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Abstract- Autonomous vehicles are becoming a more popular issue by the
day. We will examine what makes a car autonomous in this paper, as well as
all the sensors that go into autonomous driving. We concentrate on the most
futureproof and promising sensor technologies, starting with a quick look at
MIMO radar technology and moving on at an in-depth examination of the
LIDAR sensors, as well as an examination of all of their constituent
components. Finally, we will compare the most well-known sensors
currently on the market.
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I.

Introduction

What are the criteria for a vehicle to be characterized as an automotive one? The development stages
up to the autonomous vehicle are divided into five levels. These levels are:
Level 0 Autonomous Driving – manual driving.
Level 1 Autonomous Driving – driver assistance.
Level 2 Autonomous Driving – partial automation.

II.

MIMO RADAR and LiDAR

For all the above sensors in the picture we are going to focus on the more revolutionary and promising
technologies, the LiDAR, and the MIMO Radar.

First things first Multiple input multiple output (MIMO) Automotive radar producers have been paying
close attention to radar technology as it can achieve great angular resolution with a minimal number of
antennas. It has been used in both current generation automotive radar for advanced driver assistance
systems (ADAS) and next generation high resolution imaging radar for autonomous driving because of
this capability. Radar sensors are used in a variety of ADAS systems, including adaptive cruise control
(ACC) and automated emergency braking (AEB). Radar, which provides environmental perception for all
weather situations, has recently emerged as one of the fundamental technologies in autonomous driving
systems. We'll go through the basics of MIMO radar, stressing the properties that make it a suitable fit
for vehicle radar and going over some key theoretical results for boosting angular resolution. Also
discussed are the difficulties that arise when existing MIMO radar theory is applied to car radar, which
pose interesting concerns for signal processing researchers. For blind spot identification, cross traffic
alerts, and other purposes, four short-range radar (SRR) sensors with an azimuth field of view (FoV) of [75o, 75o] and a detection range of 45 m are deployed at the four corners of the vehicle. For lane change
assistance and AEB, two midrange radar (MRR) sensors with an azimuth FoV of [-40o, 40o] and a
detection range of 100 m are deployed on both the front and rear sides. The ACC is equipped with a longrange radar (LRR) sensor with an azimuth FoV of [-15o, 15o] and a detection range of 250 m.

Level 3 Autonomous Driving – conditional automation.
Level 4 Autonomous Driving – high automation.
Level 5 Autonomous Driving – full automation.
The classification of the development stages up to the self-driving vehicle comes from the Society of
Automotive Engineers (SAE) and describes the extent to which the vehicle can and may take over the
tasks of the driver [1].

Level of
autonomous
driving
0
1
2
3
4
5

Details
Driver only, no assistance
Driver with one or two helping features
Driver with some more helping features
Driver and vehicle, driver must be alerted
Vehicle only, driver can take control at any time
Vehicle only, fully automation, no need for driver
Table 1. Levels of autonomous driving as given by SAE, with their meaning.

The first mode combines SAE levels 1 and 2 of the “assisted mode,” where the driver is supported by
the vehicle but must remain alert and ready to intervene at all times. The second mode would
incorporate SAE’s level 3 and would be called “automated mode.’’ The driver temporarily hands over
the steering wheel to the computer and can perform other activities for a more extended period. Last
but not least, the “autonomous mode” combines the SAE levels 4 and 5, and as illustrated in the graphic
above, gives complete driving authority to the vehicle. Interestingly, Level 0 is not considered for the
new terminology, and the level describes fully analog driving without any accompanying assistance
system [2].
The purpose of this paper is to better understand, compare and in-depth and width analyze the
interaction of sensors that can make the autonomous driving a reality. A small introduction and
advantages of the MIMO radar usage and a more detailed representation of the different LiDAR
technologies and their used cases.

Distant obstacles must be detectable at a high angular resolution for control important operations like
AEB. As a result, vehicle radar for ADAS and autonomous driving must be capable of high angle
discrimination. The use of a large antenna array would improve angular resolution, but the resulting
huge package size would make vehicle integration challenging. While a small package size for
conventional phased-array radar suggests a limited angular resolution, the package size is not a limiting
factor for MIMO radar. This is due to the fact that MIMO radar may create virtual arrays with a huge
aperture with only a few transmit and receive antennas. Almost all major automotive suppliers have
taken advantage of this advantage in their many types of radar products, such as SRR, MRR, and LRR.
Automotive radar must have a high angular resolution, a small package size, and a low cost to meet the
requirements for ADAS and, in particular, L4/L5 autonomous driving. It must detect barriers quickly
because it is designed to operate in highly dynamic situations, especially for time-critical applications like
AEB. As a technique of meeting the aforementioned requirements, we discuss MIMO radar using
millimeter wave (mm wave) technology [3].

The Light Detection and Ranging (LiDAR) as a range measuring technique, which was initially a
portmanteau of the terms light and Radar. It can measure distances by simply calculating the round-trip
time of a laser pulse traveled to the target and back. There are a huge number of different approaches
of that revolutionary measuring technique and that is the main subject of this paper.
The most important performance metrics for evaluating a LiDAR are its detection range, transmitted
power, wavelength, the field of view (FoV), precision, accuracy, resolution, pulse rate, scan rate, and
frame rate. Typically, LiDAR systems can be categorized in: (1) beam steering sensors that use a rotorbased mechanical part to scan the entire environment; (2) solid-state beam steering sensors without
requiring bulky spinning mechanical components; and (3) full solid-state sensors with no mechanical
moving parts.
A. Rotor-Based Mechanical LiDAR
They can provide a 360° horizontal field of view in driverless systems, with varying vertical field of
view ranges. A mechanical rotation system turns the scanning component to create the 3D 360
horizontal FoV. The number of existing emitter/receptor pairs, also known as channels, determines the
FoV vertically. The massive spinning portion and the inertia it imparts to the system, the overall power
consumption, and weight are all weaknesses of this type of sensor. Rotor-based systems are also more
expensive.
B. Scanning Solid-State LiDAR
There are no spinning mechanical parts, and the FoV is lowered, hence it is less expensive. Several
automobile technologies, on the other hand, integrate several sensor outputs with the vehicle's
surroundings to produce a larger field of view. Mirror MEMS (Micro-electro-mechanical System)
solutions use MEMS technology to replace external spinning elements with tiny electromechanical
mirrors. This method uses a static laser that points at electromechanical mirrors that can adjust their
tilt angle by providing a pull-in voltage, rather than mechanically shifting the laser position across the
FoV. However, because such systems are constantly subjected to vibrations and shocks, the moving
nature of a vehicle might impact their performance.
C. Full Solid-State LiDAR
Because there are no mechanical moving parts in flash LiDAR systems, they are solid-state. Their
operation is quite similar to that of traditional digital cameras, which use a flash to illuminate the entire
surroundings while photodetectors capture back-scattered light. Because all FoV locations share the
same light source, data capturing is not only faster but also more resistant to light distortion. The more
expensive method necessitates more power, and the detecting range is limited (between 50 to 100m)
[4].
Below is a sum-up table of all those different approaches
LiDAR vision systems are classified as 1D, 2D, or 3D. They both work in the same way; the only difference
is whether you use a point-and-shoot system or a scanning mode system, as well as the number of laser
beams you utilize.
For a 1D laser scanner, we require a stationary laser beam to measure the distance between an
obstruction and the scanner on one axis, or one dimension.

Figure 1. Autonomous vehicle with all the sensors included
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Only one laser beam is required for a 2D LiDAR. It will, in fact, pulse in response to a spin movement
and gather horizontal distance to objects in order to obtain data on the X and Y axes.
The concept is the same for a 3D LiDAR, except that numerous laser beams are shot on the vertical axis
to obtain data on the X, Y, and Z axes. Each laser beam will have a delta angle with respect to the other
laser beams. Of course, the 3D LiDAR, which is useful in autonomous driving applications, is the most
promising. We divide the 3D LiDAR technologies into four categories. [5].

A. Rotor-Based Mechanical

Advantages

Disadvantages

Horizontal FoV:

bulky rotating part, the inertia it
adds to the system, power
consumption, expensive

3D 360o, mechanical rotation
system

A.

1. Time of Flight (ToF), 2. Frequency-modulated continuous wave (FMCW), and 3. Random-modulated
continuous wave (RMCW). There are three main methods of LIDAR systems for measuring distances:
triangulation, interferometry and time-of-flight (ToF) [7], being the last one the most generally
employed. In the ToF LiDAR family are obtained the following technologies:

ToF LiDAR


Vertical FoV: is defined by
the number of

B. Scanning Solid-State

C. Full Solid-State

Channels
no spinning mechanical parts
makes them cheaper.
allows faster data
capture but can also be
highly immune to light
distortion,

lightweight,

MEASUREMENT PROCESS



present reduced FoV, moving
nature of car (vibrations and
shocks)
lack of mechanical rotating parts,

expensive solution,

more power to illuminate the
entire FoV,

more robust
range is limited
(between 50 to 100m)
Table 2. Sum up pros and cons of the 3 main LiDAR categories

Figure 2. 3D categorization based on the approach

1. Measurement process
The measurement process determines how the light signal is generated and how it is measured. Most
LiDAR companies develop conventional TOF technology, but there is a trend towards emerging FMCW
LiDAR. However, the technology readiness of the latter is low, and companies developing frequencymodulated LiDAR must secure large investments and strong industry partnerships to sustain their
business until products are launched.

2. Emitter: Laser
A light source and wavelength must be selected. SWIR LiDAR is considered safer for human vision
than NIR LiDAR operating at shorter wavelengths. Most LiDAR companies develop conventional NIR
technology, but there is a trend towards emerging SWIR LiDAR because the latter can operate safely at
higher power and detect distant objects.

3. Beam steering mechanism
The laser light must be diffused or scanned by beam steering technology to illuminate the scene.
Conventional automotive LiDAR uses a rotating mechanical assembly to scan laser beams by 360°,
which enables the vehicle to see around it using a single LiDAR mounted on the roof. Rotating
mechanical LiDARs are large, expensive, and prone to mechanical failure. The technology trend is
towards small, cheap, and stable module designs. Emerging beam steering options include mechanical
systems with limited motion, micromechanical systems based on MEMS mirrors, and pure solid-state
systems.
Solid-state LiDAR is attractive to car manufacturers because the sensor is a compact and robust
device, which is easily embedded into vehicles. 3D flash LiDAR is a type of solid-state LiDAR that
usually illuminates the entire scene at once like a camera. This enables fast imaging without distortion,
but the typical object detection range is shorter than scanned LiDAR due to laser power limitations.
Scanned solid-state LiDAR has the potential to rival the performance of micromechanical LiDAR, but
the technology readiness is too low for production vehicles in the short-term. Emerging solid-state
scan options include an optical phased array (OPA) based on silicon photonics, various liquid crystal
structures, and wavelength scanning via prism-like optics.

4. Receiver: Photodetector
Finally, a decision must be made on how the detector measures reflected light. Importantly, the light
absorbing semiconductor material must match the laser wavelength. Single photon sensitive detectors
are an emerging technology trend, which enable LiDARs to register signals quickly and detect weak
signals from distant objects [6].

Scanning LiDAR

Mechanical scanning LiDAR

Solid state scanning LiDAR

Microelectronic systems (MEMS) mirror LiDAR

Optical Phase Arrays (OPA) lidar
Flash LiDAR

2D (line) flash LiDAR

3D (whole scene) flash LiDAR

FMCW
Coherent lidar is making its way into the automotive market. The most popular method is frequencymodulated continuous-wave (FMCW) lidar, which is an optical equivalent of the low-cost FMCW
coherent microwave radars that are presently utilized as safety features in some cars. Continuous-wave
operation eliminates the eye risks associated with high peak powers, which now limit pulsed lidar ranges.
Coherent detection is also far more sensitive than direct detection and provides improved performance,
such as single-pulse velocity measurement and immunity to interference from sun glare and other light
sources, such as other automobiles' lidars.
To locate objects, coherent lidars mix light reflected from the target with light from the coherent laser
emitter. As the object travels toward or away from the lidar, the return signal is Doppler-shifted, so
blending it with the local oscillator signal directly predicts velocity in the line of sight with a single
observation. Like pulsed lidar, the angle of the return signal defines the object's distance from the
transmitter. When the intermediate frequency created by mixing the lidar return with the output signal
is evaluated, it may be utilized to measure object distance and, when paired with direction and velocity,
three-dimensional location and velocity can be computed [8].
RMCW
The University of Tokyo created the process. Continuous wave laser output is modulated using a
pseudorandom bit sequence. The peak of correlation between the original sequence and the reflected
signal is used to compute object distance. In the microwave area, RM-CW lidar is analogous to pseudorandom noise (PN) radar (range finder), where the spatial profile of a quantity can be determined by
using a blanking time between transmitting and receiving periods (interrupted CW radar). In the case of
RM-CW lidar, however, the laser's minimal beam divergence makes it simple to employ the crossover
effect between the laser beam and the receiver field of vision, effectively suppressing the short-range
return signal. Signal processing technology pseudorandom modulation. Pseudorandom modulation is a
time domain approach. A digital pulse code, usually consisting of on and off, modulates the sending
signal. A real continuous-wave RM-CW lidar, on the other hand, means a digital-pulse-code modulated
lidar if phase switching by 180o is applied, as in the case of radar. The addition of the frequency
modulation (FM) approach to the RM-CW lidar (i.e., RM-FM-CW lidar) allows for the precise
determination of both range and velocity information. [11] The model's development focuses on
propagating the effects of relevant noise sources through the system to arrive at an analytical
formulation for the detection rate, which is represented in terms of the likelihood of detection. The
model illustrates that detection probability is solely determined by three factors:
i)
the mean signal-to-noise ratio (SNR) of the measurement;
ii)
the measurement integration time; and
iii)
speckle-induced intensity noise.
The predicted analytical relationship between measurement SNR and probability of detection was
validated by numerical simulations and experimental demonstrations in both a controlled fiber
channel and under fully developed speckle conditions in an uncontrolled free-space channel [9].
TOF vs FMCW
Time-of-flight (pulsed) and amplitude-modulated continuous-wave (AMCW) sensors detect range by
measuring temporal properties of the received light intensity.
Frequency-modulated continuous-wave (FMCW) and optical coherence tomographic (OCT) sensors
map properties of the received optical field (amplitude and phase) into intensity and attempt to
leverage the knowledge of both the amplitude and phase in order to detect range [10].
1.
Pulsed Time-of-Flight (TOF), often also known as dToF, TOF lidar uses the known fact that light
travels at a fixed speed through a medium with a constant refractive index (3×10 8 m/s in air). The
transmitted pulse must be reflected by the target object and collected by an aperture at the
receiver. Range is measured by determining the difference in time of arrival and the time of
transmission of the pulse.
2.
Frequency-modulated continuous-wave (FMCW) lidar can analytically be shown as a comparable
method to RF-chirped AMCW lidar, except where the chirped field is the optical field of a tunable
laser. Where chirped AM lidar uses the laser as a carrier for an RF signal, and the RF signal is
applied to the intensity of the light source, chirped FM lidar modulates the phase of the light
source (usually a single-mode laser) such that the optical frequency of the light source is
modulated directly. A free-space path encodes a phase shift on the optical chirp, and the phase
shift is detected by mixing the reflected chirp with a non-delayed version of the chirp. This
mixing occurs at the photodiode upon detection, so no special design beyond good detector
design is needed to achieve this mixing effect.
In the long run FMCW is better for the following reasons:

I)

Better Ambient Light Immunity.
The principle of ToF LiDAR operation during nighttime is clear of noise and the received
signal is easily detected, but in bright sunlight the received signal is much noisier of all the
things there are on the scene. As a result, the reflected light they create confuses the ToF
detector.
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II)

Better eye safety.
ToF is using the wavelengths of 850nm or 905nm additionally the FMCW is using the
1550nm, which is far more the wavelengths that can warm the human eye.

III)

Better Signal to Noise.
This diagram illustrates the
concept
of
coherent
amplification. The local oscillator,
branched off from the blue
transmit
signal,
interferes
constructively with the weak
purple
receive signal and
generates a new green strong
beat frequency signal. The strong
beat frequency signal is then fed
back into and detected by the
photodetector [8].
Figure 3. FMCW LiDAR light reflected from objects within the LiDAR’s coherence length
produce sharp peaks in the coherent receiver, but those from beyond the coherence
length spread out to rounded Lorentzian peaks.

IV)

Get Both Distance and Velocity

SiLC’s silicon photonics integrated FMCW lidar chip provides depth and velocity data of every measured
pixel. On the left is a camera image of a scene, followed by a depth and a velocity point cloud. Images
courtesy of SiLC Technologies.
FMCW cannot measure lateral velocity simultaneously, in one shot, and has no benefit whatsoever in
finding lateral velocity over ToF systems.
The most important argument is that FMCW is still far from automotive grade, reliable, and readily
scalable. Intel or Mobileye claims that FMCW will go into mass production in 2025 after heavy
investment in Silicon Photonics.
A sum up table to group up the most important features and the comparison between them [6].

force from a torsion bar, which serves as the axis of rotation. The MEMS mirrors can either be single axis
for 1D movement or dual axis for 2D movement. Also, a MEMS mirror can work in resonant mode at its
characteristic oscillation frequency to obtain a large deflection angle and high operating frequency. In
non-resonant mode, a MEMS scanning mirror can be controlled to follow a programmed scan trajectory
[12].
MEMS and MOEMS
The term MEMS – micro-electromechanical systems – has shifted in its meaning through the last
decades. Today, relevant characteristics are “a microscopic device” featuring “electrical functionality”
and “moving parts”. The definition includes sensors where a movement or displacement is converted
into an electric signal, actuators where electrical driving principles are used to initiate motion or rotation
of a deflectable part, as well as combinations of both, e.g., in ultrasonic transducers, accelerometers and
gyroscopes. Typically, MEMS devices feature much wider structural feature sizes than CMOS devices.
This is due to the fact that mechanical interaction, e.g., force sensing in acceleration or gyro sensors, as
well as optical applications, require significant mass or optical active area to operate properly [13].
MEMS (MicroElectroMechanical Systems), NEMS (Nano ElectroMechanical Systems), MOEMS (MicroOpto-Electro-Mechanical Systems) are integrated devices or systems that interact with light through
actuation or sensing at a micro- or millimeter scale. MOEMS merges MEMS with micro-optics as required
for sensing and/or manipulating optical signals or light on a very small scale using integrated mechanical,
optical, and electrical systems. Examples include digital light-projection devices and mini spectrometers,
with application such as projection systems, 3D printers, and instrumentation [14].
Pure Solid-State
Solid-State Lidar can be used for automotive applications from traffic jam assistants to autonomous
driving. There are also many possible applications in the industrial sector. In this particular category there
are some very common and useful technologies among the LiDAR technologies. Some of them is 1) OPA,
2) LC, 3) 3D flash and other solid-state applications.
As a type of true solid-state lidar, optical phased array (OPA) lidars, do not comprise moving components.
Similar to phased-array radar, an OPA is able to steer the laser beams through various types of phase
modulators. The speed of light can be changed using the optical phase modulators when the lasers are
passing through the lens. Consequently, different light speeds in different paths allow for control of the
optical wavefront shape and hence, the steering angles. Although OPA was once seen as a promising
technology, there is not yet a commercial product in the market [15, 16].
Liquid Crystal (LC) tunable OPA to achieve 2D beam steering. This approach enables a LC-tunable beam
control in a second axis in addition to an OPA-tuning, thereby achieving 2D beam steering at a single
wavelength. The LC-tunable OPA is fabricated using a standard Si photonics process and a LC process
common for commercialized LC displays and LC on Si (LCOS) devices. We have fabricated samples of LCtunable devices and LC-tunable OPA devices for 1D and 2D steering respectively and demonstrated a
LiDAR using the 1D steering device. By taking advantage of non-mechanical movement of the device, a
target tracking is realized by detecting a person from a camera image and irradiating the steering beam
in that direction with more than 10 frames per second. With a faster 2D steering, a 3D target tracking
even for multiple targets could be realized in the future [17].
Originally applied for spacecraft in autonomous landing and docking with satellites, 3D flash lidars
totally remove the rotating parts within scanning systems. Hence, they are truly solid state. A flash lidar
behaves as a camera, in that a single laser is spread by an optical diffuser to illuminate the whole scene
at once. Then, it uses a 2D array of photodiodes to capture the laser returns, which are finally processed
to form 3D point clouds. Because all the pixels of flash lidar measure the ranges simultaneously, the issue
of movement compensation caused by platform motion is avoided. In addition, the semiconductorbased 3D flash lidars facilitate fabrication and packaging for massive production, which leads to lower
cost. However, the critical issue of 3D flash lidar is its limited detecting range (usually <100 m), because
a single diffused laser is responsible for detecting the whole area under a small power threshold for eye
safety. Another disadvantage is its limited FoV because it cannot rotate and scan the surroundings the
way a scanning-type lidar does [18].
Over the last three years, we’ve developed IP to solve the issues that kept these single chip technologies
out of lidar previously, culminating in the multi-beam flash lidar architecture that plays to the strengths
of VCSELs and SPADs. In this case, “flash” refers to the idea that every pixel in the sensor is illuminated
by the laser and actively collecting light simultaneously like a camera with a flash, and “multi-beam”
refers to the fact that the scene is illuminated with precision beams of light instead of a flood.
In addition, VCSEL’s aren’t as bright (yet) and SPAD’s aren’t as efficient (yet) as the high cost legacy
technologies currently employed, but what each lacks in raw performance they make up for in virtually
every other metric: reliability, durability, low noise, high temperature operation, electrical efficiency,
compactness, cost, direct integration with peripheral components, massive peripheral R&D activity
driven by the consumer electronics industry, and equally massive room for fundamental performance
improvements.
This last point is incredibly important – unlike other technologies, VCSELs and SPADs will realistically
improve in fundamental performance by 10x each, and Ouster is at the forefront of this effort, investing
in R&D in conjunction with partners to improve the core characteristics of these devices. With our
technology, compact lidar sensors with HD resolutions are on the horizon [19].

Figure 4. ToF, FMCW pros and cons

B.

BEAM STEERING MECHANISM

The beam steering mechanism is divided into 3 parts: 1. Mechanical, 2. Micromechanical, and 3. Pure
Solid-State.
Mechanical
Used in driverless systems, they can provide a 360◦ horizontal FoV, with different vertical FoV ranges.
The 3D 360◦ horizontal FoV is achieved through a mechanical rotation system that spins the scanning
part. Vertically, the FoV is defined by the number of existing emitter/receptor pairs, also known as
channels. This type of sensor presents several disadvantages, such as the bulky rotating part and the
inertia it adds to the system, the overall power consumption, and weight, rotor-based systems are more
expensive. Currently, the most popular scanning solution for automotive lidar is the mechanical spinning
system, which steers the laser beams through a rotating assembly (e.g., mirror, prism, and so on)
controlled by a motor to create a large FoV. State-of-the-art lidars use multiple beams to reduce the
movable mechanism. For instance, the Velodyne VLP series uses arrays of laser diodes and photodiodes
to increase point-cloud densities. The mechanical spinning system offers the advantage of a high SNR
over a wide FOV. A typical product example is Velodyne’s HDL64 [11].
Micromechanical
Microelectromechanical systems (MEMS) technology allows for the fabrication of miniature mechanical
and electromechanical devices using Si fabrication techniques. In essence, a MEMS mirror is a mirror
embedded on a chip. The MEMS mirror is rotated by balancing between two opposing forces: an
electromagnetic force (Lorentz force) produced by the conductive coil around the mirror and an elastic

C.

EMITTER: LASER

At the second category the laser can be organized with 2 parameters, first one is type of the laser and
second is the wavelength. The type of the laser is divided into three separate categories: 1. Laser Diode,
2. Fiber Laser, and 3. DPSSL. Firstly, we start with the Laser Diode. The most well-known laser diode are
the edge-emitting lasers (EEL) and the vertical cavity surface emitting lasers (VSCEL). Depending on
the applied LiDAR system and the distance of objects to be identified different degrees of the light
sources EEL and VCSEL are required. Only when EEL and VCSEL function complementary can the full
potential of LiDAR be unleashed and the overarching goal of road safety be achieved [20].
VCSEL

EEL

VCSEL combines characteristics of an LED
with those of a laser and is easier to
assemble than an EEL
suffer way less wavelength shift under the
influence temperature changes

It offers coherent light with directed
emission, the higher power density and
simple packaging of an IRED, but has the
spectral width of a line emitter, like EEL
suffer way more wavelength shift under the
influence temperature changes

The beam shape of a VCSEL is a circular
spot,

Elliptical shape of FP-EEL (Fabry-Perot Edge
Emitting Laser)

cost effective chip, narrow divergence, high
efficiency

High performance, very high efficiency, high
luminance

Table 3. VSCEL vs EEL
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On the other hand, there is Wavelength categorization of the current topic Emitter: Laser. The laser
wavelength is represented by the symbol λ, with units of nm. It is determined by the bandgap of the

The 1550nm Pulsed Erbium Fiber Laser series are especially designed and developed to address LIDAR
and remote sensing application. These laser series are "eye safe", and have broad range of pulse widths,
repetition frequency, peak power and energy per pulse as well as linear or random polarization operation
options [21]. Some features:









All signal-mode fiber design
Factory set pulse width range from 500ps to +50ns
Adjustable pulse width range 4ns to 50ns
Signal/ASE suppression ratio >20dB
Random output polarization
Highly reliable laser diode pumps

Maintenance free operation
A typical light source design proposed by Luminar in their patents is a laser diode (semiconductor
device) combined with single or multi-stage fiber amplifiers (erbium doped) to produce high-power 1550
nm infrared radiation. Volvo made a large investment in the company in June 2018. Toyota were the first
automotive manufacturer to form a partnership with Luminar and began testing an autonomous vehicle
with 1550 nm LiDAR in 2017. Compared to many products in the automotive LiDAR market today,
Luminar’s product offers 10x the range and 50x the resolution, which significantly improves the available
reaction time for safer autonomous driving. The company also developed a cost-effective, high dynamic
range infrared sensor for their LiDAR system, which is suitable for high-volume manufacturing [22].

Figure 5. Pulsed laser diode vs Fiber laser
DPSS laser vs Diode Laser
Diode lasers have a very short cavity, and thus have a lot of modes. Because the gain curve is quite wide,
the spectrum is also wide. A DPSS has a much and much larger cavity. The linewidth is much smaller and
because the gain curve is smaller the spectrum is much better. A diode-pumped solid-state laser (DPSSL)
is a solid-state laser made by pumping a solid gain medium, for example, a ruby or a neodymium-doped
YAG crystal, with a laser diode. DPSSLs have advantages in compactness and efficiency over other types,
and high power DPSSLs have replaced ion lasers and flashlamp-pumped lasers in many scientific
applications and are now appearing commonly in green and other color laser pointers [23].
DPSS lasers




better beam specs
can reach very high powers while maintaining a low divergence and small beam diameter

Diode lasers







lower cost
more energy efficient
more stable (DPSS lasers have a tendency to fluctuate or mode-hop)
no residual IR

crystal material of the active layer and the resonator length of the chip structure. Although there are
many candidates for the oscillation wavelength within the resonator length, the laser wavelength at
which the most gain is obtained around the bandgap will oscillate. When the junction (active layer)
temperature rises, the resonator length increases physically along with the refractive index, so the
laser oscillation wavelength will become longer when the case temperature and light output increase.
Major lidar technologies for autonomous driving include mechanical scanning (spinning) lidar, MEMS
micro-mirror lidar, optical-phased array lidar, flash lidar, frequency-modulated continuous-wave
(FMCW) lidar and others. Wavelength: 850 nm, 905 nm, 940 nm and the telecom near-infrared range
1550 nm. 1550 nm offers a larger detecting distance range (200-300 meters) within eye safety laser
power limits while also offering potential better performance in bad weather conditions. Wavelength,
power, pulse length, repetition rate and beam divergence are key parameters that impact the
construction and performance of the lidar unit. Wavelengths most used and explored are 905 nm, 940
nm, and 1550 nm, each with its own advantages and drawbacks (Table in the next page).
Why would someone choose infrared above other wavelengths (UV, visible) out of all the ones
available? The wavelengths of most LiDARs are in the infrared range: 903 or 905 nm. One of the LiDAR
system's goals is to produce a wave that does not interact with other sensors (i.e., camera, human eye).
As a result, the wavelength of LiDARs is mostly in the near infrared region of the electromagnetic
spectrum (750 nm to 1.5 m). This range is split into two sections: one from 750nm to 1.1 m, and another
from 1 m to 1.5 m. For the first, silicon is the best detector material since it has the best optical response
within this range. In fact, at 900nm is where the maximum optical efficiency is found. After that value,
the efficiency declines precipitously to near zero, which is why a different type of material (such as
gallium arsenic (InGaAS)) is typically employed for longer wavelengths.
Nonetheless, InGaAs has a fair efficiency for 900nm wavelengths, but the intrinsic noise is larger than
for silicon. This could result in a considerably noisier point cloud rendering. Silicon is a good material for
LiDAR sensors (in terms of component size, price and adaptability) [24].

Figure 6. Different LiDAR technologies pros and cons

Airborne LiDAR is increasingly used in
forest carbon, ecosystem, and resource
monitoring. For practical design and
manufacture reasons, the 1064 nm nearinfrared (NIR) wavelength has been the
most commonly adopted, and most
literature in this field represents sampling
characteristics in this wavelength.
However, due to eye-safety and
application-specific needs, other common
wavelengths are 1550 nm and 532 nm. All
provide canopy structure reconstructions
that can be integrated or compared
through space and time but the
consistency or complementarity of 3D
airborne LiDAR data sampled at multiple
wavelengths is poorly understood [25].

less complex construction
Figure 8. Comparison for different Diodes [6]

Figure 7. Graph of Sensitivity/nm
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850 nm

50-nm multi-mode (MM)
VCSELs combining with the MM fiber (MMF) to
form
the transmission link is one of the cost-effective
solutions must overcome the ambient sun light
choose operating wavelengths in regions of low
solar flux. lower atmospheric water vapor
absorption. detectors are far more sensitive.

Large spectral content from the sun
at
850nm (degraded SNR).
850nm illumination is visible to
human
eye (red glow).

905 nm
(EEL)

Standard for range finding LiDAR. low cost. high
power edge emitting pulsed diode. compatible
with CMOS. With MEMS provide FoV scanning.
The unit enables a 120° x 25° FOV over an
ambient operating temperature range of -40°C
to +85°C.
Greatly reduce the entire footprint of the LiDAR
system while still delivering the eye-safe (using
narrow pulses [billionths of a second] at very
low repetition rates) high power required to
illuminate an entire field of view.
Cheap ($200 or less).
To effectively gauge distances of objects that
may be only a few, or as much as 200-plus
meters, away.
LiDAR unit small.
Temperature ranges from -40°C to +125°C

high-power continuous wave near
infra-red lasers not eye safe, range
limitation 10-100 m. necessary
phtodetectors

850nm are commercially available
Si-based CMOS sensors.
940nm sensors are less common
(e.g., black Si, Quantum Dots).

Silicon
avalanche
(APDs). singlephoton
avalanche.
SiPMs

Eye safe, 10-40 more power than 905 nm,
longer range

Increased cost ($1000-plus). lack of
detector array for flash lidar. Higher
atmospheric water vapor
absorption.

InGaAs,
avalanche

940 nm (VCSEL)

1550 nm (the
telecom nearinfrared range)

Used cases

Extra details

850-nm multi-mode
(MM)
VCSELs combining with
the MM fiber (MMF) to
form
the transmission link is
one of the cost-effective
solutions

to restrict the modulation bandwidth of the 850-nm VCSEL is dominated by the internal
heating induced thermal effect in the active layer of the
device.

TriLumina has
developed eye-safe, flipchip 940-nm pulsed
VCSEL arrays with 600W
peak optical power
enabling over 250m
range, with low duty
cycles where average
optical power is only
half a watt.

a 940 nm VCSEL array and silicon TOF image sensors
(Osprey, 40 m range, up to 180° X 75° FOV) and a SPADbased silicon TOF image sensor (Osprey X, 200 m range,
up to 120° X 30° FOV). With the development of VCSEL
and application requirements, VCSEL not only played an
important role of
the high-speed and large-capacity to be applied to the
supercomputers, cloud computing, 5G communications,
and data centers, also applied to face recognition, light
detection and ranging (LiDAR) and VR (virtual reality)/AR
(augmented reality)/MR (mixed reality) and so on.

photodiodes

Table 4. Sum up all different wavelengths
Type

D.

RECEIVER: PHOTODETECTOR

Lastly like the Emitter section the receiver is divided into 2 categories, first is the type of the receiver
and second category the dimensions of the photodetector A photo detector converts optical power to
electrical power using the photoelectric effect. Photosensitivity that describes a photodetector’s
response when receiving photons is one of the most critical characteristics. [26, 27] The
photosensitivity depends on the wavelength of the received laser; therefore, selecting a
photodetector for a lidar system is closely related to the choice of laser wavelength. The most popular
detectors are p-i-n photodiodes, avalanche photodiodes (APDs), single-photon avalanche diodes
(SPADs), and Si photomultipliers (SiPMs).
The requirements you need from a well-designed photodetector are:
❑ Absorption spectrum matches NIR, SWIR or LWIR laser.
❑ High sensitivity; can detect low-intensity light signals.
❑ High dynamic range: can detect distant low reflectivity targets and nearby high reflectivity targets.
❑ High speed response to light signals.
❑ Efficient conversion of photons to electrons.
❑ Low noise; high signal-to-noise ratio.
P-i-n photodiodes
These diodes are formed by a p-i-n junction, which creates a depletion region free from mobile charge
carriers. By applying a reverse bias to a photodiode, absorbing a photon will generate a current flow in
the reverse-biased photodiode.
APD
An APD is a photodiode that applies reverse voltage to multiply photocurrent through the avalanche
effect. The APD’s ability to multiply signals reduces the effect of noise and achieves a higher internal
current gain (roughly 100) and signal-to-noise ratio (SNR) than does the p-i-n photodiode. As a result,
APDs are quite common in contemporary lidar systems. Si-based APDs are sensitive through the visible
spectral region until the NIR is approximately 1,000 nm. At longer wavelengths up to 1,700 nm, InGaAs
APDs are available, although at a higher cost.
Photodiodes are semiconductor light sensors that generate a current or voltage when the P-N junction
in the semiconductor is illuminated by light. The term photodiode can be broadly defined to include even
solar batteries, but it usually refers to sensors used to detect the intensity of light. Photodiodes can be
classified by function and construction as follows: Si photodiode, Si PIN photodiode, and Si APD
(avalanche photodiode)
SPAD
A SPAD is an APD that is designed to operate with a reverse-bias voltage above the breakdown voltage
(Geiger mode), which allows the detection of very few photons in a very short time. SPADs can achieve
a gain of 106, which is significantly higher than that of APDs; this characteristic allows the SPAD to detect
extremely weak light at long distance. Furthermore, the CMOS technology used for a SPAD fabrication
enables an integrated array of photodiodes on one chip. This is desirable for increasing lidar’s resolution,
while cutting the cost and power consumption.
SiPM
An SiPM is based on a SPAD and enables photon counting. The Geiger mode, in which a SPAD operates,
is a photon-trigger mode, from which a SPAD cannot distinguish the magnitude of received photo flux.
To overcome this issue, the SiPM integrates a dense array of “microcells” (a pair of SPADs and a quench
esistor) working identically and independently. The SiPM’s output is, in essence, a combination of the
photocurrents detected from each microcell. Using this approach, an SiPM can give information on the
magnitude of an instantaneous photon flux.

Si PD

Si PIN PD

Si APD

Feature
Featuring high sensitivity and
low dark current, these
Si photodiodes are specifically
designed for precision
photometry and general
photometry/visible range

Product example
• For UV to near IR
• For visible range to near IR
• For visible range
• RGB color sensor
• For monochromatic light
detection
• For VUV (vacuum ultraviolet)
detection
• For electron beam detector

Si PIN photodiodes delivering
high-speed response when
operated with a reverse bias
are widely used for optical
communications and optical
disk pickup, et

• Cutoff frequency: 1 GHz or
more
• Cutoff frequency: 100 MHz
to less than 1 GHz
• Cutoff frequency: 10 MHz to
less than 100 MHz
• For YAG laser detection

Si APDs are high-speed, high
sensitivity photodiodes
having an internal gain
mechanism

• Near IR type
• Short wavelength type
• Multi-element type

Table 5. Sum up of photodetectors

Figure 9. pros and cons of photodetectors
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LiDAR available products comparison

Ouster

OS0-32

OS0-64

OS0-128

OS1-32

OS1-64

OS1-128

OS2-32

OS2-64

OS2-128

Vertical
Resolution
Horizontal
Resolution

32
channels
512,
1024, or
2048
50 m

64
channels
512, 1024,
or 2048

128
channels
512, 1024,
or 2048

32
channels
512, 1024,
or 2048

64
channels
512, 1024,
or 2048

128
channels
512, 1024,
or 2048

32
channels
512, 1024,
or 2048

64
channels
512, 1024,
or 2048

128
channels
512, 1024,
or 2048

50 m

50 m

120 m

120 m

120 m

240 m

240 m

240 m

Range
Vertical
Field of
View
Vertical
Angular
Resolution
Points Per
Second
Ingress
Protection
Rating

o

o

90° (±45 )

90° (±45 )

90° (±45 )

45°
(±22.5o)

45°
(±22.5o)

45°
(±22.5o)

22.5°
(±11.25o)

22.5°
(±11.25o)

22.5°
(±11.25o)

0.7o –
5.5o
(multiple
options)
655’360

0.7o – 5.5o
(multiple
options)

0.7o

0.35°– 2.8°
(multiple
options)

0.35°– 2.8°
(multiple
options)

0.7o

2’621’440

655’360

1’310’720

2’621’440

0.18°–
0.73°
(multiple
options)
1’310’720

0.18o

1’310’720

0.18°–
0.73°
(multiple
options)
655’360

IP68,
IP69K

IP68,
IP69K

IP68,
IP69K

IP68,
IP69K

IP68,
IP69K

IP68,
IP69K

IP68,
IP69K

IP68,
IP69K

IP68, IP69K

[29]

o

Table 6. Comparison of Ouster products

Opsys
Detection Range
Base Sensor FoV (H/V)
Angular Resolution (H/V)
Wavelength Range
Scan Rate
4D Point Cloud update Rate
FOA
Number of Points per deg^2/ Sec
Eye Safety
Mechanical size (base sensor, mm)
Automotive Qualification phase
Notes (*)
[30]

SP2.0
120m *
45°/13°
0.1°/0.1°
905nm to 1000nm
1000 fps
30 fps
1.2M pts/sec
1100
Class1 certified
Eng. Sample
*Laser output power
limitation.

SP2.5
300m, 150m (@10% Reflectivity)
45°/13° or 90°/26°
0.1°/0.1° or 0.2°/0.2° *
905nm to 1000nm
1000 fps
30 fps
1.2M pts/sec
1100
Class1 certified by similarity
85W/80H/90D
Customer Sample
*Angular resolution can be
adjusted by lens substitution.

RS-LiDAR-16

RS-LiDAR-32

RS-Ruby

RS-Ruby lite

Vertical
Resolution
Range

16 channels

32 channels

128 channels

150 m (80 m @
10% NIST)
0.1°/0.2°/0.4° /
2.0°
360o / 30o

200 m (150 m @
10% NIST)
0.1°/0.2°/0.4° /
up to 0.33°
360o / 40o

905 nm

FoV H/V
Laser
Wavelength
Points Per
Second
Ingress
Protection
Rating
Laser Class

SP3
300m, 200m (@10% Reflectivity)
45°/13° or 90°/26°
0.1°/0.1° or 0.2°/0.2° *
905nm to 1000nm
1000 fps
30/60 fps
1.2/2.4M pts/sec
1100
Class1 certified
75W/50H/72D
Qualifiable
* Angular resolution can be
adjusted by lens resolution.

Table 7. Comparison of Opsys products

Robosense

Resolution H/V

2’621’440

RS-Bpearl

80 channels

RS-Helios
(5515/1615)
32 channels

250 m (200 m
@10% NIST)
0.2°/0.4° / up to
0.1°
360o / 40o

230 m (200 m
@10% NIST)
0.2°/0.4° / up to
0.1°
360o / 40o

150 m (90 m @
10% NIST)
0.2°/0.4° / up to
1.33°/1°
360o / 70o/31o

100 m (30 m @
10% NIST)
0.2°/0.4° / 2.81°

905nm

905 nm

905 nm

905 nm

905 nm

300’000

600’000

2’304’000

1’440’000

576’000

576’000

IP67

IP67

IP67

IP67

IP67, IP69K

IP67

Class 1 Eye Safe

Class 1 Eye Safe

Class 1 Eye Safe

Class 1 Eye Safe

Class 1 Eye Safe

Class 1 Eye Safe

32 channels

360o / 90o
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Table 8. Comparison of Robosense products
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