
detectors (APD) are silicon-based photo detectors used for Lidar systems due to their high photoelectric conversion
rate of at least 80% for 905 nm. For Lidars with a wavelength of 1550 nm, indium gallium arsenide (InGaAs)
photodiode detectors are designed to detect this wavelength [25].

B. Field of View

The field of view refers to the angular coverage of a Lidar frame and is expressed by the horizontal field of
view (FOVy) and vertical field of view (FOVy). Mechanical spinning Lidars are able to generate a 2z radian
horizontal coverage. For scanning Lidars, the FOV is defined under the consideration of the refresh rate and the
interval between two adjacent pulses. In other words, the system must scan the total FOV within one frame. The
FOV of flash Lidars is determined by the lens system used [26].

The FOVy refers to the coverage of the object height in a certain distance. As an example, for a full coverage of
objects with a height of 1.5m in a short range of 0.5 m, a minimal FOVy of 70° is required, which refers to an
essential metric for short range Lidars with the detection range < 50 m. For long range Lidar systems the same target
height in 200 m is able to be fully covered with only a 0.9° FOVy. Therefore, the design of FOVy is based on the
coverage requirements of different object heights at different distances. In general, the FOVy of short range Lidars is
larger than that of long range Lidars.

The requirements for FOVy can be determined by the applications in ADAS or autonomous driving. ADAS
applications such as blind spot detection (BSD), traffic sign assist (TSA) and rear cross traffic alert (RCTA) require
to monitor an angle of 120° near the vehicle [5]. Further applications of ADAS such as adaptive cruise control
(ACC) and emergency break assist (EBA) are focused on the area in front of the vehicle with a FOVy of 25° but a
long distance of over 150 m [5]. In full autonomous driving the monitoring of the entire surrounding environment
(360° FOVy) is necessary [27].

C. Maximum Detection Range

The maximum detection range of Lidars is defined as the distance in which the reflection of a Lambertian
scatterer with a reflectivity of 10% can still be detected [28]. The frequency of the emitted pulse limits the detection
range as well. Since emitter and detector are time-synchronized, the reflection of the first pulse must be detected
before emitting the next one (Fig. 3).
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The calculation of the theoretical maximum detection range of a pulsed Lidar is given in (2).
R, =ct/2 2

R; is the theoretical maximum detection range, ¢ is the speed of light in air and t is the pulse interval. For a
maximum detection range of 500 m, the transmitted pulse has to be modulated with less than 300 kHz. In practice,
the detection range of Lidars is often affected by the output power of the emitter (Pr), the transmission efficienciy
of the optical system (1 and the atmospheric attenuation (n.om). Hence, the practical maximum detection range
R, can be expressed by (3) [29].

/(Ajttum ™ PR) (3)

Rp: natom\/PT's'Arec 'ﬂsys

Py is the received power of the detector. € is the cross-sectional illuminated area of an object. Ajjuy is the area
illuminated of an object. A is the area of the receiver. According to (3), the detection range can be increased by
increasing the output power or the transmission efficiency in the atmosphere. Therefore, these two parameters will
be discussed in detail in chapter V. Besides them, other influencing factors are the characteristics of a detected
object and the optical system of Lidar systems. While the first cannot be influenced by the Lidar system designer,
the second offers a wide area of research that cannot be covered in this paper.

D. Distance Resolution

The distance resolution AR refers to the ability of a Lidar system to distinguish a distance separation between
two targets, which is mainly determined by sampling frequency of the TDC (B) and can be expressed in (4) [30].

AR =¢/2B “4)

As examples, analog front-end (AFE) circuits developed for linear-array detectors in [31] and [32] have the
sampling frequencies of 450 MHz and 1200 MHz respectively, which means the range resolution can reach an
order of a decimeter. For a range resolution in order of a centimeter a minimal sampling frequency of 1.5 GHz is
required.

E. Angular Resolution

The angular resolution is defined by the minimum angular distance between two objects which can be resolved
by a Lidar system [33]. It refers to the corresponding angle between two adjacent scanning points or two neighbor
pixels on detectors. Level 4 autonomous driving requires an angular resolution of 0.1° x 0.1° [28]. In terms of the
requirement, a detected object in 200 m is roughly 35 x 35 cm in dimension.

F. Laser Safety

Standard IEC 60825-1 ranks the safety of laser products in the wavelength range 180 nm to 1 mm with eight
levels from Class 1 to Class 4 according to the increase of ocular hazard. Class 1 laser safety refers to laser products
that are safe for long-term intrabeam viewing. In particular, “eye safe” describes only Class 1 products [34]. Since
vehicle-mounted Lidar systems must be “eye safe”, they have to fulfil the Class 1.

According to the structure of human eyes, light has to pass the cornea, aqueous humor, lens and vitreous humor
to reach the retina. These structures are transparent to radiation with a wavelength between 400 nm and 1400 nm.
Therefore, Lidars with a wavelength less than 1400 nm can be dangerous for human eyes and hurt the retina. For
wavelengths from 1500 nm to 2600 nm, the heat effect is able to dissipate over the greater volume of aqueous humor.



Therefore, Lidars with a wavelength of 1550 nm can provide a greater output power without increasing the risk for
the human eye. According to the standard IEC 60821-1, the evaluation of the laser safety is not only related to the
output power and wavelength of a laser source, but also related to other metrics of the system, e.g., pulse width,
pulse frequency and divergence of the laser beam.

G. The Type of Lidar Systems

Lidar sensors can be divided into three types based on their beam steering method. Lidars with a rotating emitter
and detector can be regarded as mechanical Lidar. In hybrid solid state Lidars emitter and detector are not moved.
Instead the steering of the beams is realized by movable optical components, such as micro-electro-mechanical
systems (MEMS) and Risley prisms. Solid state Lidars illuminate the total FOV as so-called flash Lidar systems or
utilize phased-array optics (OPA) to steer beams. Fig. 4 discloses the different scanning methods of Lidar sensors.
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Figure 4. (a) Spinning scanner in mechanical Lidar. (b) MEMS scanning method. (c) Risley prism scanning. (d) Flash illumination. (¢) OPA beam
steering

Mechanical spinning Lidars integrate a stack of photodetectors to scan a target in several horizontal layers. Both
emitters and detectors are motorized and rotate with an angle of 360° (Fig. 4a) to generate a 2 radian FOVy,.
Moreover, due to the use of moveable parts, such systems are less tolerant against such as mechanical vibrations
compared to other Lidar systems. Therefore, the system vulnerability needs to be considered in practical applications.
Further, specific requirements for the electric power are to be considered for the rotating parts. Manufacturers of
mechanical Lidars are for example Velodyne, Hesia, Ouster and Robosense.

As a compromise of the benefits of mechanical systems and a robust setup, MEMS scanning systems as shown in
Fig. 4b not only provide a wide FOV, but also micro-motion units, which improves their reliability. Additionally,
MEMS devices have been successfully applied to technologies of projectors and displays [35] [36]. Digital
micromirror devices (DMD) are possible to generate a high-resolution light distributions in automotive lighting to
improve the driving safety [37] [38]. In addition to switching the light, they are also able to modulate the phase of
the incident light to steer beams and generate holographic projections [39] [40]. Manufacturers of MEMS Lidars are
for example Aeye, Blickfeld, Hesai, Innoviz, Robosense, Luminar and LeiShen.



Fig. 4c indicates the principle of Risley prism scanners that utilize at least two sequential rotating wedge prisms
to steer the beam [41]. The speed ratio of the two prisms determines the shape of the scanning area. The emitter is
typically an array of laser diodes to increase the scanning density in the FOV. For example, a Lidar based on Risley
prisms is Livox Horizon which scans a close-to-rectangle FOV using three rotating prisms. The first two prisms
rotate with the same speed in opposite directions, while the third prism rotates simultaneously with a lower
speed [42]. Lidar systems that utilize the mechanical spinning methods, MEMS and Risley prisms to steer beams are
also named scanning Lidars. These systems often integrate an array of light sources to achieve a multi-beam
scanning or to increase the scanning density. Correspondingly, the detector is also arranged as a linear array
[43] [44] [45].

In contrast to scanning Lidars, flash Lidars illuminate the entire FOV at once using projecting lenses (Fig. 4d). A
so-called focal plane array (FPA) is used to detect the reflections and measure the TOF for all pixels
simultaneously [46]. The angular resolution is determined by the density of pixels on the detector. In order to detect
the reflection signals with a larger number of pixels on the detector, a greater laser pulse energy is needed.
According to (3), a larger cross-sectional area of the transmitted beams can decrease the detection range. Hence,
flash Lidars are mainly designed for near range detection [47]. Compared to scanning Lidars, the detector of flash
Lidars is arranged in a matrix form [48]. LeddarTech, Ibeo, Continental, Ouster and Cepton are exemplary
manufacturers of flash Lidars.

Optical phased arrays (OPA) are a beam steering technology to avoid movable parts in Lidar systems. This
technology was firstly used for radio waves to steer and control the beam direction using phase delay and
interference between antennas [49]. The laser beam in Fig 4e is split to several phase shifters to modify the phasing
of the output wave front and control its direction. One of the challenges of OPA technology is reducing the grating
side lobes to increase the FOVy [50]. Using OPA technology for radio waves has proved that the element spacing of
antenna arrays has to be less than the half of the operating wavelength [51]. Under this condition the grating side
lobes are can be reduced, so that scanning the entire FOV with the main lobes is possible. For Lidar systems using
wavelengths in the spectrum with an order of one micrometer, it increases the difficulty of antenna processing
undoubtedly. As far as known, Quanergy is the single manufacturer of OPA Lidars.

V. DISCUSSION

A. Scanning technologies

As mentioned in section C chapter IV, the emitted power and the transmission of laser beams in the atmosphere
are two parameters that determine the maximum detection range of a Lidar system according to (3). Hence, the
influence of these two parameters will be discussed in this chapter. Fig. 5 indicates a comparison of Lidar Systems
with diverging illumination and collimated beam respectively.
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Figure 5. (a) Lidar with diverging illumination. (b) Lidar with collimated beam

As previously in (3) described, the energy ratio of the output energy and received energy is proportional to the
square of the target distance. Assuming the output energy of the emitter E,, the energy E; that reaches the target
and the energy E, reaches the detector, for the system in Fig. 5a the returned energy E, is given by
E, « (1/R*)E; = (1/R*E, [29]. For a scanning Lidar with a theoretically perfectly collimated beam, the energy E,
reaching the target would not depend on the distance and is therefore expressed by E; o< E¢[29]. Furthermore the
returned energy E2 is given by E, o« (1/R?) E, (Fig. 5b). In addition, a Lidar with collimated beams has significantly
small area illuminated of an object (Ajyum) to detect further according to (3). Consequently, for scenes with a
constant background noise, Lidar systems with a collimated beam are able to reach an increased detection
range [52]. According to section G chapter IV, a collimated beam is available in mechanical spinning Lidars,
MEMS Lidars and Risley prism Lidars.



B. Output Power based on Laser Safety

As discussed in section C chapter IV the detection range of a Lidar system can easily be increased by enlarging
the output power. However, this parameter is limited by the requirements of laser safety. Hence, laser safety for
different modulations and wavelengths has to be investigated. As mentioned in section G chapter IV, all the
vehicle-mounted Lidar systems have to fulfill laser safety Class 1. The flow chart in Fig. 6 is designed to calculate
the maximum accessible transmitted power of a Lidar system [34].
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Figure 6. Flow chart to calculate the maximum accessible output power of a pulse Lidar simplified according to IEC 60825-1 [34]

According to the flow chart (Fig. 6), the evaluation of a cw-Lidar requires to determine the maximum accessible
emission permitted (AEL) based on a table of accessible emission limits for Class 1 in [EC 60825-1. For all Class 1
laser products the time base has to be selected with 100 s. Assuming cw modulated Lidars with the laser safety
Class 1, the maximum output power of the emitter with a wavelength of 905 nm is 3.00 mW and 10.00 mW.for
1550 nm respectively.

To evaluate a pulsed-Lidar, the accessible emission limit for a single pulse (AELqjygc), the accessible emission
limit for a single pulse based on duration T (AEL,, 1) and the accessible emission limit for a single pulse in the
pulse train (AEL ; yin) have to be compared to find the most restrictive parameter. The maximum allowable output
power for 905 nm and 1550 nm will be calculated separately, assuming the exemplary parameters of Table III.

TABLE III. THE ASSUMPTION OF LIDAR METRICS
Parameters of Lidar Value
Wavelength 905 nm / 1550 nm
Pulse Width 2 ns
Pulse Frequency 40 kHz
Laser safety class Class 1
Divergence of the Laser Beam collimated: < 1.5 mrad




The assumption of 2 ns pulse width corresponds to a range resolution of 3 cm and is an average value of the
investigated commercial Lidar products. The pulse repetition frequency refers to the theoretical maximum detection
range and the number of Lidar points generated per second with a single return signal. To this end, the exemplary
chosen pulse frequency of 40 kHz is an average value of the investigated products. The divergence angle of the
laser indicates the scanning method of the system. For a scanning Lidar the laser beam is well collimated and can
be assumed with a divergence angle of less than 1.5 mrad. For Lidar systems with diverging illumination, the
standard IEC 60825-1 does not limit the peak output power for the wavelengths >1400 nm. Therefore, flash Lidars
using 1550 nm wavelength have a significant advantage in terms of laser safety. For both modulation methods, the
peak output power can be further increased by at least an order of magnitude while using 1550 nm as operation
wavelength. Accordingly, pulse modulated Lidar systems with a wavelength of 1550 nm offer the highest peak
output power in this comparison and therefore enable the largest detection range. The disadvantage of Lidar sensors
with 1550 nm is the use of InGaAs photodetectors which require external cooling systems, cause additional costs
and increase the required installation space [25].

C. Laser Beam Attenuation in the atmosphere

Another factor that influences the detection range of Lidar systems according to (3) is the transmission of laser
beams in the atmosphere which is mainly determined by absorption and scattering by different gas components [53].
The absorption of the near infrared is mainly due to water (H,O), ozone (O;) and carbon dioxide (CO;) [54]. The
main forms of these three molecules in the atmosphere are H,0', 0'%; and CIZOIGQ, compared with their isotopes,
their proportion are 99.73%, 99.40% and 98.42% respectively [53]. 90 to 95% of ozone is found in the stratosphere,
nearly all of the remaining 5 to 10% is found in troposphere [55]. Hence the absorption of infrared radiation by
ozone in ground level can be disregarded. Therefore, H,O and CO; need to be analyzed regarding the absorption of
the infrared essentially. Fig.7 indicates the transmittance in the infrared between 5000 cm™ (2000 nm) to
12820 cm™* (780 nm) for molecules of water and carbon dioxide using HITRAN (High-resolution Transmission
Molecular Absorption) database.
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Figure 7. Transmittance of IR between 780 nm (12820 cm™) to 2000 nm (5000 cm") in molecules of water and carbon dioxide based on HITRAN
datebase according to [54]

The HITRAN data used in Fig. 7 are measured for a room temperature of 296 K and pressure of 1 bar [54].
Apparently, there are four absorption peaks for water molecules. Meanwhile, carbon dioxide molecules hardly
absorb infrared in the corresponding range. Water molecules are by far the most important absorbing component in
the atmosphere for near infrared. In order to compare its absorption for the two typical wavelengths used in Lidar
systems, a high resolved section of the resolution transmittance curve of water is given in Fig. 8.
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Figure 8. Transmittance of 905 nm (11050 cm™) and 1550 nm (6450 cm™) in water molecule according to the HITRAN database [54]

According to Fig. 8, the transmittance for 905 nm (11050 cm'l) of water molecules is approximately 98% and
above 99.9% for 1550 nm (6450 cm™). Moreover, the proportion of water vapor in the atmosphere is 0.1% to 1% of
all molecules. Hence the absorption of atmospheric molecular contributes barely to the total attenuation [56]. For a
more realistic evaluation the spectral width of the laser emission and the thermal shift of the central wavelength also
have to be considered.

Since the molecular absorption has no significant effect on the atmosphere attenuation, the influence of
scattering requires to be evaluated. Three types of scattering occur depending on the size of the scattering object.
The size parameter o, which indicates the ratio of the particle size r in the atmosphere to the wavelength A of the
laser, determines the type of scattering [56].

a=2mr/A %)

Table IV indicates the radius of typical particles in the atmosphere and the corresponding size parameter for
laser with wavelengths of 905 nm and 1550 nm respectively [57] [58].

TABLE IV. RADIUS OF DIFFERENT SCATTERING PARTICLES AND CORRESPONDING SIZE PARAMTER FOR LASER WITH WAVELENGTH OF
905 NM AND 1550 NM ACCORDING TO [57] [58]
Type of Scattering Radius r [um] Size Parameter
905 nm 1550 nm
Air Molecules 0.0001 0.0007 0.0004
Haze particle 0.01~1 0.07 ~7 0.04~4
Fog 1~20 7~ 140 4~8
Rain 100 ~ 10000 700 ~ 70000 400 ~ 40000
Snow 1000 ~ 5000 7000 ~ 35000 4000 ~ 20000
Hail 5000 ~ 50000 35000 ~ 350000 20000 ~ 200000

Rayleigh scattering occurs for a <0.1. Mie scattering takes place for a in the region of 0.1 to 10. When the size
of a particle is much larger than the transmitted wavelength (a > 10), geometrical scattering is dominant, which
refers to the weather conditions of rain, snow and hail for the considered wavelengths (compare Table IV).
Rayleigh and Mie scattering depend on the wavelength, geometrical scattering is independent of the wavelength of
incident light [53]. Therefore, the influence of the wavelength on atmospheric attenuation for weather conditions
like rain, snow and hail can be neglected [59].



An empirical equation in (6) describes the attenuation due to atmospheric Mie scattering under the rest of
weather conditions in Table IV such as haze and fog [60].

6=3.91-V'1(A/550)4 (6)
Where o is coefficient of atmospheric attenuation caused by scattering
V is visibility in km
A is wavelength of emitter in nm
q is the distribution of the scattering particles and determined with different visibilities, and can be expressed by

=1.6 for visibility V > 50 km

=13 for visibility 6 km <V <50 km

=0.16 V+0.34 for visibility 1 km <V < 6 km (haze)
=V-05 for visibility 0.5 km <V <1 km (mist)
=0 for visibility < 0.5 km (fog)

Under the consideration of Beer-Lambert Law, the transmittance rate t of a laser at a given range R can be

expressed as T(R)=exp(-oR). Based on this, the transmittance for the wavelengths 905 nm and 1550 nm at an
exemplary distance of 200 m in dependence of the visibility is given in Fig. 9.
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Figure 9. Transmittance for 905 nm and 1550 nm at 200 m under all-weather conditions (visibility)

According to the Fig. 9, no difference is indicated between the scattering losses at 1550 nm and 905 nm for
typical fog conditions (< 0.5 km visibility). For larger visibility distance the wavelength 1550 nm indicates small
advantages.

D. Technical evaluation of different Lidar systems

Since different types of Lidar systems are available on the market, it is necessary to evaluate their performance.
Based on the investigation on important Lidar metrics in chapter IV and chapter V as well as on the data of
commercial available Lidar systems, a technical evaluation is developed (Table V).



TABLE V. TECHNICAL EVALUATION OF LIDAR SYSTEMS

Beam .
steering Technologies Reliability Fov Max.Rla)chtwn Angular Resolution Laser Safety
methods 8¢
Mechanical spinning - 4+ ++ ++ T+
MEMS ++ ++ ++ ++ +++
Scanning - -
Risley Prism ++ ++ ++ ++ T+
OPA +++ - ++ + Tt
Non'_ Flash +++ + - - ++
scanning

Scala: Excellent ++ +, Good + +, Average +, Fair -, Poor --

While the mechanical spinning Lidar can realize a 360° FOVy with a single sensor, the reliability is in dispute
due to moving parts. By contrast, the micro-motion parts in MEMS Lidars are able to not only improve the reliability,
but also scan a relatively large FOV. The collimated beam utilized in mechanical spinning Lidars, MEMS Lidars and
Risley prism systems concentrates the transmitted power and thus increases the detection range. Instead, owing to
the divergence of beams the detection range of flash Lidars is limited. Meanwhile, the use of low-density detector
arrays reduces the angular resolution of flash Lidars likewise. Hence it is often used to detect large targets at a close
range. OPA scanning method is a solution to solidify Lidar systems. However, the optical efficiency of the liquid
crystal components has to be improved to further magnify the FOV. According to the discussion in chapter V, Lidar
systems with a 1550 nm wavelength benefit to fulfil the requirement of laser safety. Regarding the available
commercial systems, the 1550 nm wavelength is only available in MEMS Lidars. Hence, their laser safety is better
than other Lidar systems.

VI. CONCLUSIONS

In this paper, the important metrics that influence the performance of Lidar sensors are introduced and
investigated. A technical evaluation of different Lidar systems is developed based on the reviews of different
commercial systems and the discussion of Lidar metrics. According to the discussion in chapter V, Lidar systems
with a pulse modulation and a 1550 nm wavelength are able to maximize the output power and the robustness
against the extreme weathers conditions. Meanwhile, compared to 905 nm, Lidar systems with 1550 nm are more
tolerant to the requirement of laser safety. According to the Table V, MEMS Lidars are the best comprehensive
performance systems. Flash Lidars are pure solid state hence have a good reliability. However, the divergent laser
output and sparse detector pixels lead to a lack of their detection range and resolution. Hereafter, the use of
1550 nm laser sources and the increase of the number of the detector pixels can bridge the gap between Flash
Lidars and scanning Lidars.
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