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ABSTRACT Automotive Lidar sensors are highly susceptible to their environment. One of its major
limitations results from the effects of rain environments, which should be seriously considered while
designing a Lidar system. This study addresses the impact of rain on the Lidar system by considering the
raindrop distributions of different regions. The regional distributions are derived from the rainfall data of
three locations, which were reported by previous works, and converted using the constrained-gamma model.
The regional distribution reveals different characteristics of raindrops, such as sizes, shapes, and numbers.
The derived raindrop distributions are imported to a custom-built Lidar model, providing three models
representing the three regions. The simulation results demonstrate that the signal power received by a Lidar
attenuates, which is modeled using Mie scattering theory, and the amount of attenuation clearly differs in the
regional models. Therefore, the attenuation characteristics change according to the regions; consequently,
their effect on the Lidar sensor performances are quantitatively evaluated. In addition, the custom-built Lidar
model is mounted on a virtual vehicle, which is simulated using a commercial automobile testing software,
PreScan. The driving simulation also demonstrates similar conclusion that the regional raindrop distribution
is critical in determining the Lidar performances.

INDEX TERMS Automotive Lidar, constrained-gamma model, Mie scattering, raindrop axis ratio, raindrop
distribution.

I. INTRODUCTION
The recent advancements in automotive electronics have
resulted in safer and more convenient vehicles. An advanced
driver assistance system (ADAS) is one of the core elec-
tronic systems, whose performance is strongly determined
by ADAS sensors. Typical ADAS sensors include ultrasonic
sensors, cameras, radio detection and ranging (Radar), and
light detection and ranging (Lidar) systems. Lidar sensors
are usually mounted on the roof of the vehicle and provide
information regarding the objects surrounding a vehicle using
laser pulses. Lidar sensors are critical to recognition algo-
rithms of ADAS and autonomous vehicles and are essential
in path planning and reactive control of autonomous vehi-
cles [1]. Lidar data are often sensor-fused with other ADAS
sensors, such as cameras and/or Radar [2], [3]; moreover,
they are sometimes co-used with other automotive sensors,
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such as a global positioning system or inertial measurement
unit [4]. However, the current Lidar sensors have several
limitations including high cost, bulky size, and robustness
issues. Another major drawback is that Lidar sensors are
relatively susceptible to weather conditions, including rain,
snow, and fog.

In particular, rain environments are known to seriously
degrade the performance and reliability of Lidar sensors.
Lasers are readily reflected or scattered by encountered par-
ticles and experiences serious signal attenuation; this results
in Lidar sensor errors. The sensor errors bring in reliability
issues in automotive systems that use these sensors [5]. Thus,
the Lidar signal distortion by rain has been actively investi-
gated; most studies have focused on the experimental results
when Lidar sensors were exposed to rain or a test setup with
simulated rainfall [5], [6]. Several recent efforts attempted to
define comprehensive models explaining Lidar under rainfall
conditions. A previous paper overviewed several physical
principles required to describe laser signal disturbance and
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FIGURE 1. Overall block diagram of the concepts considered in the proposed model.

presented key theoretical backgrounds using self-developed
transmission models [6].

The overviewed principles were explained by presenting
basic probabilistic models for key rainfall parameters [7].
In this work, adverse rainfall effects on Lidar sensor were
modeled using the Mie scattering theory and Monte Carlo
simulation framework; further, an efficiency coefficient was
specified as the key parameter.

These analytic processes require individual models of
raindrops and Lidar sensors. Raindrops were randomly dis-
tributed inside the laser propagation path and their effects
were displayed based on the relationship between the aperture
diameter and the transmitting power [8]. Here, a probability
density function of raindrop diameter was employed. Simi-
larly, a Lidar test methodology was designed considering the
raindrop distribution [5]. Spherical water drops were studied
to understand the effects of rain and fog [9]. In this study, rain
or fog drops are uniformly distributed, and absorb and scatter
electromagnetic waves depending on their size. Moreover,
for a specific drop size, the performance degradation of the
camera, Radar, and Lidar can be compared using the effi-
ciency coefficient. Another paper considered a rain distribu-
tion model called the three-parameter lognormal distribution
to compare the rainfall effect on the camera, Radar, and
Lidar [10].

Though, a research that incorporates a more realistic rain
environment is still required. For example, a raindrop dis-
tribution analysis should incorporate parameters other than
raindrop size and numbers, such as raindrop shape and rain
rate. Thus, it is important to introduce regional raindrop
distributions based on meteorological data and determine the
regional impact on Lidar performances. However, to the best
of our knowledge, such a work has not yet been reported for
automotive Lidar sensors.

The Lidar sensor models are critical components; conse-
quently, it is important to consider their influences on auto-
motive systems. The adverse effects of rainfall result in sensor
errors, which may lead to severe accidents [10]. Conversely,

the systemmay not respond to the errors if they are negligibly
small. Therefore, the sensor errors should be quantitatively
expressed for automotive systems, such as ADAS. How-
ever, there are not many quantitative studies on the effects
of rain on ADAS performances. A recent paper proposed
a mathematical Lidar model showing its degradation as a
function of the rate of rainfall [11]. The model was then
used in an obstacle-detection system relying on Lidar point
cloud algorithms. However, the rainfall effect was not fully
incorporated because the proposed equation was a function
of only the rain rate and did not consider other important
raindrop characteristics.

In this work, the raindrop characteristics were determined
using the rainfall data at different locations. The regional
characteristics provided the raindrop sizes, numbers, and
shapes as a function of the rain rate. The regional raindrop
distributions were defined by constrained-gamma (CG) mod-
els, and the rain-induced attenuation was expressed using
Mie scattering theory. They were converted to an extinction
coefficient, which was incorporated in a custom-built Lidar
sensor model, and the LiDAR performances corresponding to
different regions were compared. In addition, the Lidar sensor
outputs were inputted to a vehicle driving simulator and their
impact on the system was quantitatively analyzed.

II. MODELING CONCEPT
Figure 1 illustrates an overview of the proposed models and
simulation processes. We developed three major simulation
models. First, the rain environments were modeled. The rain
model consisted of two parts representing the scattering effect
by a particle and the regional raindrop distribution. The scat-
tering effect was derived using Mie scattering theory, which
is suitable for water vapors, and expressed by the extinction
efficiencyQext .Qext was then converted to an extinction cross
section σext . The raindrop distributions were individually
defined based on the region, which consisted of varying sizes,
numbers, and shapes of raindrops. The regional raindrop
information was extracted from the rainfall data measured at

102670 VOLUME 8, 2020



M. Byeon, S. W. Yoon: Analysis of Automotive Lidar Sensor Model Considering Scattering Effects

three locations in Asia, North America, and Pacific Ocean.
To define the raindrop information, several measured param-
eters were predetermined. The used parameters were reflec-
tivity, Z , and differential reflectivity, Zdr which depend on the
rain rate. Z and Zdr were converted to other raindrop param-
eters, including number concentration (No), slope parameter
(3), and shape distribution (µ). It is to be noted that each
raindrop parameter has a different dependency on Z and/or
Zdr . Their dependency is shown in Fig. 1. The equivalent
volume diameter, D, was calculated from the measured rain
data. Thus, the raindrop distribution function N (D) could be
quantified.

The extinction coefficient and raindrop distribution func-
tion were multiplied to determine the extinction coefficient α,
which represents the degree to which the Lidar sensor is
disturbed by rain. Note that the rain parameters differ accord-
ing to the regions; consequently, the amount of Lidar distur-
bance also differs based on the regions. The regional raindrop
distribution was then imported to the Lidar sensor model.
The Lidar sensor model was custom-built using MATLAB &
Simulink software; moreover, it consists of all the parameters
required to exploit the Lidar governing equation. The Lidar
parameters considered are transmittance T (R), Lidar con-
stant K , backs0cattering coefficient β(R), and range depen-
dent geometry G(R). Here, the variable R is the distance
between the Lidar sensor and its targeting object. The Lidar
sensor model is affected by the imported rain environment
model, which is expressed by the attenuation in the received
power. In addition, an automobile driving model was built
and evaluated using the PreScan software. The commercial
software already contains vehicle conditions and basic Lidar
sensor settings. By inputting the information regarding the
rain-disturbed Lidar model, the software was able to demon-
strate the effects of rain on vehicle driving performance.

These models and simulations clarified the rain effects on
Lidar performance and their dependency on regions. These
were quantitatively evaluated at both sensor and vehicle sys-
tem levels.

III. THEORY FOR RAIN ENVIRONMENT
A. RAINDROP SIZE DISTRIBUTION
Raindrop size distribution (RSD) indicates the distribution of
the concentration of raindrops according to the unit particle
size in a given unit volume (mm−1m−3). This is significantly
diverse because it reflects the characteristics that are demon-
strated when raindrops fall in the atmosphere.

There are many different methods of RSD retrieval
[12]–[14]; however, we used the constrained gamma (CG)
method [14] relying on reflectivity and differential reflectiv-
ity data measured from raindrop measurements. The reflec-
tivity Z is measured from the signals reflected from the
raindrops, indicating the degree of reflection in the raindrops.
The differential reflectivity Zdr is determined by the aver-
age shape of the raindrop within the weather observation
range [15]. The reflectivity and differential reflectivity were

derived using the rain rate estimation algorithm [16], as given
below:

W (Z ) = 0.0365× Z0.625 (1)

W (Z ) = 1.70× 10−2 × Z0.7143 (2)

Here, R(Z ) indicates the rain rate according to the degree of
reflectivity. Note that the formulas differ by regions because
they are curve-fitted using rain data at specific locations.
Equations (1) and (2) are based on the data measured at
Daegu, South Korea [13] and Florida, United States of Amer-
ica [17], respectively.
Next, the relationship between rain rate and differential

reflectivity was calculated by using the equation of Bringi and
Chandrasekar [16].

W (Z ,Zdr ) = 6.70× 10−3 × Z0.927
× Z−3.43dr (3)

W (Z ,Zdr ) indicates the amount of rain rate according to the
differential reflectivity. Equation (3) are used in both of the
references [13], [17].

B. RSD PARAMETERS BY REGIONS
To calculate RSD parameters, we need to consider a proba-
bility model. The used model is the gamma model derived
by Ulbrich (1983) [18], which presented a relation as given
below:

N (D) = N0Dµexp (−3D) (4)

The parameter N (D) indicates the concentration distribu-
tion of the equivolume diameter of raindrops in an interval
[D, D + δD]. The parameter D indicates the diameter of
spherical raindrops per unit volume. The gamma distribution
consists of three parameters: µ, 3, and N0. The parame-
ter N0 indicates the concentration of the gamma RSD. The
parameters µ and 3 indicate the shape parameter and the
slope of distribution, respectively. These three parameters,
which are components of the gamma function, are a depen-
dent relationship between each other. However, several works
demonstrated that there was a correlation between µ and 3,
and derived an empirical µ - 3 relationship [16].

µ = −0.020132
+ 0.9023− 1.718 (5)

This µ - 3 relationship enables the CG model to be pre-
sented as a two-parameter RSD [19]. The data measured at
Daegu [13] does not mention the µ - 3 relationship, but we
assume the same equation can be employed. The 3 in (5) is
calculated as follows [20]:

3 = 0.0125Z−3dr − 0.3068Z−2dr + 3.3830Z−1dr + 0.1790 (6)

The Zdr value is obtained from (3), using the Z value defined
from (1) or (2), depending on regions. The 3 determines
the shape parameter µ of the RSD using (5). Then, N0 is
calculated using the 3 and (7).

N0 = Zhh × 10(0.00285Z3
3
−0.092632

+1.4093−3.764) (7)
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The parameter Zhh indicates the reflectivity of vertical polar-
ization. Therefore, the RSD at specific regions can be imple-
mented using the calculated parameters and the diameterD of
the raindrop. As described, regional RSD can be determined
using the three parameters obtained from (5), (6), and (7).
The RSD includes raindrop size and distribution information,
but does not consider raindrop shapes whose impact is also
critical.

C. RAINDROP SHAPE – RAINDROP AXIS RATIO
Typical RSD does not include raindrop shape information,
which is also considered in this study. Herein, the shape of the
raindrop is represented as its axis ratio. In general, we under-
stand that raindrops have a spherical shape. However, rain-
drops actually vary in size and shape, and vary depending on
the region [13], [17], [21], [22]. If the diameter of a raindrop
is less than or equal to 1 mm, it normally looks similar to
a sphere; further, it is split into small diameter raindrops if
the diameter is more than 4 mm [23]. As shown in Fig. 2,
a diameter of 4 mm or more is hardened by the air pressure,
and the central part of the raindrop becomes gradually dented
and breaks into small raindrops as it is unable to overcome
the air pressure. These split raindrops become spherical.

FIGURE 2. Process of breakup in a raindrop.

This phenomenon occurs owing to the surface tension of
the raindrops and the air pressure. In the case of water,
small raindrops have a sufficient surface tension to maintain
a spherical shape; however, as the size increases, the sur-
face tension decreases, and the shape of raindrop becomes
oblate [24]. Therefore, it is known that actual raindrops are
spherical when they are small, but as they grow in size, they
become increasingly oblate.

However, it is more difficult to calculate the scattering of
the oblate raindropwhen compared to the spherical raindrops.
A previous work presented a method to determine scatter-
ing by oblate particles of different sizes [25]. A follow-up
work calculated the extinction for spheroids of different sizes,

FIGURE 3. Shape configuration of a raindrop.

shapes, and refractive indices within a variety of environ-
ments [26]. This work employs the equivalent sphere diam-
eter (ESD) concept and a spheroid raindrop is approximated
to be a spherical raindrop having the same volume, assuming
that they have equivalent scattering effects.

As shown in Fig. 3, the spheroid has two lengths, which
are called as the major axis and minor axis. The major axis
is the lateral axis of a raindrop; moreover, half of its length is
represented by the symbol ‘‘a,’’ which is called as semi-major
axis. Conversely, the minor axis indicates the longitudinal
axis of the particle; further, half of the minor axis is called the
semi-minor axis, which is indicated as ‘‘b.’’ If the semi-minor
axis ‘‘b’’ is larger than ‘‘a,’’ the raindrops become prolate. The
parameters ‘‘a’’ and ‘‘b’’ can be used to indicate the shape as
well as the size of the raindrop. In this study, the raindrop axis
ratio is expressed by ‘‘H,’’ which is b/a as shown in Fig. 3.

D. REGIONAL MODELING OF RAINDROP AXIS RATIO
Equations (8), (9), (10), and (11) are given in [13], [17], [21],
and [22], respectively.

H = 1.03− 0.062D(1 ≤ D ≤ 9 mm) (8)

H = 1.0048+ 0.00057D− 0.02628D2

+ 0.003682D3
− 0.0001677D4(1 ≤ D ≤ 7 mm) (9)

H = 0.9951+ 0.02510D− 0.03644D2
+ 0.005030D3

− 0.0002492D4(1 ≤ D ≤ 8 mm) (10)

H = 0.997845− 0.02082475D− 0.0101085D2

+ 0.000643316D3(0.5 ≤ D ≤ 7 mm) (11)

D stands for the raindrop diameter. Equations (8), (9),
and (10) were measured at specific locations in the United
States of America [17], [21], [22], and (11) was measured at
Daegu, Korea [13]. Using (10) to (11), we compared the axis
ratio of raindrops for different regions and the resulting graph
is shown in Fig. 4. The raindrop axis ratio H was considered
according to the diameter of the raindrops. The plotted graph
lines all show similar trends; however, it can be seen that there
are certain differences in the shape of raindrops, depending on
the region. In small raindrops, the axis ratio of all raindrops is
close to 1, indicating that the shape of the raindrops is closer
to the spherical shape. Further, as the diameter increases,
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FIGURE 4. Raindrop axis ratio according to drop diameter for different
regions [13], [17], [21], [22].

the axis ratio becomes smaller. As an example, the axis ratio
of the raindrop according to (10) is larger than that according
to (11) in the same drop diameter. More specifically, this
observation indicates that the shape of raindrops in the region
given in (11) is relatively more oblate than that is given in (10)
when the raindrop diameter is smaller than 3 mm or larger
than 5.5 mm [13]. Using these features, this study considered
the shape and size of raindrops.

IV. THEORY FOR SCATTERING EFFECTS
When light encounters raindrops in the air, various physical
phenomena occur. These phenomena can be understood by
considering the raindrops as particles. In general, particles
illuminated by light demonstrate reflection and refraction,
absorption, and scattering. When the light collides with the
particles, energy can be dissipated around them and this phe-
nomenon is called scattering. The strength of the scattering
strongly depends on the particle size. As shown in Fig. 5,
the scattering angle (ϕ) of a large particle is smaller than the
scattering angle (ϕ’) of a smaller particle.

FIGURE 5. Difference in scattering angle according to particle size.

Scattering is divided into elastic scattering, which demon-
strates minimal energy exchange between the collid-
ing particles, and inelastic scattering, where significant

energy exchange is demonstrated. Common elastic scattering
includes Rayleigh and Mie scattering. Rayleigh scattering
occurs when particles are much smaller than the wavelength
of the light, which is generally not the cases observed in
raindrops.Meanwhile, Mie scattering refers light scattered by
particles whose diameters is similar or larger than the light
wavelength. Consequently, Mie scattering theory is more
suitable and was used to model scattering of automotive
Lidar in rain conditions [6], [7]. In addition, in such large-
sized particles, the strength of the scattering is significantly
greater than the strength of the refraction or reflection [9].
Because of these reasons, Mie scattering theory is employed.
As explained, these parameters are all considered in this study
by characteristics of raindrops.

The Mie theory relies the cross-sectional area of a parti-
cle [7], [27]. Generally, efficiencies from various sources are
represented as Qi and can be expressed as shown below:

Qi =
σi

πr2
=
σi

A
(12)

Here, σi is the cross-section where scattering occurs from
spherical particles of radius r . A means the aperture area of
Lidar receiver. The symbol ‘‘i’’ in equation (12) represents
the sources of each efficiency. Qext , Qabs, and Qsca indicate
the extinction, absorption, and scattering efficiencies, respec-
tively. Note that [28]

Qext = Qsca + Qabs, σext = σsca + σabs (13)

Generally, for the 905 nm wavelength used in automotive
Lidar sensors, scattering is known to be dominantly affected
by attenuation [29], and thus, the attenuation by absorption
of raindrops was ignored in this study.

V. ANALYSIS OF REGIONAL RAIN ENVIRONMENTS
A. SELECTION AND CLASSIFICATION OF RAIN DATA
Among the regional rain data, this study selects three repre-
senting rain models, shown in Table 1. The selected models
were derived either from the data measured by a disdrometer
or using the data compatible with the disdrometer estimates.
The disdrometer has several advantages in the RSD measure-
ment compared to a dual-polarization radar. The radar has to
work with different systems, wavelengths, and data process-
ing modes, and is sometimes not accurately calibrated, caus-
ing RSD errors. In addition, a ground clutter can influence on
the quality of the radar data.

Model A follows (11) and reference [13], and based on the
data measured by 2DVD (2-dimensional video disdrometer)
at Daegu, Korea. Model B is given in (10) and reference [17],
and based on the data obtained by dual-polarization radar
(S-Pol) in the east-central Florida, United States of America.
Though, the radar data (used inModel B) revealed a small dif-
ference in key parameters, including the reflectivity (Z ) and
differential reflectivity (Zdr ), compared to their disdrometer
estimates. Additively, Model C is also included, because the
model is known to be used the driving simulator PreScan [30].
This model is based on the data from a totally different
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FIGURE 6. (a) Raindrop size distribution using the analytic model considering raindrop axis ratio in a rain environment [13], (b) Comparison of measured
data with the analytic results.

TABLE 1. Selected raindrop models.

region, Western Pacific Ocean. The model data is measured
at Kapingamarangi Atoll of Federated States of Micronesia
by a RD-69 Distromet disdrometer [31].

This model provides the three RSD parameters (N0, µ, and
3) but do not include raindrop shape information.

The rain rates W were classified into six cases based on
the strength of the rainfall, as proposed by [31]. As listed
in Table 2, Cases 1 and 2 commonly depict light rain, ranging
from 0 mm/h to 1 mm/h and 1 mm/h to 2 mm/h, respectively.
Case 3 defines moderate rain with a range from 2 mm/h to
5 mm/h. Cases 4 and 5 indicate heavy rain ranging from
5 mm/h to 10 mm/h and 10 mm/h to 20 mm/h, respectively.
Case 6 represents extreme rain with more than 20 mm/h.

B. CHRACTERISTICS OF REGIONAL RAIN ENVIRONMENTS
This section characterizes the analytic models describing
regional rain environments in Table 1. First, Figure 6

TABLE 2. Classification of rain rates (W) following a reference [31].

characterizes Model A, which is compared with the model B
in Fig. 7.

Figure 6(a) illustrates the analytically calculated raindrop
size distributions of Model A for the six rain-rate cases
in Table 2. The R value is the average of the rain rate
range in each case. Raindrop diameter range is set from 0 to
4.5 mm, considering that the diameter of a raindrop greater
than 4 mm would easily break down into a small diameter in
the atmosphere, referring Fig. 2. Herein, an oblate raindrop
shape exampled in Fig. 3 is considered as a spherical raindrop
having an equivalent volume, because their scattering effects
were reported to be similar [32], [33]. As a result, in this
analysis, the scattering of an oblate raindrop becomes weaker
than a spherical raindrop whose diameter is the same with the
semi-major axis diameter of the oblate one. This weakened
scattering in oblate raindrops is commonly observed [32].
In the figure, as the diameter increases, the N (D) value
increases temporarily and then decreases again. Regardless
of the rain rate, at a diameter of 0.5 mm or more, the value of
the distribution increases as the rain rate increases. However,
the rate of N (D) reduction with increasing diameter tends to
become more gradual.
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FIGURE 7. Comparison of regional distribution by rain rates.

Figure 6(b) compares the analyticmodel with themeasured
data used to develop Model A [13], to observe the reliability
of the calculated RSD. The points indicate the data measured
by 2DVD and the solid line is the analytic graph derived
from Model A. Three analyzed rain-rate cases are colored in
blue, red, and green. The overall propensity was consistent
when the actual value was compared using an analytic graph.
In particular, the measurement and analytic values when the
diameter of the raindrop ranged from 0.5 mm to 2 mm were
almost identical. In case 6 (W > 20 mm/h), the two values
were the same, except when the raindrop diameter was very
small (D < 0.5 mm). This is similar to case 4 (5 mm/h <W
< 10 mm/h), except the measuredN (D) value did not notably
decrease at raindrop diameters larger than 2.5 mm. In case 1
(W < 1 mm/h), there were not many data points; however,
they were well matched with the analytic graph.

Figure 7 shows the comparisons between Model A and
each case of Model B, which was calculated using (10).
Model A is represented by a blue solid line and Model B
by a red dotted line. Both models demonstrated an increase
in the number of raindrops that make up the RSD as the
rain rate increased. In cases 1 and 2, where the rain rate was
low, the RSD of Models A and B were similar to each other.
However, when the rain rate increased, the distribution of
Model B in small raindrop diameters (D < 2 mm) was larger
than Model A and the difference becomes more obvious.
In case 6, which has a severe rain environment, Model B
demonstrated larger distributions at diameters less than 3mm.
It can be observed that the difference in the diameters of
the raindrops according to the region is exceptional. Thus,
it is anticipated that the performance of Lidar sensors would
vary by regions, owing to their difference in raindrop shape,
size, and distribution, which consequently leads to different
scattering magnitude.

FIGURE 8. Illustration of the Lidar geometry in RD [36].

VI. MODELING OF LIDAR SENSORS
A. CONCEPT OF LIDAR SENSOR MODEL
For the performance evaluation of the Lidar sensor in the rain
environment, a Lidar sensormodel was developed. Themodel
starts with governing equations that are widely employed in
automotive Lidar analysis [34], and then implemented with
the aforementioned raindrop models. For reliable analysis,
the model parameters were derived from the specifications
of a commercial Velodyne’s Lidar Puck (VLP-16) [35]. The
performance of the Lidar model was determined by com-
paring the received signal power with the change in rain
environment. The transmitting power used in this paper was
determined to use the pulse duration and pulse energy in Lidar
specifications.

B. GOVERNING EQUATIONS OF LIDAR SENSOR MODEL
Figure 8 illustrates the scattering effects on the Lidar perfor-
mance according to the raindrop distribution in space [36].
Among the spaces distributed with different sizes of rain-
drops, the space through which the laser beam penetrates is
influential. There are several ways to detect an object using
a Lidar sensor. Among the Lidar sensors commonly used in
vehicles, the time-of-flight measurement method is widely
used to obtain the distance as follows.

R =
treceive − tsend

2
=
c1t
2
=
cτ
2

(14)

The distance R can be obtained by measuring the time (1t =
treceive - tsend ) taken for the laser pulse to travel from the
transmitter until the laser pulse is reflected back from the
particular object. c is the speed at which light travels through
the air. τ is the travel time; thus, one half of the travel time
was consumed to reach the target and another half was the
return time of the reflected light.

The signal received on the Lidar sensor can be expressed
according to (15). The power P is the power when the laser
pulse returns from the distance of travel, R, which consists of
four major variables [34].

P (R) = K × G(R)× β(R)× T (R) (15)
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FIGURE 9. Representation of overlap area considering to range R [34].

Each variable of (15) is explained below. The first variable,K ,
represents the overall performance of the Lidar sensor system
and is calculated by the following equation:

K = P0
cτ
2
Aη (16)

P0 is the average power of the laser pulse from a Lidar emitter.
P0 and τ values were determined using the datasheets of the
Velodyne LiDAR [35]. Here, cτ /2 indicates the length of the
volume that has been illuminated by the laser pulse at any
random time [16]. η and A are the overall system efficiency
and the area of the Lidar receiver, respectively.

The second variableG(R) is a geometrical element that can
be represented as a crossover function. As shown in Fig. 9,
there are overlapping areas where light is detected by the
beam field-of-view of each transmitter and receiver. This area
is indicated by the object function O(R) and is determined
according to the distance R; the formula for calculation is as
presented below:

G (R) =
O(R)
R2

(17)

O(R) determines the overlapping area between the area
observed by the receiver, which depends on the distance from
the object. This area can be divided into three zones shown
in Fig. 9. The first zone, O(R) = 0, indicates that there
is no overlapping area between the optical channels of the
transmitter and the receiver. The second zone (0 < O(R) <
1) is the area where the cross section of the transmitter beam
partially overlaps the cross section of the received beam.
Lastly, when O(R) = 1, the optical channels of the receiver
and transmitter perfectly overlap [7]. This study considers
area overlapping completely.

The third part of (15), β(R), stems from the backscat-
tering size of raindrops. Because it indicates backscatter-
ing, it occurs in the opposite direction to the transmitting
laser pulse, i.e., at a scatting angle of 180◦. Using (14),
the backscattering coefficients can be obtained and the fol-
lowing as:

β (R) =
cτ
2
×

∑
unit

(σsca × nsca) (18)

Here, σsca indicates a cross section, as described in (13). nsca
indicates the number of particles of various sizes that are
scattered by laser pulses per unit volume.

Finally, T (R) is the transmittance determining the reduc-
tion in the light intensity of the transmitting laser beam owing
to its journey over distance R.

T (R) = exp[−2
∫ R

0
α(r, λ)dr] (19)

This equation was modified to fit the Lidar sensor sys-
tem using Lambert–Beer–Bouguer law [37]. Any attenuation
occurring at a distance R from the Lidar sensor (owing to
an object in the transmission path) indicates light extinction.
Therefore, α(r, λ) can be defined as an extinction coefficient.
Also, T (R) is expressed using the extinction coefficient α and
the distance R from the particle.

T (R) = exp(−2αR) (20)

The following governing equation of the Lidar sensor can
be obtained by substituting the expression in (15) by the
above four variables [34]:

Pr (R, λ) =
[
P0
cτ
2
Aη
]
×

[
O (R)
R2

]
×

[
1
4π

∑
unit

σsca ∗ nsca

]

×

[
exp

{
−2

∫ R

0
α(r, λ)dr

}]
(21)

Using (21), the Lidar sensor model was implemented using
MATLAB & Simulink software. It consists of four parts
corresponding to the four variables of (15). The four parts
are eventually multiplied to represent the performance of the
Lidar sensor, which is expressed by the received signal power
of a laser pulse, Pr . By linking these Lidar sensor model with
the previously implemented RDs, sensor performances were
compared according to regions.

VII. RESULTS AND DISCUSSIONS
A. SIMULATION SCENARIO OF VEHICLE DRIVING
The developed Lidar sensor model was validated using the
PreScan driving simulation software. Figure 10 illustrates one
of the simulation scenarios. The driving simulation generates
the distance between the two vehicles. The host vehicle has a
Lidar sensor targeting the target vehicle. The distance infor-
mation is then fed to each Lidar sensor model containing the

FIGURE 10. Vehicle scenario: Distance control and maintaining the lane
(left: top view, right: forward view).
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FIGURE 11. Comparison of transmittance by each model according to the
rain rates W.

RD of different regions (i.e., Models A, B, and C in Table 1).
As shown in (21), the distance between the vehicles can
provide the received power at each raindrop environment.
It is to be noted that we mainly focused on the reduction of
received signal power for each rain environment. The reduced
power would alter the signal to noise ratio of the Lidar sensor,
influence its detection threshold, and degrade the perception
performance of ADAS systems [38].

B. DEGRADATION IN LIDAR SENSOR PERFORMANCES
As discussed in section V-B, the rain environment varies
from region to region. Therefore, there are differences in
the composition of raindrops, which affects the amount of
scattering depending on the amount of rain rates. This effect
was quantitatively derived through the extinction coefficient
parameter, which affects the transmittance of the Lidar sensor.
Thus, the performance of Lidar according to rain rates was
derived. Next, we compared the three models according to
the region. As discussed above, Model A is a Lidar model
that was developed using (11), based on the results mea-
sured in Daegu, Korea, while Model B represents Florida,
United States. Further, the size, number, and shape of the
raindrops were considered as environmental variables. Model
C is a distribution implemented based on the data measured
in Kapingamarangi Atoll of Federated States of Microne-
sia [32]. Model C experimentally presented the N0, µ, and
3 values required to implement probability distributions.
Figure 11 is a transmittance T (R) in (19) or (20), which

reflects the regional rain environments. In all three mod-
els, the transmittance decreases as the rain rate increases,
as expected. This is because the number of raindrops that
make up their distribution increases, as shown in Fig. 7,
which also results in more scattering of raindrops. More-
over, the transmittance of Model A has a value greater
than Model B. According to Fig. 4, Model B has relatively
spherical-shaped raindrops when compared to Model A.
As the raindrops become more spherical, the scattering mag-
nitude increases [32]. In addition, as shown in Fig. 7, the dis-
tribution of raindrop in Model A is smaller, compared to
the RD of Model B when rain rates increase. These are

FIGURE 12. Comparison graph of received Lidar signal power based on
regional RD according to rain rates.

why Model B having more attenuated transmittance than
Model A.

The calculated transmittance is now converted to the
received signal power of the Lidar sensor symbolled by
Pr in (21). Figure 12 compares the received signal pow-
ers of the three regional rain models corresponding to rain
rates. In all models, the received signal power is attenuated
as the rain rate increased. When the rain rate was small
(cases 1, 2), the differences between the three models was
not significant. As an example, for case 1, the values of
average received signal power for the models were 28.53 W,
28.47 W, and 28.50 W, respectively. However, as the rain
rate increased, the three models demonstrated considerable
differences; moreover, the degree of difference varied from
model to model. In case 6, Model A had 20.40 W, Model B
had 16.11 W, and Model C had 16.90 W of received sig-
nal power. This differed by 11.27 W (35.59%), 15.56 W
(49.13%), and 14.77 W (46.64%), respectively, when com-
pared to the transmitting power, 31.67 W. Therefore, it can
be observed that the Lidar received signal power was signifi-
cantly affected by local characteristics, especially, in the case
of heavy rain rates. While analyzing the three models more
elaborately, Model B demonstrated the greatest degree of
attenuation in received signal power whileModel A relatively
demonstrated the lowest degree of attenuation. Interestingly,
Model C demonstrated a trend similar to Model B, with a
maximum difference of ∼0.7 W. Therefore, the regional rain
environments critically impact on sensor-level performances.

C. DISCUSSION
In general, the detection threshold of Lidar sensors largely
determines their detection errors [39], [40]. With a high
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FIGURE 13. Comparison of the energy loss of each model according to
the rain rates.

threshold, the risk of missed warnings increases. If the detec-
tion threshold goes low, the missed warming is improved
but the possibility of false alarms increases. As an example,
a vehicle is driving in the case 5 (i.e., 10 mm/h < W <

20 mm/h) and its detection threshold happens to set to be
23W by the manufacturer. As shown in Fig. 12, if the vehicle
is in region A, its ADAS system can detect the target object,
which cannot be detectable when the same vehicle is driving
in region B or C. As a solution, the detection threshold is
assumed to be lowered to 16W and the ADAS system is now
detectable in all three regions. However, if the rain becomes
heavier and the rain rate is increased to be case 6, the same
Lidar can detect the object in region A, cannot detect in
region B, and may or may not detect in region C. To solve
this regional dependency, the threshold should be further
decreased. However, as noted, the low threshold easily leads
to false alarm.

Another noteworthy point is that the case 6 (W> 20mm/h)
is a heavy rain but not an extreme environment like a squall.
According to Korea Meteorological Administration (KMA,
Korea) [41], the maximum rain rate on July and August is
always larger than 20 mm/h and reaches 68 mm/h when mea-
sured from 2010 to 2019 (except one exception of 11.5 mm/h
measured on August 2016). Therefore, it is important to
optimally design the detection threshold with seriously con-
sidering the regional impact.

The transmittance values in Fig. 11 are applied to the PreS-
can driving software because the PreScan does not include
Lidar models specially designed to include rain effects.
The updated driving simulation provides a parameter named
energy loss, which is defined to be the ratio between the
received and transmitted powers. Figure 13 depicts a ten-
dency similar with what observed beforehand. As the rain rate
increases, the energy loss increases, implying that less light
is transmitting than the light being introduced. In addition,
the level of energy loss strongly depends on rain models and
regional environments.

VIII. CONCLUSION
In this paper, the Lidar sensor in rain environments was
modeled and quantitatively evaluated, while considering the
reginal raindrop distributions. The rain environment of each

region was modeled using a CG model, imported to a
custom-built Lidar sensor model, and quantitatively com-
pared based on its effects on the Lidar performance degrada-
tion. The regional rain environment was characterized using
the factors affecting scattering, including the sizes, numbers,
and shapes of raindrops. It is considered that the scattering of
a spherical raindrop is stronger than that of an oblate raindrop.
As all these characteristics differ by different regions, it was
expected that the Lidar performance depends on the regional
raindrop distribution. The regional impact was embedded in
our Lidar model, which was developed using the MATLAB
& Simulink. In addition, the Lidar model was equipped
in a automobile driving simulation. The simulation results
demonstrated that the Lidar received signal power showed
variations in the attenuation for different regions. Therefore,
the regional impact is crucial to Lidar performance degrada-
tion in rain environment, and should be carefully examined
in Lidar sensor or ADAS system design.
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