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Ⅰ. Introduction

In the 2005 DARPA Grand Challenge, the 

driverless car of the Stanford Racing Team, 

called Stanley, had five Light Detection And 

Ranging (LIDAR) scanners on its roof and was 

the winner. Stanley used scanning LIDARs to 

accurately detect nondrivable terrain at a 

sufficient range to stop or take the appropriate 

evasive action. scanning LIDARs were the 

basis for Stanley’s short- and medium-range 

obstacle avoidance. After that, almost every 

autonomous vehicles like Google’s robotic cars 

and agile anthropomorphic robots like Boston 

Dynamics’ Atlas have used the scanning 

LIDAR, which recognize the surrounding 

environment and create a map [1-3].

Obstacle detection functions of autonomous 

vehicles require very low failure rates. A 

scanning LIDAR for self-driving cars costs 

between US $30000 and US $85000 [4]. 

Google’s robotic cars have about US $150000 

in equipment, including a US $70000 scanning 

LIDAR [5]. The scanning LIDAR installed on 

top is a Velodyne 64-beam laser. This laser 

lets the vehicle generate a detailed 3D local 

map of its environment. The car then takes 

these created maps and combines them with 

high-resolution global maps of the world, 

producing different types of maps that allow 

the car to drive itself.

Some noise or systematic errors in the 

scanning LIDAR can be reduced or eliminated 
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by applying several methods, such as a filter 

[6-11]. Until now, interference has not been 

considered a problem, because the percentage 

of vehicles equipped with a scanning LIDAR 

has been low, and as a result, the probability 

of interference was extremely rare. With the 

increasing number of autonomous vehicles 

equipped with scanning LIDARs to detect and 

avoid obstacles and navigate safely through the 

environment, the probability of mutual 

interference becomes an issue. Imagine a 

massive traffic jam that occurs in the mornings 

and evenings. What if all these vehicles are 

equipped with a scanning LIDAR? With the 

growing number of autonomous vehicles 

equipped with scanning LIDARs operating close 

to each other at the same time, one scanning 

LIDAR might receive laser pulses from other 

scanning LIDARs. The reception of unwanted 

laser pulses from other scanning LIDARs is 

called mutual interference or mutual 

interference [12-18].

In this paper, four experimental results 

regarding mutual interference between two 

mobile pulsed scanning LIDARs, and the effects 

of mutual interference, are introduced. In each 

experiment, the measurement procedure 

consists of two steps; the first step is the 

training stage, and the second step is the 

interference evaluation stage. These results 

indicate that the interference has spatial and 

temporal locality. It is hard to ignore 

consecutive mutual interference, because it is 

possible for it to be a real object, not noise or 

error. The frequency of occurrence of mutual 

interference depends on the interrelationship 

between the two scanning LIDARs and the 

reflectivity of objects. If two or more scanning 

LIDARs operate close to each other at the 

same time, one scanning LIDAR could receive 

laser pulses from other scanning LIDARs. In 

our experiments, mutual interference are 

occurred by direct or singly reflected laser 

pulses from the other scanning LIDAR.

Ⅱ. Related work

Within a few years, the penetration rate of 

vehicular radar systems will have drastically 

increased in this new emerging market, and for 

safety-related applications especially the 

interference risk will threaten further 

proliferation if harmful mutual interference 

pops up. Interference from an identical pulsed 

radar sensor with the same Pulse Repetition 

Frequency (PRF) generates a ghost target at a 

constant distance. If the radars are similar, 

except for slightly different PRFs, then a ghost 

target will appear as a large target moving 

slowly within range. The apparent velocity is 

dependent on the difference between the two 

PRFs and could be anything from a couple of 

millimeters per second to a couple of hundred 

meters per second. A slightly different PRF 

results in a moving ghost target because the 

time difference between the transmitted pulse 

and the interfering pulse increases or 

decreases from pulse repetition period to pulse 

repetition period. If the PRFs are vastly 

different, then more than one ghost target 

could appear per cycle [19, 20].

Trying to find efficient and pragmatic 

countermeasures to avoid the apparent 

interference risk after severe interference 

problems have already created malfunction in 

the safety radar devices will be too late. The 

only reasonable and valid approach is to 

counteract the effects in advance before the 

problems manifest themselves. The European 

funding project More Safety for All by Radar 

Interference Mitigation (MOSARIM) started in 

January 2010 with the objective to investigate 

possible automotive radar interference 

mechanisms via both simulation and real-world 

road-tests. Appropriate countermeasures and 

mitigation techniques were studied and 

assessed, and general guidelines and 

recommendations were developed [19-22]. The 

ideas for countermeasures were extracted and 

structured into six basic categories. From the 
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six basic categories, a list of 22 variants was 

compiled, evaluated and ranked with respect to 

various criteria for the implementation effort, 

required power and computational resources, 

cost, requirements for harmonization, etc. They 

selected the top nine countermeasures for 

further evaluation, in order to derive 

guidelines. Their mitigation performance ranges 

from a few dB up to an infinite number of dB. 

Their accurate and consistent application to all 

new automotive radar products will result in 

automotive radar operations that will be close 

to interference free.

Optical interference between one LIDAR and 

another is an important matter [21]. It is very 

difficult to separate the amplitude modulated 

wave from the LIDAR itself, and one LIDAR 

from another LIDAR after they have been 

mixed up once. The simplest method for 

prevention of such interference is for each 

LIDAR to be installed tilted forward two to 

three degrees; however, that is not enough. 

Another measure is to emit as few lasers as 

possible. Lasers should be off while LIDAR 

data is not needed. Lasers should automatically 

be off in unnecessary areas, and the scan 

curtailed in accordance with the analyzed 

results. These functions contribute to not only 

prevention of interference but also life 

extension for the laser device and a reduction 

in power consumption. Moreover, one more 

step is needed, which is a function where 

motor speed is slightly changed by command. 

Differences in motor speed of more than 

300RPM prevent almost all interference [22].

Time-of-flight (ToF) range cameras acquire 

a three-dimensional image of a scene 

simultaneously for all pixels from a single 

viewing location. It shows how a mixed pixel 

and mutual separation algorithm can be applied 

to range-imaging measurements projected onto 

Cartesian coordinates. Significant improvements 

in accuracy can be achieved in particular 

situations where the influence of mutual 

interference frequently causes distortions 

[23-27]. The multiple return separation 

algorithm requires a consistent and known 

relationship between both amplitude and phase 

response of the cameras at both modulation 

frequencies. This type of calibration was not 

available for these cameras, so it was done by 

comparing manually selected regions of the 

image judged to be minimally affected by 

mutual interference. If these regions did 

contain mutual interference, then the calibration 

would be compromised leading to poor 

performance. Another source of potential error 

is distance linearity measurement inaccuracies 

that are common in uncalibrated range 

cameras. It is also possible for the optimization 

algorithm to encounter local minima, producing 

an incorrect answer.

Ⅲ. Operating principle of scanning 

LIDAR

The scanning LIDAR is a laser measurement 

sensor that scans the surrounding perimeter on 

a single plane or on multiplanes. It measures 

using a two-dimensional spherical coordinate 

system. If a laser pulse emitted is reflected 

from an object, then the position of the object 

is given in the form of distance and angle 

[28].

1. Distance measurement

A ToF laser sensor operates by emitting a 

concentrated laser energy pulse at each pixel. 

The pulse travels away from the LIDAR, 

strikes a surface, and returns. A LIDAR 

measures the time elapsed between the 

beginning of the pulse and the leading ledge of 

the return pulse from the receiver. The 

distance to the object is calculated by the time 

required for the pulsed beam to be reflected 

and received by the LIDAR. Since the speed of 

light is 300000km per second, short distances 

can be measured with only very short pulses, 

resulting in lower data rates. This principle of 

ToF is used by the scanning LIDAR and the 

radar system in a similar manner.
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Fig. 1 Normal time-of-flight situation

The scanning LIDAR measures the distance 

to an object on the ToF principle based on the 

speed of light by emitting an object with a 

laser pulse and analyzing the reflected laser 

pulse. As illustrated in Fig. 1, it transmits a 

short laser pulse toward an object and 

measures the time taken by the laser pulse to 

be reflected off the object and returned to the 

sender. The incoming laser pulse causes a 

delay depending on the distance of the object. 

The scanning LIDAR calculates the distance to 

the target as half the round-trip transit time 

multiplied by the speed of light.

2. Direction measurement

The emitted laser pulses are deflected using 

an internal rotating mirror and by scanning the 

surroundings in a circular manner. The 

measurements are triggered at regular steps 

using an angular encoder. For example, the 

SICK LMS511 Lite scans with an adjustable 

scanning frequency of 25, 50 or 75Hz. During 

this process, a laser pulse and therefore a 

measurement is triggered after an angular step 

of 0.25, 0.50, or 1.00 [29].

3. Intensity measurement

Although the principle behind 

reflectance-based obstacle detection is simple, 

there are a number of difficulties with the 

method. Many factors affect the signal reflected

(a) Perfectly specular (b) Perfectly diffuse

(c) Glossy specular

(d) Small object

Fig. 2 Reflection distribution of laser beam

from a surface

from the target to the receiving section of the 

scanning LIDAR, such as laser transmitter 

models, atmospheric transmission, target 

reflectivity and angular dispersion [24-26]. 

The laser energy reaching the target is 

partially absorbed, partially transmitted and 

partially reflected, either specularly or 

diffusely. The probabilities for each of these 

occurrences are called the coefficients of 

absorption (), transmission ( ), and 

reflection ( ), and must satisfy: 





 . Intensity or Received Signal 

Strength Indication (RSSI) is the measurement 

of remission received by the scanning LIDAR, 

which represents the quality of reflection off a 

surface. Reflection distribution of laser beam 

from a surface can be split into three broad 

categories: perfectly specular (Fig. 2(a)), 

perfectly diffuse (Fig. 2(b)), and glossy 

specular (Fig. 2(c)). Perfectly specular surfaces 

scatter incident light in a single outgoing 

direction. Mirrors and glass are examples of 

perfectly specular surfaces. Perfectly diffuse 

surfaces scatter light equally in all directions. 
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Although a perfectly diffuse surface is not 

physically realizable, examples of near-perfect 

diffuse surfaces include dull chalkboards and 

matte paint. Perfect diffuse is also called as 

Lambertian reflectance. Glossy specular 

surfaces such as plastic or high-gloss paint 

scatter light preferentially in a set of reflected 

directions – they show blurry reflections of 

other objects. Most real surfaces exhibit 

reflection that is a mixture of these three 

types [30].

On very rough surfaces, part of the energy 

is lost due to shading. The scanning range of 

the LIDAR will be reduced as a result. The 

reflection angle is the same as the angle of 

incidence. If the laser pulse is incident 

perpendicularly on a surface, the energy is 

optimally reflected as presented in Fig. 2(b). If 

the pulse is incident at an angle, a 

corresponding energy and scanning range loss 

occurs as illustrated in Fig. 2(c). Objects that 

are smaller than the diameter of the laser 

pulse cannot reflect all the energy of the laser 

light as illustrated in Fig. 2(d). Therefore the 

amount of light not incident on the object is 

lost. If the total amount of light reflected back 

to the LIDAR is not sufficient, the object might 

not be detected. This can reduce the scanning 

range of the LIDAR. If the multiple echo is 

acceptable, the amount of light not reflected by 

the front object may be reflected by a 

background surface, creating therefore a 

second echo.

Light surfaces reflect the laser pulse better 

than dark surfaces and can be detected by the 

LIDAR over larger distances. Bright white 

plaster reflects approximately 100% of the 

incident light, black foam rubber approximately 

2.4%. The Kodak white paper providoes 

standard reflectance of nearly 100% at a 

905nm wavelength and has Lambertian 

reflectance propeties. Therefore, the signal 

received from a perfectly diffuse reflecting 

Kodak white paper corresponds to the 

definition of remission at 100. As a result of 

this definition, the remissions for surfaces that 

reflect the light bundled (mirrored surfaces and 

reflectors), are more than 100. This shows 

that the majority of surfaces reflect the laser 

pulse diffusely in all directions.

The reflection of a laser pulse will vary as 

a function of the surfaces structure and color. 

If the remission is over 100 the incident pulse 

is not reflected diffusely in all directions, but 

is reflected in a specific direction. As a result 

a large portion of the energy emitted can be 

received by the laser distance measurement 

device. Cat’s eyes on the road, reflective tape 

and triple prisms have these properties. On 

mirror surfaces the laser pulse is almost 

entirely deflected. Instead of the surface of the 

mirror, it is possible that the object on which 

the deflected laser pulse is incident may be 

detected.

Ⅳ. Mutual interference between mobile 

pulsed scanning LIDARs

While a scanning LIDAR and radar both use 

similar technologies and approaches to tracking 

position and movement of objects, there are 

differences in how each technology works and 

the types of applications for which each can 

best be used. Both technologies use energy 

reflected from objects to determine various 

aspects of those objects, but in the types of 

energy used in each one is different. The 

types of objects that can be accurately located 

and measured with a scanning LIDAR and with 

radar are also different in size and nature. 

Radar units transmit radio waves at a 

designated frequency that reflects off a moving 

target vehicle and returns to the unit. The 

radio waves shoot out in a cone-shaped 

pattern that covers roughly 75 meters at a 

range of 300 meters. A laser differs from 

other sources of light because it emits light 

coherently. Spatial coherence allows a laser to 

be focused on a tight spot and to stay narrow 

over long distances. On the other hand, a 

scanning LIDAR sends out a laser pulse. The 
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laser pulse is very narrow at about 1 meter 

wide at 300 meters.

It appears that scanning LIDARs are very 

directional, so that at any given instant only a 

small percentage of the angular space around 

any given unit is required to be free of some 

degree of interference. While the individual 

laser pulses of the scanning LIDAR are not 

explicitly coded, they are sensitive to a certain 

quality of reflected light, not just its 

brightness. The scanning LIDAR cannot 

uniquely identify the source of the 

transmission. It is probably the case that it is 

impossible to pack LIDAR-equipped cars and 

other LIDAR roadside scanning densely enough 

that their scanning LIDARs would not interfere.

1. Experimental environments

1.1. Operating conditions of the SICK LMS-511 

Lite scanning LIDAR

The mutual interference between scanning 

LIDARs was tested on two SICK LMS-511 Lite 

scanning LIDARs currently available 

off-the-shelf. The scanning LIDAR 

specifications are summarized in Table 1.

The SICK LMS-511 Lite is a laser 

measurement sensor that scans the perimeter 

of a single plane. The laser used in the SICK 

LMS-511 Lite is a near infrared laser with a 

wavelength of 905nm. It corresponds to a laser 

class 1 (eye safe) as per EN 60825-1 

(2007-3). Its measurements use the polar 

coordinate system in which each point is 

determined by the distance from a fixed point 

and an angle from a fixed direction. It emits 

905 pulsed laser pulses using a laser diode. If 

the laser pulse is reflected from the target 

object, the distance to the object is calculated 

using the time required for the laser pulse to 

be reflected and received by the scanning 

LIDAR. Scanning takes place in a sector of 

190°. The scanning range goes up to 80m with 

more than 100% object remission and 26m 

with 10% object remission. The emitted laser 

pulses are deflected using internal rotation, 

Item Specification

Waveform Pulse

Wavelength 905㎚

Angular step 0.25˚

Aperture size 40㎜

Divergence 11mrad

Light spot size on front 13.6㎜

Pulse power 10μJ/㎠

Pulse width 5ns

Pulse repetition frequency 36kHz

Rotation frequency 25Hz

Scanning angle 170˚

Scanning distance 80m

Systematic error ±50㎜

Statistical error ±14㎜

Table 1. Operating conditions of SICK LMS 

511-Lite scanning LIDAR

scanning the surroundings in a circular mirror 

with a scanning frequency of 25Hz and angular 

steps of 0.25°. The rotational speed of the 

spindle motor is 4500RPM in which the 

measured data of one scan is obtained in 13ms  

[29].

1.2. Arrangements of two scanning LIDARs

In this section, four types of experiment 

and their results are shown, based on the 

arrangement of two mobile pulsed scanning 

LIDARs. The experimental area is surrounded 

by little wood walls with 26 reflectivity where 

the reflections are blurred to various degrees 

due to surface roughness that scatters the 

incident radiance. Two scanning LIDARs are 

located inside the experimental area. One 

scanning LIDAR – scanning LIDAR ⓐ – is 

acting like the victim located at the center, 

with the other scanning LIDAR – scanning 

LIDAR ⓑ – acting like the interferer located 

between scanning LIDAR a and the wall. 

scanning LIDAR b operates only when it is 

necessary to measure the damage due to
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(a) Side-by-side #1 arrangement (b) Side-by-side #2 arrangement

(c) Face-to-face arrangement (d) Back-to-back arrangement

Fig. 3 Four different experimental environments

mutual interference. scanning LIDAR a 

continuously runs and records received power 

and measured distance. The analysis of the 

recorded data will show the occurrence and 

influence of mutual interference.

Fig. 3(a), Fig. 3(a), Fig. 3(a) and Fig. 3(a) 

show the experimental environment. Two of 

the types are side-by-side arrangements (Fig. 

3(a) and Fig. 3(b)); another is a face-to-face 

arrangement (Fig. 3(c)), and the last is a 

back-to-back arrangement (Fig. 3(d)). In each 

experiment, training the environment is carried 

out first, and mutual interference evaluating is 

done later.

1.3. Conduction of the experiments

In each experiment, the measurement 

procedure consists of two steps: a training step 

in which the normal distances of the 

experimental environment are estimated, and an 

interference evaluation step that investigates 

abnormal distances from the measured 
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Arrangement Scanned time Scanned lines Scanned points Scanned angles

Side-by-side #1 4 hours 36000 230760000 10° ~ 170°

Side-by-side #1 4 hours 36000 230760000 10° ~ 170°

Face-to-face 4 hours 36000 230760000 10° ~ 170°

Back-to-back 4 hours 36000 129960000 45° ~ 135°

Table 2. Summary of experimental setups in the training step

Arrangement Scanned time Scanned lines Scanned points Scanned angles

Side-by-side #1 24 hours 2160000 1384560000 10° ~ 170°

Side-by-side #1 24 hours 2160000 1384560000 10° ~ 170°

Face-to-face 24 hours 2160000 1384560000 10° ~ 170°

Back-to-back 24 hours 2160000 779760000 45° ~ 135°

Table 3. Summary of experimental setups in the interference evaluation step

distances. The first step investigated normal 

scanning LIDAR operation in the experimental 

environment. scanning LIDAR ⓐ is in a normal 

operating state, but scanning LIDAR ⓑ is in an 

aborted state. We recorded the measured 

distance data at scanning LIDAR ⓐ for 4 

hours. Table 2 shows the summarized 

experimental setups in the training step. We 

calculate the average distance, the maximum 

distance, and the minimum distance at each 

measuring angle. After that, we calculate the 

upper limit and lower limit, described as:
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  normal distance if   ≤ ≤

interfered distance else

Eq. (1) Decision function for measured point

where  is the average distance of each 

scanning angle,  is the number of scan lines, 

and  is a measured distance at the ith scan 

line.  is the largest distance, and  is 

the smallest distance of the scanning angle;  

  and   are the upper and lower limits 

of  , respectively.

The interference evaluation step 

investigated abnormal scanning LIDAR 

operation in the experimental environment. 

Both scanning LIDAR ⓐ and ⓑ are in normal 

operating condition. We recorded the measured 

distance data from scanning LIDAR ⓐ and ⓑ

for 24 hours. For 24 hours, the total scan 

lines are 2160000. By applying Eq. (1), the 

normal distance and interfered distance can be 

determined for all recorded distance data. 

Table 3 shows the summarized experimental 

setups in the interference evaluation step.

2. Distance measurement results of the

experiments

The SICK LMS511 emits pulsed laser beams 

using a laser diode. If a laser beam is 

reflected on a target object the reflected beam 

is received at the sensor. The distance to the 

object is calculated by the time required for 

the pulsed beam to be reflected and received 

by the sensor. It calculates the distance to the 

target as half the round-trip transit time 

multiplied by the speed of light.
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(a) Training step (b) Interference evaluation step

Fig. 4 Distance measurement in the side-by-side arrangement #1 of two LIDARs

(a) Training step (b) Interference evaluation step

Fig. 5 Distance measurement in the side-by-side arrangement #2 of two LIDARs

(b) Training step (c) Interference evaluation step

Fig. 6 Distance measurement in the face-to-face arrangement of two LIDARs

2.1. Experimental results and affects of 

mutual interference

Fig. 4, Fig. 5 and Fig. 6 show the distance 

map acquired by scanning LIDAR ⓐ. Fig. 7

shows the distance map acquired by scanning 

LIDAR ⓐ and ⓑ. Scatter plots show the 

distance map in the training step and 

interference evaluation step acquired by the 

scanning LIDARs. Those show the mixture of 

the proper and wrong positions of the wall. 

Green-filled square symbols (■) indicate 

proper distance data and red crosses (×) 

indicate incorrect distance data. The correct 

positions are composed of many superimposed 
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(a) Training step (b) Interference evaluation step

Fig. 7 Distance measurement in the back-to-back arrangement of two LIDARs

green-filled square symbols that indicate 

the scanning LIDAR is detecting correctly. 

However, the wrong positions are composed of 

many superimposed red crosses that indicate 

that one scanning LIDAR is affected by the 

other scanning LIDAR. We determined whether 

each measured distance is a normal distance 

or an interfered distance by applying Eq. (1).

Fig. 4(a), Fig. 5(a), Fig. 6(a) and Fig. 7(a) 

are the distance maps in the training step for 

the four measurement arrangements and match 

the wood wall of the each experimental areas, 

respectively. The measured points look like a 

thick green line because they are composed of 

many superimposed position and the SICK 

LMS-511 Lite has systematic errors and 

statistical errors as summarized in Table 1. 

Fig. 4(b), Fig. 5(b), Fig. 6(b) and Fig. 7(b) are 

the corresponding distance maps in the 

interference evaluation step for the four 

measurement arrangements. In these figures, 

the thick green line matches the wood wall of 

the experimental areas, but red crosses are 

scattered all over the areas.

2.2. Occurrence of consecutive mutual 

interferences

Table 4, table 5 and Fig. 8 summarize the 

results from four experiments and six points of 

view for mutual interference occurrence. The 

frequency of occurrence of mutual interference 

depends on the interrelationship between two 

scanning LIDARs and the reflectivity of the 

objects. But it is obvious that if two or more 

scanning LIDARs operate close to each other 

at the same time, scanning LIDARs receive 

laser pulses from other scanning LIDARs.

Table 4 and Fig. 8(a) show how long the 

mutual interference has occurred and the 

consecutive interfered angles from the results 

of the experiment. The mutual interference 

occurs in mostly single angles on the same 

scan line. In some cases, the mutual 

interference occurs at up to 17 consecutive 

angles. We see that the interference has 

spatial locality. Table 5 and Fig. 8(b) show 

how long the mutual interference has occurred 

at the same angles on the consecutive 

interfered lines from the results of the 

experiment. The mutual interference occurs 

mostly on single lines at the same scan angle. 

In some cases, the mutual interference occurs 

on up to four consecutive lines at the same 

scan angle. This indicates that the interference 

has temporal locality.

If a particular angle or line is interfered 

with at a given time, then it is likely that 

nearby angles or lines will be interfered with 

in the near future. Single mutual interference 

can be ignored as noise or error. It is hard to 
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Arrangement 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Side-by-side #1 36593 1467 409 150 74 43 25 12 1 0 0 0 0 1 0 1 0

Side-by-side #2 218340 3181 810 344 151 108 73 51 1 2 1 0 1 0 0 1 1

Face-to-face 28042 1908 522 222 123 58 37 35 3 0 1 0 0 0 1 0 0

Back-to-back ⓐ 4416 136 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Back-to-back ⓑ 4500 152 16 4 1 0 0 0 0 0 0 0 0 0 0 0 0

Table 4. Occurrence of consecutive interference in the same line

(a) Training step (b) Interference evaluation step

Fig. 8 Intensity measurement in the side-by-side #1 arrangement of two LIDARs

Arrangement 1 2 3 4

Side-by-side #1 42194 49 0 0

Side-by-side #2 230577 168 1 0

Face-to-face 35654 103 1 1

Back-to-back ⓐ 4686 4 0 0

Back-to-back ⓑ 4864 2 0 0

Table 5. Occurrence of consecutive 

interference in the same angle

ignore consecutive mutual interference on the 

same line or angle, because it is possible there 

is a real object and not noise or error.

3. Intensity measurement results of the

experiments

The SICK LMS511 generates intensity value 

for every measurement and has an arbitrary 

unit with a logarithm characteristic. The 

intensity has eight-bit resolution, with an 

integer value from 0 to 255, where 1 is the 

weakest signal and 254 the strongest signal. A 

value of 255 means dazzled. The value 0 

means that the received power was too low to 

generate a valid intensity value. If there is a 

valid distance measurement it has a minimum 

intensity of 1. If the intensity value is 0, then 

no distance measurement is possible. There 

can be two reasons for this. One is that the 

target object is out of range and the other is 

that the target object has extremely low 

remission.

3.1. Experimental results and affects of 

mutual interference

Fig. 9, Fig. 10, Fig. 11, and Fig. 12 show 

the intensity map acquired by scanning LIDAR 

ⓐ. Fig. 13 shows the intensity map acquired 

by scanning LIDAR ⓑ. Scatter plots show the 

received power in the training step and 

interference evaluation step acquired by the 

scanning LIDARs. Those shows the mixture of 

the proper and wrong received power of the 

laser pulse. Green-filled square symbols (■) 

indicate a proper intensity value and red 

crosses (×) indicate an incorrect intensity 

value. The correct intensities are composed of
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(a) Interferences in the same line (b) Interferences in the same angle

Fig. 9 Occurrence of consecutive interferences in the same line and the same angle

(a) Training step (b) Interference evaluation step

Fig. 10 Intensity measurement in the side-by-side #2 arrangement of two LIDARs

(a) Training step (b) Interference evaluation step

Fig. 11 Intensity measurement in the face-to-face arrangement of two LIDARs

many superimposed green-filled square 

symbols that indicate the scanning LIDAR is 

detecting correctly. However, the wrong 

intensities are composed of many superimposed 
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(a) Training step (b) Interference evaluation step

Fig. 12 Intensity measurement in the back-to-back arrangement of two LIDARs by LIDAR ⓐ

(a) Training step (b) Interference evaluation step

Fig. 13 Intensity measurement in the back-to-back arrangement of two LIDARs by LIDAR ⓑ

red crosses that indicate that one scanning 

LIDAR is affected by the other scanning 

LIDAR. We determined that each measured 

received power is normal or interfered with by 

applying Eq. (1) with the distance of the 

received power. If the distance of the received 

power is determined as normal, then the 

received power is normal. If the distance of 

the received power is abnormal, then the 

received power is determined as interfered 

with.

Fig. 9(a), Fig. 10(a), Fig. 11(a), Fig. 12(a) 

and Fig. 13(a) are the intensity maps in the 

training step for the four measurement 

arrangements. Fig. 9(b), Fig. 10(b), Fig. 11(b), 

Fig. 12(b) and Fig. 13(b) are the corresponding 

intensity maps in the interference evaluation 

step for the four measurement arrangements. 

Fig. 9(a), Fig. 10(a), Fig. 11(a), Fig. 12(a) and 

Fig. 13(a) show intensities of normal distance 

which range between 230 and 255. Fig. 9(b), 

Fig. 10(b), Fig. 11(b), Fig. 12(b) and Fig. 13(b) 

show the intensity of the interfered distance, 

which ranges between 0 and 255.

3.2. Optical travel paths in mutual 

propagations

Several echoes can be produced, if the 

laser pulse hits several rain drops, fog, glass, 

etc. These conditions can reflect part of the 

energy hence creating reflected pulses or 

echoes. Most of the sending pulse energy will 

continue to propagate and will eventually 

reflect against the actual target object. The 

scanning LIDAR will only take the first echo 

into account and ignore all following echoes or 

the last echo received and ignore all previous 

echoes.

Multiple scanning LIDARs operate in 

proximity to each other, and thus generate 
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Fig. 14 Mutually interfered time-of-flight

mutual interference. If two or more scanning 

LIDARs that are in proximity to each other, 

transmit pulses in the same operating 

frequency band, each scanning LIDAR system 

will receive signals directly from the other 

scanning LIDAR that are more or less 

indistinguishable from reflections from targets. 

These directly received pulsed interference 

signals can be large amplitude and can tend to 

saturate receiving systems and target 

displays. This well-known problem manifests 

itself in increases in false alarm rates and in 

undesirable losses of sensitivity in detecting 

targets. Mutual interference is a serious 

(a) Incidence angle in mutual reflections

(b) Optical path lengths of laser pulses

Fig. 15 Geometry of mutual propagation

problem for scanning LIDAR and is expected to 

be a continuing problem for future scanning 

LIDAR concepts. Direct interference occurs 

from one scanning LIDAR to another, but 

indirect interference is caused by reflections 

from other objects. Fig. 14 shows some 

possible scenarios of mutual interference.
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Eq. (2) Received signal power for a possible propagation path of the laser pules
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Fig. 15 and Fig. 16 show the possible 

geometry for mutual propagation of the laser 

pulse. Fig. 15(a) and Fig. 15(b) present the 

same geometry, but they have different views 

of the geometric parameters. In Fig. 16, some 

of the possible laser propagation paths from 

scanning LIDAR to scanning LIDAR are 

described.  is the typical path of the 

scanning LIDAR, where a laser pulse from the 

scanning LIDAR ⓐ reflects off a wall and 

travels to scanning LIDAR ⓐ itself.  is 

the direct reception of a laser pulse from  

another scanning LIDAR, where, for example, a 

laser pulse from scanning LIDAR ⓑ goes to 

the scanning LIDAR ⓐ.  is indirect 

reception of a laser pulse from another 

scanning LIDAR, where, for example, a laser 

pulse from scanning LIDAR ⓑ reflects off a 

wall and travels to scanning LIDAR ⓐ. 

and  are indirect paths, too. They 

reflect off the wall two or three times 

respectively.

Assume now that the target is a perfectly 

diffuse reflector with a Lambertian radiation

pattern, and the laser pulse from the scanning 

LIDAR and reflected laser pulse from the wall 

are point light sources. Lambert's cosine law in 

its reversed form (Lambertian reflection) 

implies that the apparent brightness of a 

Lambertian surface is proportional to the 

cosine of the angle between the surface 

normal and the direction of the incident light. 

The radiant intensity or luminous intensity 

observed from an ideal diffusely reflecting 

surface or ideal diffuse radiator is directly 

proportional to the cosine of the angle θ 

between the direction of the incident light and 

the surface normal. The received signal 

powers at scanning LIDAR ⓐ for a possible 

propagation path of the laser pulse are 

calculated with Eq. (2) [31]. In Eq. (2),  , 

 ,  ,  , and  are received 

power for propagation path  ,  , 

 ,  , and  , respectively. 

 is transmitted power,  is target 

reflectivity, and  is receiver aperture area. 

 ,  ,  ,  , and  are target 

area.  ,  ,  ,  ,  ,  ,  , 

 ,  are angle of incidence.  ,  , 

 ,  ,  ,  ,  ,  ,  are 

target distance in meters.

To compare received power for each mutual 

propagation, we assume that all the target 

areas have the same size, all the incident 

angles are at the same degree, and all the 

target distances are the same. If we assign  , 

 ,  and  , the average values of 0.26, 

0.03, 45° and 3, respectively, then Eq. (2) is 

given by Eq. (3).

too small. By using Eq. (3), we summarized 

the expected received power of each mutual 

propagation in Table. 6.

 ≈×

 ≈

 ≈× ≈

 ≈× ≈

Eq. (3) Simplified expression

of received powers

 : LIDAR ⓐ ⇒  ⇒ wall ⇒  ⇒ LIDAR ⓐ

 : LIDAR ⓑ ⇒  ⇒ LIDAR ⓐ

 : LIDAR ⓑ ⇒  ⇒ wall ⇒  ⇒ LIDAR ⓐ

 : LIDAR ⓑ ⇒  ⇒ wall ⇒  ⇒ wall ⇒  ⇒ LIDAR ⓐ

 : LIDAR ⓑ ⇒  ⇒ wall ⇒  ⇒ wall ⇒  ⇒ wall ⇒  ⇒ LIDAR ⓐ

Fig. 16 Mutually interfered time-of-flight
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Mutual 

propagation
    

Received

power

230 ~ 

255
⟫255

1 ~ 

255
≈0 ≈0

Table 6. Received power of each mutual 

interference

The intensity of the SICK LMS-511 Lite 

has eight-bit resolution with an integer value 

from 1 to 255, where 1 is the weakest signal 

and 254 the strongest signal. For  , 

 is too big and greater by several hundred 

thousand. A value of 255 is a maximum 

possible value and it means dazzled. For 

 and  ,  and  are too 

small and close to 0. The value 0 means that 

the received power was too low to generate a 

valid intensity value. If there is a valid 

distance measurement it has a minimum 

intensity of 1. If the intensity value is 0, then 

no distance measurement is possible. For 

 ,  ranges between 1 and 255. So 

an interfered distance occurs by singly 

reflected laser pulse from the other scanning 

LIDAR.

V. Conclusion

We presented four experimental results 

regarding mutual interference between two 

mobile pulsed scanning LIDARs, and introduced 

the effect of mutual interference. Four 

experiments illustrating the matter are 

reported, based on the arrangement of two 

scanning LIDARs. In each experiment, the first 

step was the training stage, and the second 

step was the interference evaluation stage. 

The first step investigated normal scanning 

LIDAR operation in an experimental 

environment, and the second step investigated 

abnormal scanning LIDAR operation in an 

experimental environment, which shows an 

interference distance map in which one 

scanning LIDAR is affected by another 

scanning LIDAR. These results indicate that 

the interference has spatial and temporal 

locality. If a particular angle is interfered with 

at a given time, then it is likely that nearby 

angles will be interfered with in the near 

future. If a particular line is interfered with at 

a given time, then it is likely that the same 

location will be interfered with in the near 

future. It is hard to ignore consecutive mutual 

interferences on the same line or the same 

angle, because it is possible it them to be a 

real object not noise or error.

   The frequency of occurrence of mutual 

interference depends on the interrelations 

between two scanning LIDARs and the 

reflectivity of objects[9]. But it is obvious that 

if two or more scanning LIDARs operate close 

to each other at the same time, one scanning 

LIDAR can receive laser pulses from the other 

scanning LIDAR(s). In our experiments, mutual 

interference occurred by direct or singly 

reflected laser pulses from the other scanning 

LIDAR.

   Mutual interference between scanning 

LIDARs is expected to become an increasingly 

important topic. This is due the fact that, on 

the one hand, scanning LIDARs are used 

increasingly for obstacle detection systems in 

autonomous vehicles. On the other hand, traffic 

density and the percentage of vehicles 

equipped with scanning LIDARs will increase 

considerably. Mutual interference between 

scanning LIDARs will decrease the reliability of 

the measured data from the scanning LIDARs. 

That may cause serious faults, because the 

obstacle detection functions of an autonomous 

vehicle rely heavily on the scanning LIDAR.

It is necessary to study how the mutual 

interference occurs depending on the 

reflectivity and material of the objects. There 

is also a need to examine how the mutual 

interference occurs when a number of scanning 

LIDARs operate concurrently in real traffic and 

road environments. Mutual interference 

mechanisms have to be precisely understood in 

order to design and to verify the effectiveness 

of countermeasures to minimize mutual 
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interference. A scanning LIDAR assumes that if 

it receives a laser pulse, there is something. In 

order to be safe, interference avoidance has 

top priority for an autonomous vehicle with a 

mobile pulsed scanning LIDARs.
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