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Executive Summary 

The project MiniFaros (Low cost miniature Laserscanner for environmental perception) is a sensor 
development project aimed at significantly increasing the penetration of advanced driver assistance 
systems (ADAS) in the automotive market. The project vision is to have an accident-free traffic by the 
use of effective environment perception systems. 

Poor human perception and assessment of traffic situations account by far for the largest amount of 
traffic accidents. Several safety applications have already been developed in order to prevent or 
mitigate the consequences of many of these accidents. However, the system costs for these 
applications are relatively high and consequently, the penetration rate of these systems is still low. 
This especially concerns small and medium size cars involved in four out of five accidents, but also 
commercial vehicles. 

Therefore, the general objective of MiniFaros was to develop and demonstrate a prototype of a low 
cost miniature automotive Laserscanner for environment perception. In order to meet this goal, the 
following technical objectives were defined for the Laserscanner: 

 Low manufacturing costs, about 40 € in mass production. 

 Small and compact, about 4 cm x 6 cm x 6 cm in mass production. 

 A MEMS mirror instead of a macro mechanical scanning system. 

 An integrated receiver and time-to-digital-converter used to enable highly precise distance 

measurements and multi-echo technology for optimised bad weather performance. 

 Highly integrated optical and mechanical components designed to support future low cost 

mass production. 

 Improved object detection, tracking, and classification algorithms. 

 The novel miniature Laserscanner serves various in-vehicle applications to be demonstrated 

at the end of the project. 

The technical objectives were approached by starting with the analysis of accident statistics all over 
Europe and by user surveys. The main accident types for cars/trucks are frontal crashes (32%/37%), 
intersection related accidents (20%/18%) and pedestrian accidents (18%/24%). Small and medium 
size cars are involved in the majority (83%) of all accidents, but generally not equipped with ADAS, 
due to the limited price the user is willing to pay. The results underlined the need for developing a 
low cost miniature Laserscanner with challenging performance requirements for the Laserscanner. 

 
In summary, the main sensor requirements are: range 0.5–80 m, field of view 250 degrees, read-out 
frequency 25 Hz, range accuracy 10 cm and angular resolution 0.25 degree. 
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Based on the requirements, the specifications for the Laserscanner and the demonstrator systems 
were elaborated resulting in the specification and architecture. Besides the performance and 
technical specifications of the Laserscanner itself, a detailed description of the system architecture 
and a definition of six safety applications to demonstrate the performance of the MiniFaros 
Laserscanner for trucks and passenger cars were provided. The MiniFaros Laserscanner addresses 
approximately 54% to 74% of the serious accidents for cars and 64% to 82% for trucks. To reach the 
goals of MiniFaros, an optical concept based on the combination of an omnidirectional lens and a 
scanning MEMS mirror were specified. 

Two different Laserscanner concepts were developed – a biaxial and a coaxial concept, which both 
have their advantages and drawbacks. Major comparison drivers are stray light, adjustment process 
and the maturity of the existing technology. Stray light is a major issue due to the large difference of 
the optical intensities of the fired laser pulse (tens of watts) and the reflected signal from the target 
(nanowatts). The biaxial concept has separated channels for the transmitter and receiver, whereas 
the coaxial concept incorporates overlapping channels. By nature, the biaxial concept has lower 
crosstalk (stray light) between the channels, because a two-sided MEMS mirror or motorised mirror 
is used. However, the adjustment of the biaxial Laserscanner was challenging, since any 
misalignment of the mirror moves the transmitter and the receiver spot to different directions. After 
a careful analysis, the consortium agreed to focus on the coaxial concept for the MEMS mirror and to 
develop a biaxial Laserscanner based on a motorised mirror, due to the lower overall risk for the 
project objectives. 

During the development of the key technologies, twenty innovations with four filed patent 
applications, pushing the state of the art, were generated: 1. High speed laser driver, 2. Highly 
integrated receiver channel, 3. Highly integrated multi-channel time-to-digital converter, 
4. Omnidirectional lens for a 905 nm Laserscanner, 5. Omnidirectional lens with direction selectivity, 
6. Omnidirectional lens with beam reversing for biaxial MEMS (patent pending), 7. Fibre coupler 
connecting a 75 µm Laser diode to a 50 µm fibre, 8. Optical angle measurement unit, 9. Coaxial and 
biaxial concept incl. MEMS and omnidirectional lenses (patent pending), 10. MEMS mirror with a 
huge 7 mm mirror, 11. MEMS mirror with a large tilt angle, 12. MEMS mirror with cap wafers and 
1.6 mm deep vacuum cavities (patent pending), 13. MEMS mirror wafer level package with a stack of 
seven wafers, 14. MEMS mirror with a double-sided mirror, 15. MEMS mirror with tripod resonant 
actuation, 16. MEMS mirror with electrostatically actuated suspensions, 17. MEMS mirror with 3-
phase actuation and control, 18. MEMS mirror with a high 700 µm thickness to avoid dynamic 
deformation, 19. MEMS mirror with a patterned getter structure, and 20. Object recognition (patent 
pending). 

The design of the omnidirectional lens was a trade-off between optical aperture, laser beam 
divergence, total system throughput, range and size. The plastics material chosen for the 
omnidirectional lens is Zeonex E48R. The measurement range of the MiniFaros Laserscanner 
demonstrator is limited due to mirror and sensor size limitations, lens material absorption and lens 
surface roughness. For future developments, the consortium recommends injection moulded glass 
omnidirectional lenses that will maximise the optical throughput. 

MEMS mirror design and fabrication are successfully finalised, but needed much longer than initially 
planned due the high efforts taken to solve wafer level vacuum encapsulation. The MEMS mirror 
rotates in a robust circle and the measured mechanical tilting angle is close to ±7 degrees, which is 
about half of the specified target angle. Therefore, unfortunately the MEMS mirror was not 
evaluated in the Laserscanner, but successfully assessed in a dedicated MEMS mirror demonstrator. 
Thus, the consortium was forced to focus on the biaxial Laserscanner based on a motorised mirror as 
the basis of application development and the evaluation phase. 

The MiniFaros Laserscanner utilises a number of high-performance electronic modules that enable 
the operation of the whole system, like system electronics, receiver channel and time-to-digital 
converter. The goals of the integration of the control and measurement electronics are conflicting. 
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On one hand, the integration shall be as high as possible to reduce the size. On the other hand, the 
electronics shall provide high modularity and enough resources for tests, optimisations and 
unforeseen changes. 

The core of the system control is the system controller that manages all the functions during the 
Laserscanner operation. The receiver PCB carries the avalanche photodiode (APD), the receiver 
channel and the time-to-digital converter and therefore hosts the most sensitive circuits of the 
system. The integrated receiver is the first fully integrated laser radar chip. A multi-channel 
integrated time-to-digital converter (TDC) was developed for the project, achieving a measurement 
precision performance of less than 10 ps within a long 74 µs measurement range. Both chips 
significantly pushed the state of the art. The MEMS mirror controller keeps the MEMS mirror in 
resonance and delivers the mirror orientation information to the system controller that is measured 
by the tilt angle measurement system. The actuation of the mirror is achieved by the principle of the 
electrostatic forces. 

In addition, object tracking and classification algorithms were adapted and improved to the data of a 
single layer MiniFaros Laserscanner. Due to its characteristics, such as 250 degree field of view, 
medium range (up to 60 m on cars), high angular resolution (0.25 degree) and radial accuracy (0.1 m) 
and adequate update rate (25 Hz), the MiniFaros Laserscanner is able to serve multiple applications. 
In the vehicle demonstrators, six safety applications (Frontal pre-crash, Pedestrian protection, Safe 
distance, ACC Stop and Go, Start inhibit, Right turn assistance) are operating in parallel based on a 
single MiniFaros Laserscanner. In addition, the MiniFaros Laserscanner is mounted on a street light 
pole at an intersection for monitoring a nearby pedestrian crossing. 

An analysis of manufacturing costs in mass production including initial costs for the production line 
estimates 42–50 €, depending on the concept. A design study proposes a configuration with the 
dimensions of 4.3 cm x 6 cm x 6 cm. 

A detailed impact assessment assuming reasonable penetration rates estimated savings of about 
16,000 fatalities and 1,450,000 injuries between 2020 and 2030 in EU27 after market introduction of 
the MiniFaros Laserscanner serving four applications (Full speed range ACC, Emergency braking, 
Vulnerable road user protection and Intersection safety). 

The MiniFaros consortium participated in many events of great importance in order to disseminate 
the project’s results. In addition, the MiniFaros consortium organised two dedicated special sessions 
at the annual International Conference on Advanced Microsystems for Automotive Applications and 
participated in two special sessions organised by the interactIVe IP project during the 8th ITS 
European Congress and the 19th ITS World Congress. 

 

MiniFaros further developed and provided significant innovations in sensor technology able to serve 
multiple applications on a significantly improved cost-performance ratio needed to accelerate ADAS 
market penetration. 

PReVENT pointed out that to realise a commercially viable electronic safety zone all around a vehicle 
by means of current sensor technology, eight different sensors would be needed. Here, the 
MiniFaros technology would be able to reduce the number of sensors from 8 to 2-3, thus reducing 
the price even of such a comprehensive system dramatically. Presumably, the market introduction 
will start based on a single MiniFaros Laserscanner serving a limited number of applications. 
However, additional applications are developed in software – the sensor hardware already provides 
generic data for multiple applications without the need for adaptations. 

The consortium is convinced that when ready as a prototype in 2013, the novel Laserscanner can be 
introduced as a generic and interoperable sensor for all vehicle classes from small city cars to trucks 
starting from 2015 to 2020 and this would push the market of ADAS for European automotive 
industry. 
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1 Introduction 

MiniFaros was a three-year project funded by the European Commission (EC) within the 7th 
Framework Programme. It started in January 2010 and ended in December 2012. Seven Partners 
from 5 European countries contributed to the project’s results: SICK AG (Germany), Institute for 
Computer and Communication Sciences (Greece), Fraunhofer-Gesellschaft ISIT (Germany), VTT 
Technical Research Centre (Finland), Volvo Technology (Sweden), University of Oulu (Finland), SKODA 
AUTO A.S. (Czech Republic). 

The project’s objectives were aligned with the EC’s target to reduce road fatalities by 50% and their 
“zero accident” vision.  

MiniFaros focused on the development and demonstration of a prototype of a low cost miniature 
automotive Laserscanner for environment perception. The technical development within the project 
was structured in five work packages (WP3-WP7) accompanied by management (WP1) and 
dissemination (WP2) activities.  

This document presents the achievements and results of the individual work packages in the 
following chapters. It starts with a summary of the project’s major objectives to provide a starting 
point for the technical work. Chapter 3 highlights the results of WP3, where user needs and 
requirements were derived. Lead by the requirements, MiniFaros deduced a system architecture and 
the corresponding specifications, which are presented in Chapter 4. After the requirements had been 
identified, research work on the key technologies with respect to the individual deployed 
components and modules of the MiniFaros Laserscanner started, closely followed by the Integration 
work package. The results are given in Chapter 5 and 6, respectively. Key technologies are related to 
components and modules of the MiniFaros Laserscanner, while integration refers to integration 
thereof. In addition, the integration of the novel Laserscanner into the demonstrators and the 
infrastructure is discussed, as well. Furthermore the selected applications are described. 

The MiniFaros Laserscanner demonstrator and the applications have been tested and evaluated 
continuously (Chapter 7). The achievements and innovations are summarised in Chapter 8. 
Additionally, the safety impact of a market introduction of the MiniFaros Laserscanner is discussed. 

Chapter 9 gives an overview of all dissemination activities in the project and Chapter 11 summarises 
the entire work done in the frame of the project and draws conclusions. 



Deliverable 1.2 Dissemination Level (PU) 
MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page 2 of 92 

2 Project Vision and Objectives 
 

The project vision is accident-free traffic realised by means of effective environment perception 
systems. Laserscanners are the predominant generic environment sensing technology. 

 

The consortium stresses here that a boost of the market penetration of driver support systems can 
be realised by generic sensors that are affordable, durable and of compact size to be used in 
different locations in vehicles or in the infrastructure. Furthermore, these systems need to be based 
on fully reliable sensor data. All these requirements have not yet been met by currently available 
sensors. 

 

The project general objective is to develop and demonstrate a prototype of a low-cost miniature 
automotive Laserscanner for environment perception. 

 

The consortium developed entirely new low-cost miniature Laserscanner technology that will open 
up the Advanced Driver Assistance System (ADAS) market for small and medium size cars and 
broadens the range of possible applications by its low cost, low power consumption, small size and 
robustness. 

Furthermore, the novel Laserscanner is a generic sensor also in the sense that it will have application 
areas outside road vehicles ranging from infrastructure applications, to moving work machines, to 
mobile robots. 

 

Technical objectives 

The technical objectives are related to sensor components and manufacturing costs, component size 
and resulting overall size of the novel Laserscanner, decreasing the number of moving parts of the 
sensor and demanding integration and aligning the Laserscanner parts into a functional sensor 
concept among others. 

The following technical objectives were defined to meet the overall objective of the MiniFaros-
project: 

 

1.  Create an affordable sensor with novel optics concept, and the potential for manufacturing 
costs of less than 40 Euro. The novel Laserscanner will serve multiple applications in parallel, 
due to its high performance like a large field of view of up to 250 degree. Current state-of-the-
art Laserscanners cost 180–300 Euro and mostly address just a single application with a rather 
high cost. Radar price, 300 Euro today is too high to really boost e.g. the penetration of ACC 
systems and consequently, has limited it to a small part of the premium car segment. 

  
2.  Reduce considerably the size of a new sensor compared to the state-of-the art Laserscanners. 

The target size of a novel Laserscanner is 4 cm x 6 cm x 6 cm in mass production. This facilitates 
the positioning of the sensor in various locations of the vehicle and other applications. Small 
sensor size brings closer the vision of a 360 degree electronic safety zone around the vehicle by 
enabling new locations in vehicles such as mirror and light housing etc. 
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3.  Remove macro-mechanical scanning from the system by the utilisation of new optical 
components. Even though the rotating mirror in the Laserscanner has been proven reliable, 
some major OEMs do not feel comfortable with sensors having large moving parts, and 
furthermore the current rotating mirror also limits the Laserscanner downsizing. Consequently, 
the objective is to use Micro-Electro-Mechanical systems (MEMS) mirrors in a novel miniature 
Laserscanner replacing DC-motors for scanning. 

  
4.  Integration of a receiver and a time-to-digital converter (TDC). Realisation of the Laserscanner’s 

receiver and time interval measurement unit, so called TDC, as customised high-performance 
integrated circuits. These circuits are essential when reducing the size and cost of the sensor. 
The techniques to be developed will also enable the compensation of the timing error induced 
by varying amplitude of the received echo by measuring the width of the received pulse with 
the time-to-digital converter within a single measurement event. Moreover, the measurement 
of several successive pulses in a single event will be possible, which is important in adverse 
weather conditions such as rain and fog. 

  
5.  Integration of optical and mechanical components to ease the assembly, reduce the number of 

components and furthermore the size and the price of the components to enable low cost 
mass production. Integration is also performed by means of increasing to complexity of optical 
surfaces (that is using free-form and aspheric surfaces) in order to reduce the number of 
optical components in the system. 

  
6.  Develop object recognition algorithms for safety applications dedicated for the novel 

Laserscanner. This includes the development of enhanced object detection and tracking 
algorithms and performing improved object classification.  

  
7.  Show and demonstrate the novel Laserscanner serving various applications in vehicle 

environment, both on a truck and passenger car. This includes also limited user tests to find out 
user reactions towards the new system with the selected applications. 

 

In addition, the consortium promoted and demonstrated an integrated approach to safety and 
showed the possibilities of the novel Laserscanner by considering both on-board and infrastructure-
based perception. The generic nature of the novel Laserscanner as a sensor with non-automotive 
application areas is proven by its suitability to provide information for cooperative driving. Therefore, 
road user information at an intersection gathered by an infrastructure-based novel Laserscanner can 
be provided to the vehicle via V2I-communication. 
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3 Requirements and User Needs 

Poor human perception and incorrect assessment of traffic situations accounts for the largest 
amount of traffic accidents with fatal or severe injury consequences. Several safety applications are 
to be developed in order to prevent or mitigate the consequences of many of these accidents. The 
system cost for these applications are often relatively high. Thus, vehicles are rarely equipped with 
these systems, especially when it comes to smaller cars or commercial vehicles. 

 

Figure 1 Top-down approach to derive MiniFaros Laserscanner requirements. 

3.1 Accident review and relevant scenarios 
Initially, an accident analysis was performed to survey the importance of the various scenarios that 
are relevant for the MiniFaros Laserscanner as well as the importance of other parameters, in order 
to derive the use cases. Finally, scenarios relevant to the MiniFaros Laserscanner were identified and 
scenarios addressed for the further development of the sensor were described. 

The sources investigated for the accident analysis were the following:  

 Community Road Accident Database, CARE, [24], European Commission, 2006 

 Annual Reported statistics for Road Casualties in Great Britain, 2008 [25], 

 Results from the Integrated European Project PReVENT, 2008 [19], 

 National Highway Traffic Safety Administration, NHTSA, General Estimates System, GES [26], 

2008 

 Fatality Analysis Reporting System, FARS [27], 2008 

 German In-Depth Accident Survey, GIDAS [28] 

Main results of accident review 

The need for the development of cheap sensors suitable for small cars is illustrated in Figure 2. The 
figure shows the distribution of caused accidents among the different car segments. Notice that 56% 
of all accidents are caused by cars belonging to segments A, B and C. These segments are almost 
literally untouched by advanced driver assistance and active safety systems today. Even the 
penetration of segment D by these systems is very low. In total, small and medium size cars are 
involved in 83% of all accidents. 

 

Accidentology 

State-of-the-art 

ADAS functions 

Object recognition 

requirements 
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Figure 2 Accidents distributed by car segments [28]. 

 
According to the annual statistical report from Great Britain [8], passenger car drivers account for 
53% and pedestrians for 19% of all fatalities, see Figure 3. Thus, car occupants and pedestrians 
account for the vast majority of road fatalities. 

 

Figure 3 Distribution of fatalities by mode of transport [25]. 
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3.2 Accident review for cars 
In order to have a more comprehensive accident analysis and scenario selection for passenger cars, 
more than general statistical data is required. For this purpose, the detailed data obtained from 
GIDAS [28], was used. 

The accident data obtained from [28] allows the categorisation of accidents into the following 10 
basic groups shown in Figure 4. 

 

Figure 4 Distribution of car accidents by type [28]. 

The detailed description of all listed accident types is given in D3.1 [4]. 

 

Addressed car accident types by MiniFaros Laserscanner 

Figure 4 shows that there are four categories of accidents identified which represent the majority of 
the accidents. 

Frontal crash related accidents can be considered types 1, 2 and 4 with a total share of 32%. These 
accidents can be avoided or at least partially mitigated by a pre-crash system. Therefore, pre-crash 
safety is selected as one of the applications determined to be developed for the passenger car 
demonstrator. 

The second group is related to intersections and junctions. Accident category 5 belongs to this group, 
accounting for approximately 20% of the accidents. 

The third group of accidents involve pedestrians. With a total share of 18% of all accidents, the need 
for a pedestrian protection system for the passenger car demonstrator is obvious. 

The fourth group of accidents is related to running off the roadbed. These are the categories 8 and 9 
with a total share of 24% of all accidents. To handle these types of accidents, applications similar to 
lane departure warning (LDW) are required. The MiniFaros Laserscanner will not be able to be used 
for lane monitoring. These types of accidents are therefore beyond the scope of this project. 



Deliverable 1.2 Dissemination Level (PU) 
MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page 7 of 92 

The scenario types in Figure 4 are summarised in Table 1, together with possible assistance systems 
to prevent the addressed accident type. Potential for the MiniFaros Laserscanner in relevant 
assistance systems is indicated in the last column based on preliminary performance. In total about 
54–74% of the accidents can be addressed with an ADAS application using measurement data from a 
MiniFaros Laserscanner. 

Table 1 Accident types for cars. Possible driver assistance systems and potential for MiniFaros 
Laserscanner. 
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3.3 Accident review for trucks 

 

Figure 5 Accident types of serious or fatal accidents for heavy trucks [29][30]. 

In order to find relevant scenarios for the MiniFaros Laserscanner, a more detailed analysis of 
accidents with heavy vehicles was evaluated. An analysis from [12] and investigations by [13] have 
been used for this review. Figure 4 shows the distribution of different accident types from these 
studies. 

The detailed description of all listed accident types is given in D3.1 [4]. 

Statistics from [9] and [10] show that large trucks accounted for 8% of the vehicles in fatal crashes, 
but only 2% of the vehicles involved in injury crashes and 4% of the vehicles involved in property-
damage-only crashes. Of the 4,066 large trucks involved in fatal crashes, 74% were combination 
trucks. 

Addressed truck accident types by MiniFaros Laserscanner 

The heavy truck accident analysis shows that there are three categories of accidents that represent 
most of the accidents shown in Figure 5. 

Frontal crash related accidents are the major accident types, covering in total 37% of all serious or 
fatal accidents (type 2 and 3 in Figure 5). To decrease the number or the severity of these types of 
accidents, forward collision warning systems (FCW), automatic emergency braking (AEB), or other 
pre-crash applications could be beneficial. The pre-crash applications could be preparing the vehicle 
for a collision by deploying airbags or by pre-tensioning the seatbelts if the accident is unavoidable. 
Applications for this are developed in [21]. Other applications that could be of help are adaptive 
cruise control (ACC) and Stop and Go (S&G). All these applications could be realised the MiniFaros 
Laserscanner. 

A second accident type is the collision with vulnerable road users (VRU), involved in 24% of all 
accidents. These accidents are often attributed to a limited vision for the driver due to large blind 
spot areas of a truck. By monitoring the environment close to the truck by sensors the number of this 
type of accidents could be decreased. Applications for VRU monitoring and warnings like blind spot 
detection could also be possible using the MiniFaros Laserscanner. 
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The third main accident type concerns conflicts at intersections and crossing traffic with a share of 
18% of all accidents. 

The scenario types in Figure 5 are summarised in Table 2, together with possible assistance systems 
suitable for the avoidance of the corresponding accident type. Potential for the MiniFaros 
Laserscanner in relevant assistance systems is indicated in the last column based on preliminary 
performance. In total, about 64% to 82% of the accidents can be addressed with assistance systems 
that incorporate a MiniFaros Laserscanner. 

Table 2 Accident types for trucks. Possible driver assistance systems and potential for MiniFaros 
Laserscanner. 
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3.4 Accident review for frontal collision 
The major type of accident is frontal collision. The majority of all accidents happen with at least one 
vehicle being hit frontally. This vehicle is considered to be the case vehicle (CV). The selected 
scenarios describe the most frequent types of frontal crash accidents. Accidents occurring at 
junctions when one vehicle is turning and crashes into second vehicle driving straight are not 
considered here. The distribution of different accident types for frontal collisions is shown in Table 3. 

Table 3 Distribution of frontal crashes [11]. 

 

The initial speed of the case vehicle (CV) in the accident types in Table 3 are shown in Figure 6. 

 

Figure 6 Initial speed of vehicles for frontal collisions [28]. 

Type I & III & IV (76%)

90%    95%    98%
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As shown in Figure 6, 90% of accidents of type I, III, and IV (76% of all frontal crashes) occur at speeds 
below 40 km/h. It is important to realise that for type I and type II accidents, the initial speed of the 
CV is not the actual impact speed. For type I accidents, when two cars are hitting frontally, the crash 
speed is the sum of both vehicle speeds. For type II, on the contrary, it is the difference of these 
speeds. Actual relative speeds of accidents are not available and depend on how much the drivers 
are able to brake prior to the impact. 

Addressed accident types by MiniFaros Laserscanner for frontal crash 

Table 4 Detection distance for frontal crash warning applications. 

 

Table 4 shows the resulting range of the Laserscanner in dependence of the host-vehicle’s and the 
opponent vehicle initial speeds for a warning application. All initial speed pairs requiring a detection 
distance of 80 m or less are marked in green while all pairs requiring 84 m to 98 m are marked in 
yellow. A detection range of 74 m is sufficient for the Laserscanner as 90% of all type I, II, IV accidents 
– which represent 76% of all frontal crash accidents – could be avoided. In addition, the pre-crash 
system would still mitigate the consequences of accidents with significantly higher initial velocities, 
especially if an automatic emergency braking system is deployed. 

Table 5 Detection distance for frontal crash intervention applications. 

 

Table 5 lists the resulting range of the Laserscanner in dependence of the host vehicle’s and POV’s 
initial speeds for a pre-crash application. The required range to address 90% of the type I, II, and IV 
accidents is 30 m.  

velocity [kph] 10 20 30 40 50 60 70

10 15 23 30 38 46 54 61

20 24 32 41 49 58 66 75

30 34 43 52 61 71 80 89

40 44 54 64 74 84 94 104

50 55 66 77 88 98 109 120

60 67 79 90 102 113 125 137

70 80 92 105 117 129 142 154

h
o

st
 v

eh
ic

le

required detection distance
opponent vehicle

velocity [kph] 10 20 30 40 50 60 70

10 4 6 8 10 13 15 17

20 7 10 13 16 19 22 25

30 11 15 19 22 26 30 34

40 16 21 25 30 34 39 43

50 22 27 32 38 43 48 53

60 28 34 40 46 52 58 64

70 35 42 49 56 63 69 76

h
o

st
 v

eh
ic

le

required detection distance
opponent vehicleIntervention 

 

 

 

Warning 
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3.5 Accident review for pedestrians 
As shown in the previous sections, pedestrians are exposed road user for accidents in Europe. In this 
paragraph, a summary of the outcomes elaborated from different database investigations on 
accidents with pedestrians is presented.  

According to GIDAS [28], 97% of all accidents with pedestrians occur in urban areas and three main 
groups of pedestrian accidents can be identified as depicted in Table 6. 

Table 6 Distribution of pedestrian accidents [28]. 

 
The majority of accidents is clustered in type II (88.9% of all pedestrian related accidents). As can be 
seen in Figure 7 (linked to Table 6), 80% of type II accidents happen with a speed below 50 km/h. 

Regarding environmental factors, the investigation in [19] and subproject [21] identified that most of 
the accidents (68%) occurred during daylight hours. A large portion of the remainder (17%) occurred 
on unlit roads at night and further 8% happened on dark roads with streetlights. Visibility was 
reduced by fog, mist, or heavy rain in 7% of the cases. 67% of the accidents occurred on dry roads, 
31% on wet roads, and 2% on icy, slippery, or snow covered roads. 
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Figure 7 Initial speed of vehicles for pedestrian collisions [11]. 

Addressed pedestrian accident types by MiniFaros Laserscanner  

Table 7 Detection distance for pedestrian warning applications. 

 

The required range of the Laserscanner for warning applications based on the initial speed of the 
host vehicle is shown in the Table 7. For velocities below 40 km/h (50km/h), the required range of 
the Laserscanner is about 34 m (44 m), thus 55% (80%) of the type II accidents – which represent 
89% of all pedestrian accidents – are addressed. 

Table 8 Detection distance for pedestrian intervention applications. 

 

Since pedestrians can stop or change the direction of movement more or less instantly, pedestrian 
warning applications might introduce a high number of false alarms. Thus, applications to mitigate 
the consequences of a crash such as an active hood or outside airbags are preferred. The required 
range for pedestrian collision mitigation is shown in Table 8. For velocities of up to 40 km/h 
(50 km/h), the required range of the Laserscanner is about 12 m (17 m), thus 55% (80%) of the type II 
accidents are addressed. 

10 20 30 40 50 60 70 80 90 100

Detection range [m] 7 15 24 34 44 56 68 80 94 108

host-vehicle speed [km/h]

required sensor range

10 20 30 40 50 60 70 80 90 100

Detection range [m] 2 4 8 12 17 22 29 36 44 52

required sensor range
host-vehicle speed [km/h]

Warning 

Intervention 
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3.6 User needs 
Considering the user needs on the MiniFaros Laserscanner, two demands are addressed. 

Needs of the road user – The road user is actually the customer, who will purchase the system at the 
end. Its demands are mainly oriented on the price-to-application-ratio. 

Needs from the industrial user – The developed sensor has to fulfil certain characteristics to be easily 
adopted into the automotive sector. These characteristics include electrical and mechanical 
properties, which will be described in the sensor requirements in Section 3.7. 

Results from road user survey on ADAS 

The following figures demonstrate how people reacted on presented ADAS applications before and 
after the actual market price was introduced to them. The actual market price in 2006 and the price 
considered by the users as a “good value” is part of Figure 8. 

 

Figure 8 Comparison of market price and customers ideas of price, [14]. 

From above mentioned figures and by considering only the applications suitable for a Laserscanner, 
several conclusions can be made. For instance, the ACC system is analysed in more detail. According 
to Figure 8, there was a great initial interest in ACC technology even in the segment of small size 
vehicles. Unfortunately, after the market price was presented to the persons questioned, the initial 
interest of 22% dropped to 11%. Figure 9 shows the reason for it. The “good value” estimated by the 
potential customers did not even reach the half the market price. This means that, for a market 
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penetration of 22% for the ACC system in the small size vehicle segment, the market price would 
have to drop to approximately 500 €. 

Unfortunately, this would not even cover the car producer’s expenses for only buying and 
implementing the required sensor technology into vehicles in 2006. It is also necessary to note that 
the “good value” price in Figure 8 was estimated by the survey participants, who were willing to 
purchase the system even before the market price was presented to them. According to the results 
of the AUTOTECH survey, the “good value” price estimated by the questioned persons who were not 
willing to purchase the system before the market price introduction is about 100 € lower. This makes 
the attempts to penetrate the small size vehicle segment by ACC systems even more difficult. 

Attempting to identify the best ADAS applications suitable for a cheap Laserscanner, two of them are 
showing a greater potential than the others. According to Figure 9, the initial value of a pedestrian 
protection system and a pre-crash/radar enabled collision warning system increased even after the 
market price was introduced to the questioned persons. With the cheap technology of environment 
sensing, the estimated market price addressed in the AUTOTECH survey could be achievable and thus 
it seems that the customer’s satisfaction and producer’s business intention would meet in these two 
applications. 

 

Figure 9 ADAS – user interest in targeted size vehicle segments [14]. 
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3.7 Sensor requirements 
The MiniFaros Laserscanner is prepared for the use in automotive safety and comfort applications. 
Table 9 lists the functional requirements for safety and comfort applications and indicates the 
potential for the MiniFaros Laserscanner. 

Table 9 Functional requirements for safety and comfort applications. 

 
In summary of Table 9, the main requirements on the MiniFaros Laserscanner are: 

 Range: 0.5 m to 80 m on cars 

0.5 m to 40 m on pedestrians 

 Field of view: 250 degrees 

 Update frequency: 25 Hz 

 Range accuracy: 0.1 m 

 Angular accuracy: 0.25 degree 

Sensor output requirements  

The sensor output should include the following: 

 Object track parameters, such as: ID, position, measurement, confidence, timestamp, 
velocity, tracking life time, hidden status, 

 Object classification, such as: pedestrian, car, truck, motorcycle, cyclist, unclassified (for 
other objects such as stationary objects). 

Please see deliverable D3.1 [4] for a detailed discussion with regard to non-functional requirements, 
general requirements, operational and environmental conditions, material requirements, vibration 
requirements, requirements for wiring and contact pins, and electrical requirements. 
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Functional requirements for  an Infrastructure Laserscanner  

INTERSAFE-2 performed a requirement analysis for infrastructure sensors at intersections, which are 
the predominant areas to be observed by such sensor systems. The information gathered by the 
infrastructure Laserscanner might be sent to the surrounding vehicles via V2I communication to 
enable a warning of drivers in proximity or to display warnings at the roadside. 

Infrastructure-based sensors shall be designed to deliver information from selected directions, lanes 
or corners. As the positioning of the sensors will remain fixed throughout the entire life time of the 
system, each particular case needs careful consideration in advance. 

The infrastructure will pre-process the data before transmitting it to the vehicle. The pre-processing 
comprises filtering and possible fusion for increasing robustness and reliability of object detection. 
Moreover, the system removes redundant data and transmits only unique object detection results to 
the vehicle system. 

Please see deliverable D3.1 [4] for a detailed discussion with regard to object detection and 
measurements, estimation of needed coverage area, data acquisition rate, and practical limitations. 
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4 Specification and Architecture 

4.1 System specification 
The present chapter specifies both the in-vehicle and infrastructure systems with respect to 
architecture and deployed components. 

4.1.1 Vehicle system architecture 

The general system architecture for the demonstrator vehicles is shown in Figure 10 and illustrates 
the basic components and the information flow between them. 

 

 

Figure 10 Demonstrator system architecture. 

The MiniFaros Laserscanner provides raw contour points data to the tracking and classification, 
where contour points belonging to the same object are filtered, tracked and classified as a single 
object, such as a car, a pedestrian or a small object. A number of object tracks are generated from 
the applications. In order to do that, they receives host vehicle driving data, such as speed and yaw 
rate via vehicle system interfaces for a good understanding of the host vehicle movement. 

The applications process both vehicle driving data and object track data and then trigger suitable 
HMI display warnings and acoustic warning sounds, if necessary. In the case of the truck 
demonstrator, they also activate actuator control, such as longitudinal control, auto braking, and 
ignoring acceleration pedal. 

4.1.2 Vehicle system components 

 MiniFaros Laserscanner 

The MiniFaros Laserscanner provides the perception of the environment in front of the host 

vehicle as well as on the right side blind spot as a result of the large field of view. This 

coverage is required by the applications. The output of this component is raw measurement 

data of detected contour points. 

 Tracking and classification 

Tracking and classification receives both the data of contour points and host vehicle driving 

data. It filters and tracks object data and output object tracks with additional information, 

such as relative longitudinal and lateral position, relative velocity and acceleration, and type 

of object.  

 Applications 

For the Volvo truck demonstrator, three applications are specified: Start Inhibit Application 

(SIA), ACC Stop & Go (ACC S&G) and Right Turn Assistance Application (RTA). SIA will prevent 

the driver from taking off from stationary when there are road users or other objects present 

close in front of the vehicle. The system actually prevents the vehicle from accelerating via 

actuator control. ACC S&G will handle acceleration and braking to keep the vehicle at a safe 
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distance to other vehicles in front. This will be possible for low speeds and in dense traffic 

down to a full stop of the vehicle. The target vehicle to follow is selected in the application 

component and is fed to the actuator control. RTA focuses on accidents with vulnerable road 

users such as cyclists and pedestrians in a right turn scenario. Pedestrians crossing the road 

while the case vehicle is turning should be detected to avoid a crash in front of the vehicle. 

Also VRUs at the right side close to the case vehicle should be detected to avoid a crash when 

the truck moves laterally to the right during the turn. Both areas may contain blind spots and 

are out of direct view for the driver. 

For the ŠKODA demonstrator, also three applications are specified: Safe Distance Application 

(SDA), Pedestrian Protection Application (PPA) and Pre-crash Application (PCA). SDA is 

intended to support the driver in keeping a velocity-dependent safe distance to the next 

vehicle ahead. PPA is aimed at avoiding collisions with pedestrians by warning the driver or 

the mitigation of consequences for pedestrians being hit by passenger cars or trucks. PCA is 

designed to warn about imminent collisions with solid objects and to open the possibility of 

mitigating the consequences of the impact. 

 HMI concept 

The HMI concepts for the three applications are integrated in the same layout shown on a 

small display screen for each of the demonstrators. This display is used to show warning 

messages to the driver. Warnings may also be accompanied by acoustic warning sounds. 

 Vehicle system interfaces 

Vehicle system interfaces is the gateway to the CAN buses of the vehicle. It accesses host 

vehicle driving data, which is required for the tracking and classification as well as for the 

applications. In case of the truck demonstrator, it additionally propagates acceleration 

requests to the actuators, such as the engine and brake unit. 

 Actuator control (truck demonstrator only) 

Actuator control receives target vehicle data from application and host vehicle driving data 

and sends acceleration requests to the actuators via vehicle system interface. 

4.1.3 Infrastructure system architecture 

The infrastructure system is used as proof of concept, demonstrating the potential of the MiniFaros 
Laserscanner to provide information about the road users via I2V communication for cooperative 
safety applications. Consequently, no applications will be developed or demonstrated for this system. 

The infrastructure system architecture is depicted in Figure 11. The Laserscanner raw data is sent to a 
sensor specific pre-processing system, performing raw data analysis such as rain and dirt detection. 
The subsequent ground detection marks all measurements representing a flat surface, e.g. the 
pavement and sidewalk.  

After these processing steps, which are performed on the raw data of each sensor separately, the 
data of all connected sensors is fused. In order to minimise processing time, the data is reduced to 
predefined regions of interest. This step is performed by the background elimination which feeds the 
resulting data into the detection, tracking and classification algorithms. These algorithms were 
initially specified and developed in the EC funded project INTERSAFE-2. The software is adapted to 
the needs of MiniFaros. 

In contrast to the in-vehicle system, no applications will make use of the resulting dynamic objects in 
the infrastructure system itself. For demonstration purposes, this data is broadcasted e.g. to vehicles 
in the road unit’s vicinity, other road side units or traffic management units via wireless 
communication. 
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Figure 11 Generic infrastructure-based system showing hierarchical architecture of the sensor, the 
perception and the interface layer. 

The proposed hardware architecture is shown in Figure 11. It consists of one or more MiniFaros 
Laserscanners connected to a data processing ECU via Ethernet. The processing ECU, hosting the 
Perception Layer algorithms sends the dynamic object data via Ethernet to a wireless communication 
unit. 

 

Figure 12 Hardware architecture of a generic infrastructure system. 

4.1.4 Infrastructure system components 

MiniFaros Laserscanner 

As the MiniFaros Laserscanner is the key component, the specifications are presented in the 
following dedicated Section 4.2. 
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Data processing ECU and communication unit 

The data processing ECU shall be an embedded PC-like system, capable of performing the required 
data processing steps at the pace of the scanning frequency. The ECU used for demonstration 
purposes is a PlugIn PICE 3110, depicted in Figure 13. 

 

Figure 13 Data processing unit for the infrastructure system (PlugIn PICE 3110). 

Infrastructure system interfaces  

The infrastructure system has three interfaces: 

 Sensor to ECU: Ethernet, as specified for the in-vehicle system 

 ECU to Wi-Fi Communication Unit Ethernet, as specified for the in-vehicle system 

 Wi-Fi Communication Unit As specified in INTERSAFE-2 

4.2 Sensor specification 
This section describes the specifications for the MiniFaros Laserscanner in detail based on the 
addressed scenarios and applications deduced by the automotive manufacturers among the 
MiniFaros consortium. All components and the interfaces between them are described and specified 
in detail. 

4.2.1 Laserscanner composition overview 

The subsequent Figure 14 shows the principle optical designs of the MiniFaros Laserscanner based on 
two alternative optical concepts: (i) a biaxial and (ii) a coaxial optical concept.  

The (i) biaxial optical concept requires two different omnidirectional lenses (Figure 14, left). As a 
major feature this setup promises good decoupling capabilities between the transmitter and receiver 
path to minimise optical crosstalk to enhance the Laserscanner performance. The major drawbacks 
are a high size ratio and very challenging adjustment requirements in the optical path. The long term 
stability of these adjustments is assumed to be critical. 

The (ii) coaxial optical concept opens the chance to design an even more compact Laserscanner, 
since it uses the same omnidirectional lens for the transmitting and receiving path. The adjustment 
accuracy and long term stability are clearly relaxed. That is why this system appears much more 
feasible, in particular considering mass production. On the other hand, the common transmitter and 
receiver path increase the risk of optical crosstalk due to stray light and bulk scattering effects in the 
optical path considerably. 

In principle, the given sensor specification is valid for both optical concepts. At those points where a 
differentiation is necessary, the specification parameters are individualised accordingly. 
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Figure 14 Proposed design concepts. A biaxial system with separate sender and receiver (left). A coaxial 
system based on a single shared lens (right). 

4.2.2 Functional Laserscanner specification 

This section specifies the more general aspects of the Laserscanner. The last columns in the tables 
typically refer to the requirements as described by the OEMs in the deliverable D3.1 [4]. Other 
origins like continuative calculations, simulations and results of discussions are referenced as well. 

General parameters 

The following provides a list of parameters, which describe the more general parameters of the 
Laserscanner: manufacturing costs, minimum measurement range, minimum remission of target, 
maximum measurement distance, required remission of target for maximum measurement range 
(complete spot area), dimensions of one rear light, remission of rear light, minimum received power 
from target on photo detector (required), field of view, angular resolution, planarity of scan plane, 
tilting angle of Laserscanner scan plane max., diameter of laser spot, laser spot divergence, receiver 
spot divergence, spot overlap from pulse to pulse, distance accuracy, distance resolution, multi-echo 
detection, walk-error compensation method, detection rate, Laser wavelength, mounting positions in 
vehicle, mounting height above ground, reverse polarity applied, over- or under-voltage detection, 
recognition capabilities, warning escalation steps, view into the sun. 

A detailed description is provided in D4.1 [5]. 

Environmental conditions 

Some of the most demanding requirements originate from the environmental conditions the 
Laserscanner has to withstand: operating temperature range, storage temperature range, ambient 
light, weather conditions, vibrations, shock pulse of 500 m/s2 in 6 ms. 

Mechanics 

The following provide a list of mechanical parameters: mechanical size, weight of sensor, sealing 
against dust and water, equipment housing, robustness against expected vibrations and shock, parts 
in the vehicle interior, forces from fastening elements, appearance of all visible parts in the installed 
condition, disturbing sound, adjustment of optical components and modules, replaceability of defect 
parts, mounting height above ground, tilting angle of Laserscanner scan plane, adjustment with 
respect to car, mounting plate and screws. 

 

 

APD

receiver lens

MEMS mirror

sender lens

laser diode

laser diode

lens

biaxial configuration coaxial configuration



Deliverable 1.2 Dissemination Level (PU) 
MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page 23 of 92 

Electrics 

The following provides a list of electrical parameters: supply voltage, power consumption, current 
consumption off-state, detection of mechanical shocks, lead-free soldering according RoHS, back-up 
capacity at all memory types used and computing power, software watchdog, hardware watchdog, 
CAN2.0 interface (1 Mbit/s, 500 kBit/s), minimum time “Ignition ON” for correct operation, change 
from “Ignition OFF” to state “Ignition ON”, reverse polarity applied, over- or under-voltage detection, 
reverse polarity applied, protection class, cable length to external processing unit, connectors, 
disable and completely disconnect prototype sensor from function and CAN bus, data connection via 
CAN (terminated), Ethernet data transfer, all electrical outputs, requirements for wiring and contact 
pins. 

Software 

The following provides a list of software parameters: software watchdog, cyclic RAM, ROM and 
EEPROM check, power-on consistency check, cyclic consistency check, detection of de-adjustment 
after shock, recognition capabilities, timestamp for measurement data, sort sequence of measured 
data , buffer for measured data of all cycles within a scan, system watch/system time. 

Optics 

The following provides a list of optical parameters: divergence transmitter, receiver spot divergence, 
definition ambient light, planarity of scan plane, reference path, reference target internal 

Standards 

In addition optical, electrical, mechanical and automotive standards are met. 

4.2.3 Laserscanner architecture 

The following block diagram illustrates the basic functional blocks and the interconnections between 
them for the biaxial optical concept with motorised mirror. The optical interfaces are marked with 
red arrows, the electrical ones with black arrows. 

As depicted in Figure 15, a measurement is initiated by a Laser trigger-signal feeding the laser diode 
(top left corner of the diagram) which emits a single laser pulse (and also generates a start pulse-
signal) through the Omnidirectional lens (transmitter side) onto the mirror (centre, left side). Caused 
by the mirror deflection, the laser pulse is reflected back through the omnidirectional lens 
(transmitter side), but now guided out of the Laserscanner housing. In case the laser pulse hits an 
object, a very small portion of the laser pulse’s energy is reflected back towards the Laserscanner, 
into the receiver lens (omnidirectional lens, receiver side). This lens guides the received pulse onto 
the back side of the mirror which reflects it into the APD-Detector (lower left corner). The signal, 
generated by the APD as well as the start pulse is fed into the time-to-digital converter which derives 
the measurement (object distance) as well as information on the pulse width. This data is processed 
within the system controller and accessible via the Laserscanner interface (right hand side). 

In order to achieve a scanning behaviour, the mirror rotates and deflects subsequent laser pulses 
into different directions. The required orientation is controlled by the Codewheel Encoder and State 
Machine. The latter is also the source of the Laser trigger signal, initiating the measurement. 
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Figure 15 Laserscanner architecture block diagram (Biaxial concept with motorised mirror). 
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4.2.4 Components of the Laserscanner 

 

Figure 16 Biaxial MiniFaros Laserscanner with the major deployed components and partner 
responsibilities. 

The individual components of the MiniFaros Laserscanner are described in detail in D6.2 [14]. 
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5 Key technologies 

The key technologies developed in MiniFaros provide a number of significant innovations in the field 
of Laserscanner technology. 

There is a trade-off between flexibility on the one hand and costs and optimised size in a 
predevelopment phase like MiniFaros. Thus, the consortium planned to develop a prototype with 
reasonable dimensions and to provide a design study (please see Annex 1), which discusses the 
miniaturisation potential in future series development. A possible design is illustrated in Figure 17. 

 

Figure 17 Design of a miniaturised Laserscanner with the dimensions of 53 x 60 x 60 mm (without 
electronics). 

5.1 Optics and MEMS mirror 
To reach the goals of MiniFaros to develop a generic Laserscanner that serves many different ADAS 
applications an optical concept based on the combination of an omnidirectional lens and a scanning 
MEMS mirror was developed. Low cost mass producibility was one of the most important reasons for 
the use of a micromechanical beam deflection system. The optical concept of the Laserscanner is 
illustrated in Figure 18. The divergent exit beam of a fibre coupled NIR pulse laser diode is collimated 
and then directed on a large MEMS mirror which reflects and scans the beam on a circular trajectory 
along the input facet of an omnidirectional lens. After passing several internal beam forming 
reflections, the laser beam exits the omnidirectional lens in horizontal direction. This arrangement 
allows scanning the beam in a horizontal plane of up to 360 degrees. When the emitted pulse hits a 
target, the laser pulse is partially reflected back and enters the omnidirectional lens again. The MEMS 
mirror then reflects the return pulse to an avalanche photodiode.  

Two fundamentally different optical concepts were distinguished: A biaxial concept and a coaxial 
concept. In the biaxial system, the optical transmitter and receiver path are entirely decoupled, 
avoiding crosstalk. This configuration requires implementation of two different designs of 
omnidirectional lenses. The second system configuration, the coaxial concept, uses only a single 
omnidirectional lens shared by the transmitter and receiver path. Both optical paths use the same 
side of the MEMS mirror in a coaxial alignment. 
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These two optical concepts have their specific advantages and drawbacks. The biaxial Laserscanner is 
by nature less sensitive to stray light than the coaxial Laserscanner. Since the Laserscanners operate 
with a highly sensitive detector, crosstalk between the channels must be reduced as much as 
possible, in order to prevent saturation of the receiver. The biaxial Laserscanner however results in a 
larger size and is more complex with respect to alignment and the required alignment accuracy. 

 

    

MEMS mirror

Normal

30 deg Deflection

angle

Circular

scan

 

Figure 18 Laserscanner concept based on omnidirectional lens and circle scanning MEMS mirror (left). 
Circular scan trajectory produced by the biaxial MEMS mirror (right). 

5.1.1 Omnidirectional Lens 

The omnidirectional lens is used to deflect the beam further, starting from the 30 degrees achieved 
by the MEMS mirror, up to 90 degrees to achieve a horizontal scan plane. 

Several restrictions regarding the optical design of the omnidirectional lenses were discovered during 
the project, most important of them being the effect of the cone mirror surface at the lens (see 
Figure 19). This surface will require the beam to be converging before striking it, otherwise it is not 
possible to get a collimated beam. The restriction has some repercussions on the overall design of 
the sensor, leading to a trade-off between small size and measurement range.  

 

Figure 19 Omnidirectional lens will always have a cone surface, and before hitting it, the rays must 
converge to provide collimated output. In the sketch above, the black arrow points to where this 
happens. 
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Lessons Learned 

The plastics material chosen for the omnidirectional lens, Zeonex E48R, showed considerable 
absorption by the lens at the laser wavelength of 905 nm. According to simulations, the Fresnel 
losses and the internal absorption reduce the transmission through the lens to about 75% per pass. 
However, in practice, it was noted that the transmitted amount of power was about 50%, which is 
attributed to scattering effects due to diamond turning, and perhaps more internal absorption. 
Because the manufacturers state the absorption at a thickness of 3 mm, extrapolating the absorption 
from this measurement data does not seem to be appropriate.  

In VTT’s transmission measurements (see Figure 20), the average transmission through a 3 mm block 
of Zeonex was measured to be about 89.8%, while the catalogue in ZEMAX lists this value to be about 
90.4%. This difference is significant for greater thicknesses. 

 

Figure 20 Transmission measurements with FTIR spectrometer through various Zeonex blanks. The purple 
curve at the bottom is the transmission curve through 3 mm of E48R. 

While Zeonex E48R is a quite perfect plastic from the optical point of view in the visible wavelength 
range and excellent mouldability, it suffers from a considerable internal absorption of near infrared 
wavelengths. After a brief survey, it was discovered that most of the typical optical plastic materials 
that are used by diamond turning companies exhibit the same behaviour. Of plastics, polycarbonate 
seems to be the most promising candidate due to slightly better transmission, but it suffers from 
other problems like water absorption. For near infrared wavelengths, optical glass provides the best 
transmission, and with good coatings, achieves about 95% transmission in a single pass. 

Diamond turning as a manufacturing technique for the prototype lenses was selected because of the 
significant lower costs for very small quantities. The surface finish of diamond turning typically shows 
a periodic structure within an amplitude of roughly 20 nm and period of roughly 5 µm. Unfortunately 
this surface structure acts as a diffractive grating, and causes considerable scattering inside the lens 
and severe power loss as the beam is split in several directions. 

Three batches of omnidirectional lenses were manufactured. The first batch showed a comparatively 
high surface roughness, which was corrected in the second batch. The final third batch was ordered 
according to the specifications of the second batch. The manufactured omnidirectional lenses were 
measured mechanically, and were found to be within the tolerance limit. Additionally, the surface 
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quality of the omnidirectional lenses were measured from several points, leading to an improvement 
in the second batch, which continued in the third batch. The surface quality of the omnidirectional 
lenses can be considered state of the art diamond turning, and cannot be improved with current 
manufacturing capabilities. 

For future developments with omnidirectional lenses, the consortium recommends injection 
moulded omnidirectional lenses that are superpolished. This should alleviate the scattering effect 
considerably and minimise the absorption in the near infrared wavelengths. Design rules for future 
series production can be found in Annex 2. 

5.1.2 MEMS mirror 

Existing scanning LIDAR systems use bulky servo motors for the rotation of a large aperture scanning 
mirror making it difficult to demonstrate the required sensor dimensions and sensor costs for a series 
automotive product. This section describes the concept, the design, the fabrication and the 
characterisation of a low cost two-axis MEMS scanning mirror that aims at replacing the bulky and 
expensive conventional Laserscanner in an automotive LIDAR sensor application. 

MEMS Mirror Requirements 

1. The target measurement range requires a 
large mirror aperture size 

7 mm 

2. The target scan trajectory of the MEMS 
mirror is a circle 

two axes of identical frequency 

3. To enable a small size of the overall sensor, a 
large scan angle is required 

±15 degrees 

4. Synchronisation of MEMS mirror and sensor 
orientation requires 

2D-position feedback 

5. Protection against particle contamination 
and moisture requires 

hermetic packaging 

MEMS Mirror design and suspension concept  

The standard design to allow a MEMS mirror to deflect a laser beam along two perpendicular axes is 
a gimbal mounted mirror. But the optical concept of the targeted low-cost LIDAR sensor requires a 
circular scan trajectory and the MEMS mirror has to provide two perpendicular scan axes that have 
identical scan frequency. Practically, this is extremely difficult to achieve using a gimbal mounted 
mirror design. For this reason, a completely different design was chosen which eliminates the need 
for an outer gimbal frame. Instead of suspending the mirror by two torsional beams, the mirror plate 
is attached to three long and circular bending beams (see Figure 3). This allows achieving an 
advantageous ratio of mirror diameter and chip size which is an important factor for a low cost 
Laserscanner. Due to considerably lower total mass compared to a gimbal mirror design, such a 
tripod design exhibits higher robustness. Finite element analysis (FEA) has shown that mechanical 
stress in the bending beams can be kept sufficiently low to enable the required tilt angle of 
±15 degrees. Regardless of the three beams spatially separated by angles of 120 degrees the mirror 
builds two perpendicular tilt axes (two eigenmodes) that have almost identical resonant frequencies. 
In comparison with a gimbal mounted mirror design, the tripod approach shows a considerably lower 
number of parasitic eigenmodes. To enable a sufficiently flat mirror even at high acceleration the 
mirror plate needs to have a 10 times larger thickness than the bending beams. This was considered 
in the fabrication process and in the photomask layout. Mass moment of inertia and stiffness of the 
bending beams determine the resonant frequency of the MEMS mirror. FEA predicted two 
eigenmodes around 600 Hz which means that the MEMS mirror was expected to scan 600 circles per 
second. 
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Actuation concept 

Electrostatic actuation based on stacked vertical comb drives was chosen. Such comb drives are 
easily integrable in the MEMS design, but in order to achieve the large required tilt angles of such a 
large mirror, the required actuation energy can only be achieved by effective reduction of energy 
damping losses. Therefore, a wafer level based hermetic vacuum packaging process of the MEMS 
mirror was conceived to be applied. 

 

 

Figure 21 Biaxial MEMS mirror design based on a tripod suspension. Stiffening structures underneath the 
mirror plate can be used to increase the flatness of the mirror even at high acceleration. 

    

Figure 22 FEM modal analysis of the 7 mm tripod MEMS mirror. The tilting modes of the two 
perpendicular axes both are at approximately 600 Hz. 
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MEMS Mirror Fabrication 

The electrostatically driven scanning micromirrors were fabricated on 8 inch silicon wafer substrates. 
Two 40 µm thick polysilicon device layers were produced on top of a thermally oxidised silicon 
substrate applying epitaxial deposition. Each deposition step was followed by chemical mechanical 
polishing (CMP). Embedded between these two polysilicon device layers, there is a double silicon 
oxide layer that on one hand serves as a buried oxide hardmask during etching and on the other 
hand is needed to electrically isolate a thin polysilicon interconnection layer that is embedded 
between these two layers of silicon oxide.  

Patterning of the interconnection layer was performed before deposition of the second oxide layer. 
The buried oxide hard mask was patterned before deposition of the second 40 µm polysilicon device 
layer applying photolithography and dry-etching. Depending on the photomask layout, this etching of 
the oxide layer either stops at the lower polysilicon device layer or at the buried polysilicon 
interconnection layer. This is an important feature for the subsequent 3D-etching of stacked vertical 
comb drive electrodes and furthermore, this is also important for getting a high flexibility in 
supplying different actuator regions with different electrical potentials. After deposition and CMP of 
the second thick polysilicon device layer, a titanium-silver stack was sputtered on top and wet-
chemically patterned to serve as high reflective mirror coating (Figure 23a). The front side structuring 
was finished by a DRIE etching process that defines the upper and lower comb electrodes, the mirror 
geometry as well as the bending beam suspensions. This patterning step used a combination of a 
photoresist mask and the buried oxide hard mask described before.  

After turning the wafer, a further DRIE step etched and removed the parts of the silicon substrate 
underneath the MEMS actuator. The remaining thermal oxide layer was removed by HF vapour 
phase etching, which finally released the MEMS devices (Figure 23b). This process offers large design 
flexibility. Besides the creation of stacked comb electrodes, suspensions can be produced either with 
a thickness of 40 µm or 80 µm. The process offers the fabrication of an 80 µm thick mirror plate free 
of stress inducing oxide layers while for other areas the two polysilicon layers remain vertically 
isolated by an intermediate oxide. 

In addition to vertical isolation, an arbitrary number of laterally isolated areas such as driving or 
sensing electrodes can simply be produced by trench etching of the upper polysilicon layer. Each 
isolated area can be addressed by wires built in the buried interconnection layer. Depending only on 
the photomask layout, the reverse side etch can be used to provide 500 micron thick reinforcement 
structures underneath the mirror to enable mirror sizes of several  millimetres with low dynamic 
deformation. The micromirror fabrication process and the mirror layout were chosen in such way 
that the mirror actuator is always surrounded by a closed frame of polished polysilicon without any 
further topography. By doing so, standard wafer bonding technologies like anodic bonding, glass-frit 
bonding or eutectic bonding can be applied to hermetically seal the microstructures.  

In the first step of the wafer level vacuum packaging process, a borosilicate glass wafer having 
1.6 mm deep cavities was bonded to the front side of the MEMS wafer applying glass-frit bonding. 
Perfect flatness and minimum roughness of the optical windows in the glass wafer was achieved by a 
patented glass moulding process. Thereafter, a second glass wafer with 1.6 mm deep cavities was 
bonded to the reverse side of the MEMS tripod mirror wafer. This second glass wafer was coated 
with a thin structured titanium getter layer to enable permanent cavity pressure levels below 1 Pa 
after thermal getter activation (Figure 23c). Figure 24 shows the results of fabricated and packaged 
tripod MEMS wafers. 



Deliverable 1.2 Dissemination Level (PU) 
MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page 32 of 92 

 

 

 

 

Figure 23 Fabrication process of the vacuum packaged MiniFaros tripod MEMS mirror. The cavity depth is 
1.6 mm above and underneath the MEMS mirror. Glass wafers of such geometry are being 
fabricated by a unique glass forming process. 
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Figure 24 Fabricated and wafer-level vacuum packaged tripod MEMS scanning mirrors. 

Driver electronics and functional test  

After separation of MEMS mirror wafers into chips, the MEMS mirror devices were glued on PCBs 
and wire bonded. The PCBs carry the 200 V pulse drive circuits and transimpedance amplifiers used 
for capacitive phase and position feedback (Figure 25). Dedicated software was developed and 
installed on a microcontroller for drive and control of the tripod MEMS mirror. According to the 
triangular arrangement of stacked vertical comb drives, the software provides three drive signals, 
each differing by a phase shift of 120 degrees. The single axis excitation and biaxial scanning 
capability of the biaxial tripod MiniFaros MEMS mirror has been successfully demonstrated (Figure 
26). The typical scan amplitude dependence on the excitation frequency is shown in Figure 27 for a 
design variant having a resonant frequency around 850 Hz. Figure 27 indicates a nonlinear spring 
stiffening behaviour. A Q-factor of 10,100 was measured based on the decay of the resonant MEMS 
mirror amplitude (Figure 28). 

 

Figure 25 MEMS mirror PCB with implemented driver and sensor circuits. 
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MEMS  

control 
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Figure 26 Single axis excitation and biaxial excitation of the resonant MiniFaros MEMS mirror. 

 

Figure 27 Scan amplitude of the MEMS mirror as function of excitation frequency. 

 

 

Figure 28 Decay of the resonance amplitude was used to determine the Q-factor of 10,100. 

While biaxial circle scanning capability was demonstrated, the developed MiniFaros MEMS mirror 
has so far not shown the required large target tilt angle of ±15 degrees. The major reason for this is 
that the achieved vacuum is not stable. A few days after the successful packaging process, the 
initially low damping increases, most probably because of desorption of water vapour from glass 
surfaces and bond interfaces. 
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5.1.3 Other Components in the Optical Path 

Optical Reference Path 

The optical reference path is a connection between the transmitter and the receiver that provides 
information on what signal level is defined as “close”. This is important, because due to varying 
temperature, the avalanche photodiode working point might start to move, and thus may provide 
incorrect distance information, although this error is typically in the order of centimetres. 
Nevertheless, this reference path was implemented in the mechanics with two taped aluminium 
reflectors, and the path was dampened with an OD3 filter, which drops the transmission through the 
part to about 1 per mille. The part containing the reference path is shown in Figure 29. 

 

Figure 29 The OD filter is placed in the hole in the middle, while the diagonal surfaces act as the mirrors 
connecting transmitter to receiver optics. 

Laser Diode Coupled to Optical Fibre 

The fibre coupler utilises typical fast axis slow axis collimation that is accomplished by two cylindrical 
lenses. The fibre coupler was designed to couple a 75 µm laser source to a 50 µm fibre. It is installed 
inside the existing Laser PCB, which lead to relatively stringent dimension restrictions. 

After the assembly, measurements showed that the fibre coupler does achieve 30 W output power, 
which is sufficient for the Laserscanner application. The notable exception from the design was that 
the anti-reflection coated 50 µm fibre was not used; instead, the non-coated version was installed. 
This is because due to the small diameter of the fibre, diffraction effects started to manifest, which 
lead to the result that the AR-coating did not perform as well as designed, and the non-coated 
version proved slightly better transmission. This means that the actual coupled power to the fibre 
was about 34 W. Figure 30 shows one of the assembled couplers. This component is described more 
in detail in the deliverable D6.1b [13]. 

 

Figure 30 Laser to fibre coupler. 
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5.2 Measurement and Control electronics 

PCB System Control  

The PCB System Control shown in Figure 31 is the digital heart of the MiniFaros Laserscanner. Here, 
the scans of the MiniFaros Laserscanner are subdivided into segments and all details of the 
measurement sequence are defined. During the scan, the measured distance and pulse width values 
are continuously collected, corrected, sorted and finally transferred to the external ECU via Ethernet. 

 

Figure 31 Bottom side (left) and top side (right) of the PCB System. 

PCB Interface 

The interface to the outside world is the place where most of the relevant protective elements are 
placed to suppress interferences like burst, surge, ESD or electromagnetic emission from the outside 
into the Laserscanner and vice versa. Figure 32 shows the top and the bottom side of this PCB. 

 

Figure 32 Bottom side (left) and top side (right) of the PCB Interface. 

PCB Laser 

The PCB Laser contains two very different functional blocks. The first block is the laser driver 
including the high power laser diode and the coupled fibre. The second block is the high efficiency 
power supply, which generates almost all supply voltages needed in the MiniFaros system. Figure 33 
shows the top side of this PCB including the fibre coupling. The bottom side of the PCB carries several 
DC/DC-converters, the laser driver and the interface circuitry. 

 

Figure 33 Top side of the PCB Laser. The housing contains the HV power supply, parts of the laser driver 
and the laser diode with the optical fibre. 
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PCB APD Receiver 

This PCB carries the measurement heart of the Laserscanner. At the same time, it is the most 
sensitive circuit of the whole Laserscanner. This is why it is shielded with metal covers to protect it 
against electro-magnetic interferences. Figure 34 shows a photograph of this PCB. 

The APD detects the incoming laser pulse, which was transmitted by the laser and reflected by the 
target. It converts the signal to an equivalent photo current and feeds it to the differential input of 
the receiver channel. The integrated transimpedance amplifier generates an equivalent voltage pulse 
out of it. A subsequent comparator compares the signal with a predefined adjustable reference 
voltage level. As soon as the signal over- or undershoots the reference level, it generates a 
comparable stop signal for the TDC. 

 

Figure 34 The avalanche photo diode (APD) is arranged on the bottom side of the PCB APD. All other 
components are placed on the top side. They are protected by a metal shielding cover (removed 
here). The PCB carries the receiver channel (REC) and the time-to-digital converter (TDC). 

Receiver Channel 

The receiver channel (REC) includes a pre-amplifier, a post-amplifier, a timing comparator and bias 
generators. An analogue output buffer is used for measuring noise, bandwidth and trans-impedance 
of the receiver channel. Figure 35 shows a photograph of the 1.6 mm x 1.6 mm receiver channel IC. 

 

Figure 35 Photograph of the receiver channel. 
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The time-to-digital converter (TDC) measures the time intervals between electrical timing pulses and 
converts the results to digital words. The TDC has two timing signal input channels (start and stop) 
and 7 measurement channels and thus can measure the time intervals from a start timing signal to 
3 succeeding stop signals. Additionally, it measures the pulse widths of the stop signals. At system 
level, the stop signal measurements correspond to the distances from the Laserscanner to the 
targets and the stop signal pulse width information can be used in timing walk error compensation. 
The layout of the TDC circuit is shown in Figure 36, the dimensions are 2.4 mm × 3.7 mm. 

 

Figure 36 Photograph of the TDC circuit. 

5.3 Mechanics 
The mechanics were designed and realised for both the biaxial and the coaxial concept. It turned out 
that mechanical tolerances and adjustability were the major challenges in the realisation of the 
sensor housing of the biaxial Laserscanner. The stability of the latest design is based on the precision 
frame inside the housing (shown in Figure 37). The size of the frame is driven by the diameter of the 
shielding pipe and dimensions of a hollow motor. The hollow motor containing double-sided 
traditional mirror is in the place of the MEMS mirror. That design was realised as a backup plan 
because the MEMS mirror was not available at the time of the assembly and delivery of the 
Laserscanners. 

The adjustment of the optical components was realised in series, one after the other, so that one 
component could be fixed before starting the adjustment of the next component. The most 
important adjustment, the vertical position of the omnidirectional lens, was done by rotation and the 
locking was realised with shim plates. The structure of the frame allows the high-precision 
adjustment of both transmitter and receiver channels. 
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Figure 37 Precision frame model for transmitter and receiver parts (left) and photograph after the 
assembly of the first lens (right). 

The precision frame is manufactured with very strict tolerances; leading to a fundamental 
0.07 degree uncertainty between the transmitter and receiver beams after all the adjustments are 
done. This is acceptable, as the receiver beam has a divergence of 1.7 degrees, while the divergence 
from a 50 µm transmitter fibre is within 0.45 degree. In this case, the transmitter beam will always be 
within the receiver field of view. 

In the centre of the biaxial Laserscanner, a double-sided mirror is used. This mirror provides the 
beam steering, and is assembled inside the hollow motor. This motor achieved rotation speeds of 
80 Hz, well above the specified 25 Hz scanning frequency. 

The sealing of the Laserscanner needs to fulfil the requirements of IP69K standard. After all the 
adjustments are done, the precision frame is sealed by adding top and bottom covers on it. The idea 
behind this construction is to have all the important optical components directly in the single part 
which can be adjusted separately. This design enables for relatively easy adding of the weather 
sealing, which can be done later, after the other components are adjusted. 

The sealing is realised by using an acrylic shielding pipe (see Figure 38). The sealing of the receiver 
and transmitter channels were done in two separated parts (i.e. one for each channel) in order to 
reduce cross-coupling caused by stray light. At the end, the sealing tubes were fixed using silicone. 
Waterproofness of the assembled sensors was tested by sinking the sensors into a water tank while 
the housing was pressured with air. In a real production, the sealing should be realised with O-rings 
and plane seals to lower manufacturing costs. 
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Figure 38 Instrument housing after sealing (left) and photograph of the sealing windows without the 
omnidirectional lenses (right). 

Figure 39 shows the adjustments mechanics of the both transmitter and receiver channels. The fibre 
and folding mirror can be seen in the transmitter side. The planarity of the scan plane and focus can 
be easily adjusted. 

  

Figure 39 Transmitter (left) and receiver (right) mechanics. 

Also the mechanics for the MEMS mirror was designed. Unfortunately, the MEMS mirror can be used 
only in the coaxial concept. Figure 40 shows the mounting mechanics for the MEMS mirror as well as 
the optomechanics for the optical tilt angle measurement system. 

 

Figure 40 Mechanics for MEMS mirror and its tilt angle measurement system. The MEMS mirror itself is 
shown at the very top as a grey tilted plate. 
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5.3.1 Motorised mirror 

Initially, the motorised mirror was planned just for calibration purposes. Since the MEMS mirror was 
not available in time, the motorised mirror was used as backup. In the final year of MiniFaros, the 
Laserscanner was redesigned to meet requirements with regard to robustness and overall optical 
performance. 

Figure 41 shows the cross-section of the motorised mirror together with the omnidirectional lenses. 
The mirror itself is inside the red part. A codewheel for the position information is shown in pink. 

 

Figure 41 Motorised mirror with both omnidirectional lenses. 

The double-sided mirror is custom made out of glass with metal coatings shown in the centre of 
Figure 42 in light yellow. The black part is a stator and the blue part is a rotor, which are both 
modified versions of a commercial off-the-shelf hollow motor. The grey part is the code wheel which 
is used for the synchronisation of the transmitter and receiver electronics. The surface quality of the 
mirror is λ/4 and the maximum tilt angle error between mirror and mounting surface is 0.01 degree. 

  

Figure 42 Cross-section of the motorised mirror. 

This kind of mechanics allows very compact realisation of the scanning mirror, with a rotation speed 
of around 80 Hz. The manufacturing is done using the tools that are feasible for mass production, 
too. The achieved mechanical tolerances are in the range of 5 µm. 
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5.4 Object Recognition 
The object recognition module concerns the processing of raw measurement data of the MiniFaros 
Laserscanner and the provision of its integrated high level data to the application layer. The object 
recognition algorithms comprise the core functionalities of the perception layer, constituting the 
intermediate layer between the Laserscanner and the applications, as depicted in the MiniFaros 
architecture diagram (Figure 11). 

Internal Architecture 

Object recognition processing includes four individual processing steps that take place internally. 
These are: (a) pre-processing, (b) segmentation, (c) tracking and (d) classification. Raw Laserscanner 
measurement data and vehicle state information is read and this data is processed in these four 
steps. Then a list of dynamic objects is provided to the application layer. Object recognition 
algorithms serve the MiniFaros’ set of demanding automotive safety applications, which are: 
pedestrian protection, pre-crash, safe distance, start inhibit, right turn assistance and stop and go. 
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Figure 43 Block diagram of object recognition system architecture. 

The generic concept of the object recognition processing is the following: After reading raw data, a 
clustering algorithm takes place. The output of this is a list of segments, which are omitted by means 
of a road borders estimation algorithm. Segments representing data of interest are selected as 
candidate measurements for the multi-object tracking algorithm that produces a tracked object list. 
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The confirmed tracked objects in turn pass to the classification module that assigns classification 
information to them. 

Data Clustering 

First, a data clustering algorithm is necessary as a first step to cluster the multiple data points into 
separate segments in order to extract the objects’ layout and to reduce the computational load of 
the next processing modules. 

In one scan, there are N successive measurements (P) depending on the Laserscanner’s field of view 
(FOV). The measurement points can be represented in every scan as: 

 Nn
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n
n ,1, 























 
where rn corresponds to the size of segment n and an to its angle in polar coordinates. 

The data clustering algorithm is based on the PDBS (Point Distance Based Segmentation) method that 
uses the Euclidean distance between two successive measurement points as a breakpoint condition. 
Details are described in D5.3 [10]. 

Segments of Interest Extraction 

In order to avoid excessive calculation, only the segments of interest should be extracted. This, in the 
case of significant speed of host-vehicle, is achieved by estimating the left and right road border lines 
and filtering out the segments that lie outside of these. Details are described in D5.3 [10]. 

In the case of relative low host-vehicle speed, the road limit lines are not efficient for the segments 
of interest extraction, since actual road limits, e.g. barriers, are usually absent in low speed 
environments. In this situation, the segments of interest extraction takes place by means of splitting 
the sensor’s FOV into sectors and identifying the foreground and excluding the background 
segments. In that way the important segments are always present for further processing. This dual 
approach is schematically illustrated in the following diagram. 

 

Figure 44 Methods for identification of segments of interest. 

Multi-object Tracking 

The segments of interest that were extracted in the previous processing steps enter a multi-object 
tracking algorithm [10], by means of each segment’s reference point. The tracking algorithm uses the 
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GNN (Global Nearest Neighbour) method for data association that is solved with the “auction 
algorithm“. State estimation takes place via a linear Kalman Filter using the constant velocity motion 
model. A heuristic track management algorithm is used for the confirmation and deletion of tracks, 
by counting the tracks’ hits and misses. A constant circle motion model of the vehicle is used to 
account for the shift of the sensor coordinate system while the vehicle is moving. 

Object Classification 

After the clustering and tracking phases, the classification of objects follows. The identification of the 
class of each object is a challenging task in the complex and highly dynamic road environment, since 
objects are gradually entering the Laserscanners field of view. Objects are distinguished based on 
their static and dynamic characteristics, such as their dimensions (width and length) and their 
determined velocity. The rules and thresholds for assigning a class (car, truck, motorbike, bike, 
pedestrian or unknown) to each object were defined by offline labelling processed sensor data sets.  

Finally, the tracking and classification output is transmitted to the application layer. It consists of the 
estimated targets dynamics, including their width and length, a unique track ID and an assigned 
confidence value. 
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6 Demonstrators 

6.1 SKODA passenger car demonstrator vehicle 
The demonstrator vehicle of the MiniFaros project is a ŠKODA Octavia GreenLine Limousine as shown 
in Figure 45. This car belongs to the segment of compact vehicles, which currently is still almost 
untouched by advanced driver assistance systems. 

 

Figure 45 ŠKODA demonstrator vehicle. 

A MiniFaros Laserscanner is mounted at the front of the demonstrator using a two-frame mounting 
bracket, allowing for comfortable roll and pitch angle adjustment, as shown in Figure 46. This 
mounting position ensures maximum field of view in front of the vehicle suitable for all demonstrator 
applications. 

 

Figure 46 MiniFaros Laserscanner mounted at front of the demonstrator vehicle. 
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Figure 47 illustrates the deployed components in a connection diagram. 

 

Figure 47 ŠKODA demonstrator connection diagram. 

The trunk hosts most of the processing components, such as the Tracking and Classification ECU, the 
Application ECU, the CAN gateway, a Gigabit network router, the HMI PC and battery-protective 
power-supply for all components, as depicted in Figure 48. 

 

Figure 48 Deployed components in the trunk of the ŠKODA demonstrator. 

The front passenger cabin of the ŠKODA demonstrator is shown in Figure 49. It hosts the HMI touch 
display for user input such as application selection and driver information and warning. It further 
contains the USB camera for logging and evaluation purposes. An emergency switch and an Ethernet 
port for easy access to all connected components are installed in the centre console. 
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Figure 49 ŠKODA demonstrator front passenger cabin. 

6.1.1 Situation Analysis and Risk Assessment 

To demonstrate the potential of the MiniFaros Laserscanner in the field of passenger cars, three 
applications were integrated and tested: 

- Safe distance application (monitoring the gap to the vehicle driving ahead of the host vehicle) 

- Pre-crash application (warning about imminent collisions with solid objects) 

- Pedestrian protection application (warning about potentially endangered pedestrians) 

Safe distance application 

The safe distance application (SDA) is intended to support the driver in keeping a velocity-dependent 
safe distance to the next vehicle ahead. This is achieved by the calculation of the clearance (in time) 
to the vehicle driving ahead. The user is able to set a personal safety threshold and if the clearance 
falls below a defined threshold, a warning is signalled. Figure 50 depicts the clearance definition 
between the host-vehicle and the vehicle ahead. 

 

Figure 50 The safe distance application (SDA) calculates the clearance (in time) to the vehicle ahead 
continuously to inform and warn the driver. 

This functionality was implemented by trajectory prediction based on known host vehicle speed and 
yaw rate, subsequent object selection by determining the principle other vehicle (POV) and 
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calculating the temporal distance to the closest point of the object’s contour. Threshold comparison 
then leads three different warning levels which are communicated to the HMI via CAN and trigger 
corresponding visual (and for the highest warning level acoustic) warnings. 

Pre-crash application 

The pre-crash application (PCA) is designed to warn about imminent collisions with solid objects and 
open the possibility the mitigate consequences of the impact. For possible collision objects, it checks 
whether it is avoidable by either braking or steering manoeuvres, sketched in Figure 51. Otherwise, it 
will signal an unavoidable collision. 

 

Figure 51 The pre-crash application (PCA) tests for the possibility for collision avoidance by braking and 
steering manoeuvres. 

Similar to the driving tube prediction for the Safe Distance Application, three additional driving tubes 
are predicted: a braking tube inside the projected driving tube with maximum deceleration as well as 
a left and right evasion tube for maximum evasion manoeuvres to the left and to the right. The 
parameters for maximum deceleration and steering are adjustable to account for different tire and 
road conditions. 

Subsequently, the list of tracked and classified objects provided by the tracking and classification ECU 
is then filtered for velocity (quasi-stationary objects only) and position (in projected driving tube). 
Out of the remaining objects, the closest to the host vehicle is selected as the most likely collision 
object. 

Finally, the time to collision (TTC) to the selected object is calculated using the closest point of the 
object’s contour and the warning level is determined based on the position, dimension and 
orientation of the object with respect to the four projected driving tubes. This information is 
communicated to the HMI via CAN and trigger corresponding visual (and for the highest warning 
level acoustic) warnings. 

Pedestrian protection application 

The pedestrian protection application (PPA) is designed to avoid collisions with pedestrians by 
warning the driver or mitigate consequences for pedestrians being hit by passenger cars or trucks. 

The sensing system will detect, track and classify all pedestrians within close vicinity of the host-
vehicle. In case one or more pedestrians enter the region of warning (ROW) (see Figure 52), a 
warning signal could be triggered and/or the brakes could be prefilled. If a pedestrian enters the 
region of no escape (RONE), the PPA will initiate final measures to minimise the severeness of the 
unavoidable impact of the pedestrian by e.g. initiating a braking pulse, firing a pedestrian airbag or 
slightly lifting the hood of a passenger car. The shape of the region of warning (ROW) depends on the 
host-vehicle speed and yaw rate, while the region of no escape (RONE) additionally depends on the 
moving direction and the speed of the endangered pedestrians. 
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Figure 52 The pedestrian protection application (PPA) detects, tracks and classifies pedestrians and 
initiates measures to avoid a collision or mitigate the consequences. 

The described functionality was implemented in the following way. Based on the current driving tube 
(as determined in the SDA and PCA), a region of interest (ROI) and a region of warning (ROW) are 
determined. The extensions of both regions have two parameters: look-ahead time tLA and maximum 
velocity vP of a pedestrian perpendicularly crossing the host vehicle’s driving tube. 

Subsequently, objects entering the ROI are analysed using leg pendulum analysis in order to reach 
sufficient pedestrian classification reliability when the object enters the ROW. Only confirmed 
pedestrians in the ROW are relevant for the Pedestrian Protection Application. Out of all confirmed 
pedestrians in the ROW, the closest one is selected as the most relevant vulnerable road user (VRU). 
A region of no escape (RONE) is calculated from the velocities of this most relevant VRU and the host 
vehicle. Additionally, the spatial distance from the host vehicle to the most relevant VRU is 
determined based on the closest object contour point. 

Finally, the warning level is determined by the position of the most relevant VRU with respect to the 
ROW and the RONE and communicated to the HMI via CAN and trigger corresponding visual (and for 
the highest warning level acoustic) warnings. 

6.1.2 HMI 

The interface to the driver is mainly an interactive touch screen as visible in Figure 49. It is used for 
application selection (user input) and information display (application output). In addition, acoustic 
warnings are issued for the highest warning levels through the in-car sound system. 

For the Safe Distance Application, the driver can choose a preferred warning threshold of 1, 2, or 3 
seconds. This will determine how many arrows are used to display the current warning level, 
coloured either in green (warning level 1: clearance above preset), yellow (warning level 2: clearance 
below preset), or red (warning level 3: clearance below half the preset). Figure 53 shows a 
screenshot for a preset of 2 seconds with warning level 2. This corresponds to a temporal clearance 
in the range of 1 to 2 seconds to the vehicle ahead. Warning level 3 will trigger an acoustic warning. 
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Figure 53 HMI display for the Safe Distance Application, warning level 2. 

For the pedestrian protection application, a warning is displayed as soon as there is at least one 
confirmed pedestrian present in the region of warning (ROW). When a confirmed pedestrian then 
enters the region of no escape (RONE), an acoustic warning is issued in addition. Figure 54 shows a 
screenshot of the warning issued when a pedestrian is in the ROW. 

 

Figure 54 HMI display for the Pedestrian Protection Application for warning level 1. 

For the Pre-crash Application, the driver will see a decreasing time to collision (TTC) bar on the right 
for potential collision scenarios. As soon as the system has determined the unavoidability of the 
collision, a warning is displayed and a warning tone is issued, see Figure 55. 
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Figure 55 HMI display for the Pre-Crash Application before an unavoidable collision. 

After the collision has occurred, a post-crash analysis graph can be retrieved to observe the decline 
of the TTC as well as the instant of unavoidability of the collision. This post-crash analysis TTC graph is 
shown in Figure 56. 

 

Figure 56 HMI display for the Pre-Crash Application after a collision has occurred. 
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6.2 VTEC truck demonstrator vehicle 
The Volvo demonstrator is a FH12 rigid truck shown in Figure 57. The vehicle has been installed with 
MiniFaros Laserscanner, several on-board processing units, HMI equipment and actuator control. 

 

Figure 57 Volvo demonstrator FH12 rigid truck. 

The MiniFaros Laserscanner is mounted at the lower right corner of the front of the truck as shown in 
Figure 58. This mounting position ensures that the sensor field of view can cover the near front and 
the right side blind spot areas as well as the longer range in the front.  

 

Figure 58 MiniFaros Laserscanner mounted on the Volvo truck demonstrator. 
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6.2.1 Situation Analysis and Risk Assessment 

Two applications have been finally integrated and tested: 

 Start inhibit (preventing the stationary truck to start off when an object is in front) 

 ACC Stop & Go (controlling the truck speed according the preceding object in a traffic jam) 

The ACC Stop and Go application (S&G) handles longitudinal control of the vehicle to maintain a safe 
distance to other vehicles in front. This involves automatic control of both the acceleration and 
braking of the truck. The application in MiniFaros addresses low speeds in dense traffic, down to a 
complete stop. The truck is illustrated in such scenarios in Figure 59. 

 

 

Figure 59 Example of scenarios where the S&G application is intended to assist the driver.  

The start inhibit application (SIA) prevents the driver from taking off from stationary when there is 
road users or other object detected close in front of the vehicle. The system actually prevents the 
vehicle from accelerating. An acoustic warning is given so the driver understands why the vehicle is 
not responding to the acceleration command. The blind spot areas in front of the car can reach up to 
5 meters in front and the complete vehicle width and some extra distance to the sides should be 
covered by the Laserscanner. A typical scenario is shown in Figure 60. 

 

Figure 60 Example of scenario for start-inhibit application.  
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6.2.2 HMI 

The driver interface is shown in Figure 61. It mainly consists out of a screen indicating the status for 
both applications. In addition, sound is used in connection with the start-inhibit warning. 

 

Figure 61 HMI display screen in the Volvo truck demonstrator. 

6.3 Intersection installation 
The infrastructure system demonstrates the capabilities of the MiniFaros Laserscanner at an 
intersection in Hamburg. Therefore, a MiniFaros Laserscanner prototype was mounted to a street 
light pole, adjusted to monitor a pedestrian crossing. The hardware architecture of the intersection 
surveillance system is depicted in Figure 62. 

 

Figure 62 Hardware architecture of the intersection surveillance system. 

Figure 63 illustrates the Laserscanner installation with its field of view (red semitransparent plane) 
and shows the monitored pedestrian crossing at the intersection. 
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Figure 63 Laserscanner installation at the road side, monitoring the pedestrian crossing. The white arrow 
marks the mounting position while the red area indicates the cross section which is monitored 
by the Laserscanner. 

The MiniFaros Laserscanner was mounted to a street light pole close to the pedestrian crossing at 
the monitored intersection. Figure 64 shows a photo of the mounted sensor, together with two SICK 
industrial Laserscanners (LMS-151 in the middle, LMS-511 at the bottom). 

 

Figure 64 Installation of the MiniFaros Laserscanners (together with two SICK industrial Laserscanners) on 
a street light pole. 

The data processing ECU was installed in an electrical distribution box directly at the intersection, as 
shown in Figure 65. 
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Figure 65 Electrical distribution box at the intersection. 

The established communication using a 5-GHz-wireless communication link allows the retrieval of the 
time stamped measurement data. 
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7 Test and Evaluation 

This chapter describes the testing results are described, mainly for the technical verification of the 
sensor and showing that the sensor fulfils the functional requirements for a set of target applications. 
The testing is based on the test and evaluation plan [6] that was derived earlier in the project. 

The test methodology bases on evaluating the sensor on different levels, as shown in Figure 66. The 
sequence of the testing procedure consists of the following four steps 

 a technical verification (Laserscanner test on sensor and perception level, interface 1), 
described in Section 0, 

 an operational verification with respect to the system application (application level, 
interface 2), described in Section 7.2, 

 a brief evaluation of the user acceptance (HMI on application level, interface 3), which has 
not been in focus for this sensor development project, 

 an impact assessment (interface 4), which is addressed in Section 7.3. 

 

Figure 66 System testing procedure according to [36]. 

In the technical verification of the sensor (Section 0), the sensor characteristics have been evaluated. 
The main targets of the development have been fulfilled, although from a functional perspective, the 
expected maximum measurement range was not achieved and from a system perspective, the 
desired target size has not fully been met. The observed range was up to 30–60 m for cars and up to 
10–20 m for pedestrians. In the evaluation of tracking performance, the results were quite good, 
whereas the classification of targets was not satisfactory. 

In the functional validation (Section 7.2), the performance of the sensor has been investigated for a 
range of six target applications. The sensor proved to be able to support most of the target 
applications despite the fact that the detection range was below the requirement for some 
applications. Most applications worked quite satisfactory, even though full range or speed has not 
always been achieved.  
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7.1 Verification of technical requirements 
As a first step of verification, the performance of the sensor has been evaluated towards the 
specification; the results are described in the following table. 

Table 10 Test results of all sensor level tests on the Laserscanner. 

Test Description Specification Spec # OK? 

1a Measurement 
range vehicle 

60 m to 80 m SpGen2 Almost OK 

30 m to 60 m, 
depending on vehicle 
reflectivity 

1b Measurement 
range 
pedestrian 

40 m to 50 m SpGen2 Almost OK, warning 
application critical, 
intervention 
application possible. 

10 m to 20 m, 
depending on 
pedestrian reflectivity 

2 Field of view >180 degree 
   250 degree 

SpGen9 OK 

3 Angular 
resolution 

0.25 degree SpGen10 OK 

4 Diameter of 
Laser Spot @ 
Distance 

< 440 mm (optimal) @ 100 m 
< 750 mm (possible) @ 100 m 

SpGen13 OK 

5 Multi-echo 
detection 

3 echoes (snow, rain, target ) SpGen19 OK 

6 Detection rate 12.5 Hz 
25 Hz 

SpGen21 OK 

7 Mechanical size Goal:40 x 60 x 60 mm³ 
(mass production) 

Prototype: < 120 x 80 x 80 mm³ 

SpMech1  
 

Almost OK 

8 Weight of 
sensor 

< 1000 g SpMech2 Almost OK 

9 Sealing against 
dust and water 

IP5K4K according to 
DIN 40050-9 or IP69K 

SpMech3 OK 

10 Supply voltage Nominal: 12 V and 24 V 

=> range: 9 V… 30 V 

SpElec1 OK 

11 Power 
consumption 

< 10 W SpElec2 OK 

12 Reverse polarity 
applied 

No safety-relevant applications 
must be triggered 

SpElec12 OK 
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13 Over- or under-
voltage 
detection 

Change into secure state, no 
malfunction allowed, return to 
normal operation when supply 
within spec 

SpElec13 OK 

14 Reverse polarity 
applied 

No damage allowed SpElec14 OK 

15 Laser eye safety 
class 

Class 1 IEC60825-1:2007, 
corresponds to 21CFR 1040.10 
except for deviations pursuant to 
Laser Notice No. 50, dated 2007-
06-24 

SpOStan1 OK 

16 Interference 
emission 

EN61000-6-3 (2007-01) SpEStan4 OK 

17 Interference 
immunity 

EN61000-6-2 (2005-08) SpEStan5 OK 

7.2 Verification of functional requirements 
The functional performance of the MiniFaros Laserscanner was tested in a range of test applications 
comprising the following: 

Car applications 

• Frontal pre-crash 

The Laserscanner showed quite OK performance for pre-crash applications, enabling the 
triggering in time with no recorded false alarms. 

• Pedestrian protection 

Even for this application, the Laserscanner showed quite OK performance, triggering 
warnings in time with no recorded false alarms. However, due to the limited sensor range for 
pedestrian detections, speeds above 30 km/h were not tested for any of the scenarios. 

• Safe distance 

The safe distance application was tested with the host vehicle at 50 km /h and the target 
vehicles in a range from 40–60 km /h. 

Truck applications 

• Longitudinal safety, Stop and Go 

The Laserscanner showed OK performance for this application, if the relative speed of target 
and host vehicle is in the order of 10 km/h or less. 

• Start inhibit 

The Laserscanner showed good performance to cover the near vicinity of the truck. The start-
inhibit application worked with a good detection rate and a low rate of false alarms. 

• Right turn assistance 

This application was not evaluated in detail due to very late finalisation of the first MiniFaros 
Laserscanner prototype. 
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Figure 67 Stop & Go support testing. 

Figure 68 shows the MiniFaros Laserscanner mounted at the passenger car after a test drive under 
wet weather conditions. Only the range was reduced slightly, as expected. Please see Annex 3 for a 
detailed theoretical discussion on wet weather performance. 

 

Figure 68 MiniFaros Laserscanner after wet weather  testing. 
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7.3 Impact Assessment 
For the impact assessment, the safety effects at EU27 level of four applications served by the 
MiniFaros Laserscanner were analysed. The four applications are: 

 Full speed range ACC (< 80 km/h), 

 Emergency braking, 

 Vulnerable road user protection, and 

 Intersection safety. 

After market introduction of the MiniFaros Laserscanner serving four applications 

savings of about 16,000 fatalities and 1,450,000 injuries 

between 2020 and 2030 in EU27 are estimated. 

 

The method used here was developed in the EU projects eIMPACT [39], PreVAL [38], CODIA [36] and 
INTERSAFE-2 [40]. It is described in detail in [41]. 

The safety effect of the first three of the above mentioned applications were originally studied in EU 
project eIMPACT, and the safety effects of the last one in EU project INTERSAFE-2. In this study, 
those earlier safety estimations were updated by using newer accident and vehicle fleet data as well 
as application descriptions and penetrations among new vehicles. Here, the same accident and 
vehicle fleet data as used in INTERSAFE-2 were used. 

The used shares of new vehicles coming to the market having the system were set based on expert 
opinions of the project members. The target years of the analyses were 2020, 2025 and 2030. It was 
estimated that there would be no penetration difference between the different applications. Instead, 
it was estimated that the penetration would increase faster among heavy goods vehicles than in cars 
(Table 11). It was assumed that the penetration among new vehicles would increase linearly from 
2020 to 2025 and from 2025 to 2030. In addition, the case of full 100% vehicle fleet penetration was 
included in the analysis. 

Table 11 Used penetration values (%) of applications in new vehicles as OEM system. 

 
The deployment of the infrastructure systems will start with the intersections with the highest 
numbers of accidents. It is assumed that 0.1% of the intersections accounting for 3% of all 
intersection collisions will be equipped by 2020, and 1% of the intersections accounting for 15% of 
the intersection collisions will be equipped by 2030. It was assumed that with 100% vehicle 
penetration, 10% of the intersections are equipped accounting for 70% of the intersection 
collisions [40]. 

The estimates for new vehicles were converted to fleet penetration rates for the whole vehicle fleet 
in the years 2015–2030 on the basis of current vehicle fleet age distributions in each EU member 
state. This was done assuming that the vehicle age distributions would remain unchanged in 2015–
2030 as in 2005. The share of the mileage driven with the system was estimated separately for each 
of three European regions (Northern and Central Europe, Southern Europe and Eastern Europe). The 
estimated low and high penetration rates of the whole vehicle fleet and all driven vehicle kilometres 
in EU27 in 2030 for cars, good vehicles and buses are shown in Table 12. 
 
 
 
 

Year 2010 -11 -12 -13 -14 2015 -16 -17 -18 -19 2020 -21 -22 -23 -24 -25 -26 -27 -28 -29 2030

Cars 0 0 0 0 0 20 26 32 38 44 50 58 66 74 82 90 92 94 96 98 100

Heavy 0 0 0 0 0 50 60 70 80 90 100 100 100 100 100 100 100 100 100 100 100
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Table 12 Used penetration values (%) of whole vehicle fleet and all driven vehicle kilometres in EU27 in 
2030 for cars, goods vehicles and buses. 

 
Several factors affected the magnitude of the safety effect estimates. The effects were the result of a 
combination of several parallel impact mechanisms, with intended and unintended impacts. The 
main factors affecting the results were 

 the assessed effectiveness of the applications to prevent accidents, injuries and fatalities, 

 the share of relevant accidents in the EU27 data, 

 the used fleet penetration of the applications, 

 the assumed accident trend in the target years without the applications. 

 

Figure 69 shows the expected potential safety effect of the applications in EU27 on fatality and injury 

risks if the application in question would be implemented in all vehicles and 10% of the intersections 

would be equipped. The potential reductions are between 2% and 9% for fatalities and between 2% 

and 17% for injuries. The effect was calculated also for a system in which all four applications would 

be combined. The effect for all four applications would be 18% reduction in fatalities and 27% 

reduction in injuries. Table 13 shows the annual reductions in the target years 2020 and 2030. 

 

Figure 69 Safety effect of the applications on fatality and injury risks with 100% vehicle penetration and 
10% infrastructure penetration in EU27. 

Table 13 The reductions of annual fatalities, injuries and injury accidents for 100% penetration scenario 
for 2020 and 2030. 

Application 
2020 2030 

Fatalities Injuries Injury  acc. Fatalities Injured Injury acc. 

Full speed range ACC -333 -43,212 -32,440 -194 -30,971 -23,247 

eBraking -1,549 -81,516 -61,197 -902 -58,425 -43,854 

Vulnerable road user -394 -21,420 -16,081 -229 -15,352 -11,523 

Intersection -1,950 -184,413 -138,445 -1,135 -132,174 -99,210 

All four applications -3,972 -301,776 -226,554 -2,312 -216,291 -162,348 

Vehicle type / year

New 

vehicles 

OEM 

equipped

Vehicles 

equipped 

of fleet

Fleet 

vehicle 

km 

equipped

Vehicles 

equipped 

of fleet 

Fleet 

vehicle 

km 

equipped 

Vehicles 

equipped 

of fleet

Fleet 

vehicle 

km 

equipped

Vehicles 

equipped 

of fleet

Fleet 

vehicle 

km 

equipped

Cars / 2020 50 % 13 % 17 % 15 % 19 % 14 % 17 % 7 % 11 %

GV / 2020 100 % 30 % 49 % 37 % 54 % 32 % 50 % 18 % 41 %

Buses / 2020 100 % 25 % 35 % 30 % 39 % 29 % 39 % 14 % 25 %

Cars / 2030 100 % 60 % 67 % 66 % 73 % 64 % 71 % 39 % 47 %

GV / 2020 100 % 77 % 93 % 88 % 96 % 82 % 94 % 56 % 85 %

Buses / 2030 100 % 72 % 85 % 83 % 91 % 82 % 90 % 50 % 69 %

Northern EuropeEU27 Southern Europe Eastern Europe

-1,5 %

-7,0 %

-1,8 %

-8,8 %

-18,0 %

-3,9 %

-7,3 %

-1,9 %

-16,6 %

-27,1 %

-30% -25% -20% -15% -10% -5% 0%

Full speed range ACC

eBraking

Vulnerable road user

Intersection

COMBI

All accidents

fatalities

injuries
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8 Project results and achievements 

8.1 Meeting the project objectives 

8.2 Scientific and technological quality and innovation 
MiniFaros was based on the following key technologies: 

1. Novel omnidirectional lens design, 

2. Highly innovative MEMS mirror, 

3. Measurement and control electronics incl. innovations in receiver channel and time-to-digital 

converter technology, 

4. Novel object recognition algorithms 

In addition 

# Objective Result 

1.  
The manufacturing costs shall be low 
(about 40 €, in mass production). 

Manufacturing costs incl. initial costs for the 
production line are estimated to be 42 € to 50 € 
depending on the concept. 

2.  

It shall be small and compact (about 
4 cm x 6 cm x 6 cm, in mass 
production). 

Prototype < 12 cm x 8 cm x 8 cm. 

A design study proposes a configuration with the 
dimensions of 4.3 cm x 6 cm x 6 cm. 

 

Prototype dimensions:  15.6 cm x 10.2 cm x 8.5 cm 

3.  
A MEMS mirror shall be used instead of 
a macro mechanical scanning system. 

A highly innovative MEMS mirror is developed and 
tested, but not evaluated in the MiniFaros 
Laserscanner. 

4.  

An integrated receiver and time-to-
digital-converter shall be used to enable 
highly precise distance measurements 
and multi-echo technology for 
optimised bad weather performance. 

An integrated receiver channel and a multi-channel 
integrated time-to-digital converter (TDC) was 
developed for the project. Both are highly innovative 
and pushed the state of the art in their field. 

5.  

Highly integrated optical and 
mechanical components shall be 
designed to support future low cost 
mass production. 

An omnidirectional lens was designed, 
manufactured and tested. Based on the lessons 
learned design rules for future series development 
are provided. 

6.  
Improved object detection, tracking and 
classification algorithms shall be 
developed. 

Object tracking and classification algorithms were 
adapted and improved to the data of a single layer 
MiniFaros Laserscanner. 

7.  

The novel miniature Laserscanner shall 
serve various in-vehicle applications 
which will be demonstrated at the end 
of the project. 

Due to its characteristics, such as large field of view, 
medium range, high angular and radial resolution 
and good update rate, the MiniFaros Laserscanner is 
able to serve multiple applications prepared to be 
demonstrated at the end of the project. 

8.  

Promote and demonstrate an 
integrated approach to safety and show 
the possibilities of the novel 
Laserscanner by considering both on-
board and infrastructure based 
perception. 

In the demonstrators several safety applications are 
operating in parallel based on a single MiniFaros 
Laserscanner. In addition the MiniFaros 
Laserscanner is monitoring a pedestrian crossing 
mounted on a light pole. 
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5. a novel motorised mirror was designed and realised. 

These four plus one key technologies constitute the basis for the MiniFaros Laserscanner 
development which is realised in two different optical concepts: 

i. a coaxial concept based on a single omnidirectional lens and 

ii. a biaxial concept based on two omnidirectional lenses (one for transmitter and the receiver 

path) and a double-sided mirror. 

Based on the innovations in these above mentioned areas, a novel and innovative Laserscanner 
concept was designed and realised.  

 

The following impressive list of innovations was achieved in MiniFaros: 

1. High speed laser driver 

2. Highly integrated receiver channel 

3. Highly integrated multi-channel time-to-digital converter 

4. Omnidirectional lens for a 905 nm Laserscanner 

5. Omnidirectional lens with direction selectivity 

6. Omnidirectional lens with beam reversing for biaxial MEMS (patent pending) 

7. Fibre coupler connecting a 75 µm Laser diode to a 50 µm fibre 

8. Optical angle measurement unit 

9. Coaxial and biaxial concept incl. MEMS and omnidirectional lenses (patent pending) 

10. MEMS mirror with a huge 7 mm mirror 

11. MEMS mirror with a large tilt angle 

12. MEMS mirror with cap wafers and 1.6 mm deep vacuum cavities (patent pending) 

13. MEMS mirror wafer level package with a stack of seven wafers 

14. MEMS mirror with a double-sided mirror 

15. MEMS mirror with tripod resonant actuation 

16. MEMS mirror with electrostatically actuated suspensions 

17. MEMS mirror with 3-phase actuation and control 

18. MEMS mirror with a high 700 µm thickness to avoid dynamic deformation 

19. MEMS mirror with a patterned getter structure 

20. Object recognition (patent pending) 

 

High speed laser driver 

Even though the complete laser driver uses discrete components it was possible to increase the pulse 
repetition frequency by the factor of 2 (compared to the state of the art), without harming other 
parameters like laser pulse width or laser peak power. 

Highly integrated receiver channel  

The PCB APD receiver, including the avalanche photo diode and both the developed receiver channel 
and TDC integrated circuits (ICs), is shown in Figure 70. The realised REC and TDC ICs are packaged in 
plastic QFN32 and QFN36 packages, respectively. A serial peripheral interface (SPI) allows the control 
of these devices. The receiver IC (1.6 mm x 1.6 mm), which is also shown in Figure 70, was fabricated 
in a 0.35 μm SiGe BiCMOS technology. The TDC IC (2.4 mm x 3.7 mm, see Figure 70) was fabricated in 
a 0.35 μm CMOS technology. 
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Figure 70 The APD is located on the bottom side of the PCB APD Receiver. All other components are placed 
on the top of the board. The receiver channel (REC) and the time-to-digital converter (TDC) ICs 
were developed by the University of Oulu and are shown on the right. 

The power consumption of the receiver channel is 130 mW. The transimpedance and the bandwidth 
of the receiver channel were measured to 64 kΩ and 300 MHz, respectively. The RMS noise was 
measured to be about 100 nARMS. The timing walk error measurements were performed on a test 
bench where the amplitude of the optical pulse could be varied over the range of 1 : 22 000 with a 
neutral density filter. The compensation curve, realised as a lookup table (LUT) and shown in Figure 
71a, tells the dependence between the generated walk error and the measured pulse width. Pulse 
width widened monotonously throughout the dynamic range measured. The walk error without 
compensation was about 2.2 ns, which corresponds to about 32 cm in distance. The walk 
measurements were performed for different start-stop delays and the walk was compensated for by 
means of the LUT. Compensated walk errors, shown in Figure 71b, were less than ±20 ps 
(corresponding to ±3 mm in distance) over the amplitude range of 1 : 22 000.  

 

Figure 71 a) Measured compensation curve over the dynamic range of 1:22 000, b) Residual walk errors for 
different start-stop time delays. 

The single-shot precision was determined by recording 2000 single-shot measurements and 
calculating the standard deviation of the timing point of the rising edge. In addition, each individual 
measured result was compensated for by the means of the walk error compensation curve and the 
single-shot precision was calculated from the obtained distribution. The worst case single-shot 
precision is shown in Figure 72 as a function of input amplitude. This result includes the jitter of the 
TDC, the jitter from the receiver, the jitter introduced by compensation and the jitter caused by the 
measurement environment. Worst case single-shot precision was about 144 ps (±10 mm). At high 
input signal levels the single-shot precision was about 14 ps. As can be seen from Figure 72, the 
single-shot precision after compensation is better than the jitter measured from the rising edge. The 
reason for this is that the walk error compensation principle based on the pulse width measurement 
also compensates for also the timing jitter in the laser pulse caused by the laser pulse amplitude 
jitter (laser shot noise). The multi-echo detection capability was also verified by measurements. 
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Figure 72 Single-shot precision. 

Highly integrated multi-channel time-to-digital converter (TDC)  

A 7-channel time-to-digital converter (TDC) developed and realised for the project is able to measure 
the time intervals and pulse widths or rise times of several successive timing signals. The multi-
channel measurement structure is required in pulsed laser TOF measurement, when several pulse 
echoes arrive at the receiver and in order to compensate the timing walk error as explained above. 

The time digitising is based on a counter and a two-level stabilised delay line interpolation. The 14-bit 
counter counts the full reference clock cycles between the timing signals, what makes a long 
microsecond-level measurement range possible. The interpolators find the locations of the timing 
signals within the reference clock cycles with much higher resolution. The effects of process, voltage 
and temperature variations are cancelled with continuous automatic delay-locked-loop (DLL) based 
stabilisation methods. The time interval measurement unit is fully integrated and only a low 
frequency crystal is needed as an external component. 

The performance of the circuit represents the state of the art with regard to precision among wide-
range TDCs. The TDC offers a precision better than 10 ps for all the required measurements (time 
intervals and pulse widths, as shown in Figure 73 and the measurement range is up to ±74 µs. The 
performance is based on optimising the three main factors, which affect the precision. The main 
factor usually deteriorating the precision, interpolation nonlinearity, was minimised with a new 
developed interpolation structure based on the reference recycling method. The recycling technique 
uses a very short delay line for the interpolation, which reduces the accumulation of delay errors in 
the interpolation. The quantisation error was minimised with the second interpolation level, which 
uses parallel capacitor-scaled delay line structures in order to digitise time intervals with better than 
10 ps resolution. The high speed (flash-type) measurement method minimises the injurious effect of 
jitter to the measurement signals, because the measurement result is ready just after the arrived 
timing signals and hence the jitter sources do not have time to cause error. 
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Figure 73 Measurement example with start and 3 stop pulses.  
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Omnidirectional lens for a 905 nm Laserscanner 

The MiniFaros project demonstrated the omnidirectional lens design optimised for the wavelength of 
905 nm for Laserscanners. The lenses were manufactured by diamond turning out of plastic. The 
material properties were studied and it was found that typical plastic materials exhibit absorption at 
this wavelength. Also the minimisation of the surface roughness plays an important role at this 
wavelength region. 

Omnidirectional lens with direction selectivity  

The omnidirectional lens behaves like a gain of the angle for the rotating MEMS mirror whose 
mechanical tilt angle is limited due to physical reasons. The divergent exit beam of a fibre coupled 
NIR pulse laser diode is first collimated and then directed on a large aperture MEMS mirror which 
reflects and scans the beam on a circular trajectory along the input facet of an omnidirectional lens. 
After passing several internal beam forming reflections, the laser beam exits the omnidirectional lens 
in horizontal direction. This arrangement allows the scanning of the beam in a horizontal plane 
within an angular range of 360 degrees. 

Omnidirectional lens with beam reversing for biaxial MEMS (patent pending)  

The biaxial Laserscanner concept utilises a double-sided MEMS mirror and an omnidirectional lens on 
either side. Due to the beam reflection on the double-sided mirror, one of the lenses must be of 
beam-reversing type in order to direct the transmitter and receiver beams into identical directions of 
the field of view. 

 

Figure 74 Manufactured omnidirectional lenses. 

Fibre coupler connecting a 75 µm Laser diode to a 50 µm fibre 

Optical power, or a lack thereof, is a typical challenge in any optical device. A solution was designed 
and realised to couple a laser diode (75 µm) to an optical fibre (50 µm) with a high coupling 
efficiency. Figure 75 shows a mechanical cross-section of the assembly. The solution is unique and is 
not commercially available. See deliverable D6.1b [13] for more details. 
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Figure 75 Laser diode coupling to an optical fibre with a high coupling efficiency. 

Optical angle measurement unit  

A solution to measure the tilt angle of the MEMS mirror accurately was developed. The method is 
based on illuminating the rear side of the MEMS mirror with a focused LED light and detecting the 
reflected light by a position sensitive detector (PSD). Figure 76 shows the basic principle. The solution 
requires only a small volume and uses a small PSD element, both of which considerably reduce costs. 
A feedback control stabilises the received power level due to aging and it is fail-safe even though the 
beam does not hit the detector. Latest testing results are reported in deliverable D6.1b [13]. 

 

Figure 76 Optical tilt angle measurement system. 

In addition, VTT has demonstrated smooth co-operation between optical and mechanical design 
phases. Tolerancing of optomechanical parts and high-precision manufacturing were found to be 
crucial in the MiniFaros Laserscanner. These design and manufacturing methods are a must in 
enabling compact and high-performance optical instruments. 

MEMS mirror with a huge 7 mm mirror 

The largest reported MEMS mirror today is the Nippon Signal Ecoscan ESS115 which is only a single 
axis scanning mirror having a mirror aperture size of 5.5 mm. The particular challenge for a MEMS 
designer to develop that kind of large mirrors is to keep the mirrors optically flat even under acting 
high static and high dynamic forces. It is even more challenging to get those high inertia actuators 
deflected to large tilt angles, mainly because of the very low forces that can be realised by MEMS 
technology in general. Thus, the MiniFaros MEMS mirror is the largest MEMS mirror, and additionally 
it is already biaxial. 

LED 

MEMS mirror 

PSD 
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Figure 77 MiniFaros-7mm-MEMS mirror visually comparable with much smaller state of the art vacuum 
packaged mirrors for laser video projection. 

 

MEMS mirror with a large tilt angle 

For small MEMS mirrors with aperture sizes of 2 mm or below, tilt angles of 30 degrees have already 
been demonstrated. However, never before have such huge tilt angles been demonstrated for large 
aperture biaxial MEMS mirrors. The major reason for that are the low available actuation forces 
which limit the aperture size, the scan frequency and the achievable tilt angle. In MiniFaros, those 
existing limitations were overcome by applying vacuum packaging technology which reduces the 
damping, increases the stored energy in the actuator system and thereby enables large amplitudes 
beyond the state of the art. 

 

Figure 78 Large tilt angle of the circle scanning 7 mm MEMS mirror. 

  

1mm-mirror 

7mm-mirror 
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MEMS mirror with cap wafers and 1.6 mm deep vacuum cavities (patent 
pending) 

Up to now it was not successful to develop a MEMS mirror with amplitudes of more than 300 µm. 
Because of the large diameter of the MiniFaros MEMS mirror which is 10 mm (mirror aperture + 
surrounding suspensions) the maximum levitation of the actuator at ±15 degrees mechanical tilt 
angle is 1.4 mm. Including a safety margin, the requirement for the cavity depth of the MEMS 
mirror’s package is around 1.6 mm. No one has ever fabricated a wafer level package having such 
deep cavities before. It is far beyond all standard MEMS technologies. One immediate problem about 
the deep cavity is the fact that there is no wafer supplier providing spacer wafers with the required 
thickness of 1.6 mm. For this reason, Fraunhofer ISIT started two parallel developments on suitable 
cap wafers: The first realised concept was applying a glass moulding technique to fabricate glass 
wafers with 1.6 mm deep cavities leading to a wafer level package consisting of three wafers in total. 
The second more conventional concept was bonding a stack of seven wafers on top of each other. 
Both concepts have been successfully realised within MiniFaros. 

 

    

Figure 79 (Left) Special glass cap wafer with 1.6 mm deep cavities for wafer level vacuum encapsulation of 
the MiniFaros-7mm-MEMS mirror. (Right) Vacuum packaged MiniFaros MEMS mirror with deep 
reflow glass cap. 

MEMS mirror wafer level package with a stack of seven wafers  

A wafer level package having such deep cavities was not fabricated so far. For this reason, a MEMS 
wafer level vacuum package built of a stack of seven wafers (glass top wafer, spacer wafer, spacer 
wafer, MEMS wafer, spacer wafer, spacer wafer, glass top wafer) was developed in MiniFaros. 

 

Figure 80 7-wafer-stack vacuum package. 
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MEMS mirror with a double-sided mirror 

In order to principally enable the realisation of a biaxial sensor concept, it was necessary to develop a 
MEMS mirror that has two optically flat mirror surfaces. For that reason, a MEMS fabrication process 
was chosen that provides two optically functional mirror surfaces. In the coaxial sensor concept, the 
second surface is used to optically monitor the reverse side of the mirror by a monitor laser beam 
and a position sensitive detector. 

MEMS mirror with tripod resonant actuation 

One of the biggest challenges of the MiniFaros MEMS mirror design phase was the realisation of a 
circular trajectory which requires two eigenmodes of identical frequency. Standard biaxial mirrors 
have a gimbal mount to enable biaxial mirror deflection. However, it would have needed too many 
design iterations to find the appropriate spring stiffnesses for sufficient matching or overlapping of 
the two eigenfrequencies. Additionally, that would have led to a very large, expensive, and fragile 
MEMS mirror because of the surrounding gimbal. 

 

Figure 81 Tripod architecture of the MiniFaros-7mm-MEMS mirror.  

MEMS mirror with electrostatically actuated suspensions 

To achieve a most compact MEMS mirror and actuator design, the comb drives were directly 
attached to the bending springs – a design that has never been published before. Like a zipper, the 
comb electrodes are always in close contact enabling the generation of a large torque. 

circular bending springs 

 (thickness 40 µm)  

mirror plate (diameter 7mm, thickness 500 µm) 
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Figure 82 The stacked vertical comb drives are directly attached to the bending suspensions. 

MEMS mirror with 3-phase actuation and control  

The developed MiniFaros MEMS mirror has three identical suspensions spatially separated by 
120 degrees. Attached to the suspensions there are numerous comb drive electrodes to generate the 
required torque. According to the three blocks of comb drives, there was the necessity to develop a 
microcontroller-based MEMS driver capable of generating three identical signals, each phase-shifted 
by 120 degrees. 

 
 

Figure 83 A microcontroller outputs three phase-shifted signals to drive the tripod MEMS mirror. 
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MEMS mirror with a high 700 µm thickness to avoid dynamic deformation 

MEMS mirrors so far had thicknesses of 30–100 microns. But for a 7 mm MEMS mirror, it is necessary 
to have a mirror plate of a much larger thickness in order to keep the mirror optically flat even at 
large amplitude oscillations. It should be emphasised that dynamic mirror deformation scales with 
the fifth power of the mirror diameter and proportionally to the second power of the scan frequency. 
For this reason, it was necessary to fabricate a mirror of 700 microns thickness. 

 

Figure 84 Reverse side view on a 7-mm MEMS mirror with thick stiffening rings. 

 

Figure 85 Dynamic deformation as a function of mirror diameter for an 80 µm thick mirror (blue curve), an 
80 µm thick mirror with 500 µm thick stiffening rings underneath, and a 500 µm thick solid 
mirror (green curve). 

MEMS mirror with a patterned getter structure 

In order to enable the use of the rear side of the MEMS mirror for the biaxial concept it was 
necessary to implement a clear aperture within the titanium thin film getter which was placed on the 
bottom of the lower glass cap wafer underneath the MEMS mirror wafer. This required the 
development of a patterned getter in an optical package which has not been presented before. 
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Figure 86 Reverse side view on the 7-wafer-stack-vacuum-package of the MiniFaros mirror. The titanium 
getter is patterned in order to enable optical monitoring of the mirror’s tilt angle. 

Object detection (patent pending) 

By rotating the MEMS mirror, the beam is guided such that a scanning behaviour is achieved. As the 
rotational frequency of the MEMS mirror is much higher than the scanning frequency, multiple 
mirror rotations are needed for a full scan. This technique is called interlaced scanning and is 
illustrated in Figure 87. During the first mirror rotation, the laser emits a pulse e.g. every 7.5 degrees. 
At the start of the second mirror rotation, the first pulse is timed such that it is 0.25 degree shifted to 
the first pulse of the previous mirror rotation. This is repeated several times to complete an entire 
scan. 

 

Figure 87 The MiniFaros Laserscanner implements an interlaced scanning technique. 

A moving MiniFaros Laserscanner based on MEMS provides different shapes of the measurements in 
a single scan. 
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Figure 88 Distance Measurements with motion compensation (left) and without motion compensation 
(right). 

A straight line (see Figure 88 left) is obtained by measurements (i) at a static obstacle from a static 
Laserscanner or (ii) at a static obstacle from a moving Laserscanner, if the motion is compensated or 
(iii) at the ground from a moving Laserscanner, if the motion is not compensated.  

A sawtooth shape (see Figure 88 right) is obtained by measurements (i) at the ground from a moving 
Laserscanner, if the motion is compensated or (ii) at a static obstacle from a moving Laserscanner, if 
the motion is not compensated. 

Thus, it is possible to distinguish measurements at ground or at obstacles since motion compensation 
is usually done. 

8.3 Economic development and S&T prospects 
MiniFaros achieved important and valuable results and a manifold of innovations pushing the state of 
the art. Based on the key technologies: (i) omnidirectional lens design, (ii) MEMS mirror, (iii) 
Measurement and control electronics incl. Receiver- and TDC technology, (iv) Object recognition 
algorithms and in addition a novel motorised mirror, low cost miniature Laserscanner prototypes 
with two different optical concepts – biaxial and coaxial – were are developed. 

The consortium developed a totally new low-cost miniature Laserscanner technology that will open 
up the Advanced Driver Assistance System (ADAS) market for small and medium size cars and 
broadens the range of possible applications by its low cost, small size and robustness. Thus, low cost 
Laserscanners, which are able to serve multiple applications, in particular reasonable for small and 
medium size cars, are much closer to the market. 

Furthermore, the novel Laserscanner is a generic sensor also in the sense that it will have application 
areas outside road vehicles ranging from infrastructure applications, to moving work machines and 
mobile robots. 

As a research project, it was not designed to include the development of a series production process. 
However, two studies are prepared to provide the experiences gained in MiniFaros. 

The main tasks were to demonstrate the feasibility of a miniature low cost Laserscanner and to push 
technological development as a basis for future activities. As a European project, MiniFaros made it 
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possible that expert knowledge from different European countries was brought together to combine 
single features within a broader approach; these experiences and innovations will certainly be 
disseminated. 

8.3.1 S&T prospects 

ADAS are currently under development in many countries. The availability of sensor technologies for 
safe driving is a major competitiveness aspect.  

Before ADAS can be widely introduced, some issues still need to be solved. Costs and capacities must 
be used carefully, so combining the knowledge of manufacturers, suppliers, research institutes and 
road authorities is a clear must. All of the consortium’s contractors are experts in their specific fields.  

 Economic growth – The possibilities of passive safety systems are almost completely utilised 

and state of the art in car manufacturing. As, for example, new cars are consistently rated 

with 4 or 5 stars in the Euro-NCAP, this is no longer an advantage within the competition. But 

the ability to avoid or mitigate collisions may become a future argument for or against 

European cars. 

 Scientific progress – Regarding the scientific point of view, MiniFaros created important 

innovations and results to develop a low cost miniature Laserscanner technology, bringing 

ADAS for small and medium size cars much closer to the market. MiniFaros was also a benefit 

for universities and institutes that could demonstrate their potential and their ideas. 
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9 Dissemination and project outputs 

Dissemination was a fundamental activity within the MiniFaros project. From the beginning of the 
project’s duration, a great effort has been devoted to communicate the project’s news, 
achievements and results through many dissemination channels like conferences and workshops, 
scientific journals, the MiniFaros website and newsletters, cooperation and liaison with many 
relevant projects and communication networks, e.g. ERTICO-ITS Europe, to the varied audiences that 
may be interested in the project outcomes, such as OEMs, suppliers, researchers in the field and, 
after all, end users and drivers. In terms of success, it is not only considered the finalisation of the 
project through the development of a novel Laserscanner, but its further utilisation as a readily 
product available to the market.  

The consortium has been carefully planning the dissemination procedures during the whole project 
lifetime. The creation of the project’s graphical identity was one of the most critical phases in the 
dissemination cycle of the project. The MiniFaros logo was already created in the proposal phase and 
included all the elements representing the project’s ideas and concepts. The branding including the 
use of colour scheme, the logo and the general appearance was defined. Various templates were 
created and distributed among the consortium to ease work and ensure conformity.  

The project’s brochure was designed based on the graphical identity and printed in 2000 copies 
describing the overall MiniFaros consent while a poster was also created. The brochure was 
distributed at every opportunity as a calling card for presentation to influential readers – European 
policy-makers, OEMs, suppliers, businesses interested in the functionalities, industrial end-users, 
media representatives, etc. The MiniFaros brochure was updated and reprinted in September 2012 
to include specific information about the project outcome. 150 copies of the updated brochure were 
distributed at the ITS Sweden booth to the participants of the ITS World Congress 2012 in Vienna, 
Austria. The brochure will be also provided to the participants of the MiniFaros final workshop and 
demonstration in December 2012. 

One other important dissemination channel is the MiniFaros project website: www.minifaros.eu. 
Since the internet offers an ideal opportunity to provide more detailed information to the interested 
viewers on the project’s activities and achievements, a great effort was made for the proper 
operation of its various functionalities, so as to be kept constantly up-to-date during the whole 
duration of the MiniFaros project. 

Furthermore, all issues of the biannual newsletter were published on time through various channels 
(website, various mailing lists etc.) to keep the interested parties and stakeholders up-to-date 
regarding the project research, outcomes and evolution. The last issue of the MiniFaros newsletter 
will be published in December 2012 including all the project results and it will be distributed to all 
participants of the final workshop in order to provide them with the main information of what will be 
presented during this event. 

The MiniFaros consortium took every opportunity to disseminate the developments through its 
participation in ITS related conferences and events of great importance and through synergies with 
other related research projects and organisations. 

Specifically, during the project duration, MiniFaros partners have given more than 20 presentations 
at international conferences, workshops or other events, and published 12 papers in total. In doing 
so, MiniFaros had a continuous and strong appearance in the most worldwide known scientific 
events, such as the annual ITS world Congresses, the ITS European Congresses, the International 
Forum on Advanced Microsystems for Automotive Applications, etc., promoting and disseminating its 
achievements to the scientific community, the market and the general public. In addition, the 
MiniFaros consortium organised or participated in relevant special sessions in the framework of 
international conferences. Through this dissemination effort, MiniFaros took all the opportunities to 
liaise with other projects, companies and several stakeholders in order to achieve the maximum 

http://www.minifaros.eu/
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dissemination of its developments and results. For example, the consortium participated in common 
special sessions with the interactIVe IP project as well as the 2WIDE-SENSE STREP project and 
participated in the interactIVe Summer School that took place in Corfu Island, on 4–6 July 2012 
through a poster presentation. After the end of the project, the partners will continue to present the 
project results. For example, a conference presentation has already been organised by Fraunhofer 
ISIT to take place at SPIE-conference: Photonics, which will be held in San Francisco, USA, 4–6 
February 2013. 

A very significant effort to communicate the MiniFaros achievements and results is the organisation 
of the project’s final workshop and demonstration. This is a one-day event that will take place in 
Hamburg, Germany on December 13. 2012. Details about the final workshop are given in Section 9.6. 

9.1 Dissemination activities 
During the MiniFaros runtime, the MiniFaros consortium participated in many events of great 
importance in order to disseminate the project’s outcome. In addition, the MiniFaros consortium 
have organised two dedicated special sessions at the annual International Forum on Advanced 
Microsystems for Automotive Applications and participated in two special sessions organised by the 
interactIVe IP project during the 8th ITS European Congress and the 19th ITS World Congress. 

9.1.1 Conferences, Workshops and Demonstrations 

Date and place Partner Name Publication title 

 

Lyon, France, 6.-9.06.2011 

SICK AG 8
th

 ITS European Congress  

MiniFaros Low-Cost Miniature 
Laserscanner 

 

Baden-Baden, Germany, 5.-
9.06.2011 

 SICK AG 
2011 IEEE Intelligent 
Vehicles Symposium 

Low-cost Miniature Laserscanner for 
Environment Perception 

 

Berlin, Germany, 29.-30.06. 2011 

SICK AG 
AMAA 2011: 15

th
 

International Forum on 
Advanced Microsystems 
for Automotive 
Applications 

Development of a Low-Cost 
Automotive Laserscanner – The EC 
Project MiniFaros 

Fraunhofer 
MEMS Mirror for Low Cost 
Laserscanners 

VTT 
Omnidirectional Lenses for Low Cost 
Laserscanners 

 
Bremen, Germany, 7.-9.12.2011 

Fraunhofer 
1

st
 EOS Topical Meeting on 

Micro- and Nano-
Optoelectronic Systems 

Vacuum packaged MEMS scanning 
mirrors 

 
Graz, Austria, 13.-16.05.2012 

University of OULU 

International 
Instrumentation and 
Measurement Technology 
Conference 

An Integrated Receiver Channel for a 
Laserscanner 

Munich, Germany, 14.-16.05.2012 

University of OULU CDN Live! EMEA2012 

Poster and paper presentation: A 
receiver – TDC chip set for accurate 
pulsed time-of-flight laser ranging 
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Date and place Partner Name Publication title 

 

Berlin, Germany, 30.-31.05.2012 

SICK AG 

AMAA 2012: 16
th

 
International Forum on 
Advanced Microsystems 
for Automotive 
Applications 

MiniFaros Project Overview 

Fraunhofer 

VTT 

Biaxial tripod MEMS mirror and 
omnidirectional lens for a low cost 
wide angle laser range sensor 

VTEC 
Truck Safety Applications for Cost-
efficient Laserscanner Sensors 

University of Oulu 
A Laserscanner chip set for accurate 
perception systems 

 

Corfu Island, Greece, 4.-6.07.2012 

ICCS interactIVe Summer School 

MiniFaros technical poster 
presentation  

 

Bordeaux, France, 17.-21.09.2012 

University of Oulu 
38

th
 European Solid-State 

Circuits Conference 2012 

A Multi-Channel Wide Range Time-to-
Digital Converter with Better than 9 ps 
RMS Precision for Pulsed Time-of-flight 
Laser Rangefinding 

 

Vienna, Austria, 22.-26.10.2012 

ICCS 

ITS World Congress 2012 

Low-cost Miniature Laserscanner 

VTEC 
Truck Safety Applications for Cost-
efficient Laserscanner Sensors 

Fraunhofer 

VTT 

Omnidirectional lens and 2D-MEMS 
scanning mirror for a low cost 
automotive laser range sensor 

 

Snekkersten, Denmark, 19.-
21.11.2012 

VTT Northern Optics 2012 
Omnidirectional lenses in automobile 
safety applications 

 

9.1.2 Articles published (press coverage etc.) 

During MiniFaros duration 10 conference papers published on Conference proceeding while one 
scientific article entitled: “A Multi-Channel High Precision CMOS Time-to-Digital Converter” was 
included in IEEE Transactions on Instrumentation and Measurement journal, Volume: 61, Issue: 9, 
2012. 

 

Partner Date Type Details 

Fraunhofer June 2011 
AMAA 2011 Conference 
proceedings 

Conference Paper: “Omnidirectional 
lenses for low cost Laserscanners“ 

VTT June 2011 
Conference Paper: “Omnidirectional 
lenses for low cost Laserscanners“ 

University of Oulu  May 2012 

2012 IEEE International 
Instrumentation and 
Measurement Technology 
Conference Proceedings 
(I2MTC 2012) 

 

Conference Paper: “An Integrated 
Receiver Channel for a Laserscanner” 
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Partner Date Type Details 

University of Oulu May 2012 

Best Paper Award Winner, 
published in CDN Live! 
EMEA2012 conference 
proceedings 

Conference Paper: “A receiver – TDC 
chip set for accurate pulsed time-of-
flight laser ranging” 

Fraunhofer 

VTT 
May 2012 

AMAA 2012 conference 
proceedings 

Conference Paper: “Biaxial tripod 
MEMS mirror and omnidirectional lens 
for a low cost wide angle laser range 
sensor” 

VTEC May 2012 
Conference Paper: “Truck Safety 
Applications for Cost-efficient 
Laserscanner Sensors”  

University of Oulu May 2012 
Conference Paper: “A Laserscanner 
Chip Set for Accurate Perception 
Systems” 

University of Oulu September 2012 

42nd European Solid-State 
Device Research 
Conference proceedings 

Conference Paper: “A Multi-Channel 
Wide Range Time-to-Digital Converter 
with Better than 9ps RMS Precision for 
Pulsed Time-of-flight Laser 
Rangefinding” 

Fraunhofer 

VTT 
October 2012 

ITS WC 2012 Conference 
proceedings 

Conference Paper: “Biaxial tripod 
MEMS mirror and omnidirectional lens 
for a low cost wide angle laser range 
sensor” 

VTEC October 2012 
Conference Paper: “Truck Safety 
Applications for Cost-efficient 
Laserscanner Sensors” 

University of Oulu 2012 

IEEE Transactions on 
Instrumentation and 
Measurement journal, 
Volume: 61, Issue: 9 

Scientific article: “A Multichannel High-
Precision CMOS Time-to-Digital 
Converter for Laser-Scanner-Based 
Perception Systems”, DOI: 
10.1109/TIM.2012.2190343 

 

9.1.3 Patents applied for, contacts and agreements for exploitation 

Partner Type and Scope Details 

SICK AG 
Laserscanner with 
omnidirectional lens 

EP 08022431.4, US20100165082A1, patent pending 

SICK AG Obstacle detection EP000002466328A1, patent pending 

Fraunhofer reflow glass caps 
EP2262720 A2 , US2010330332 AA , WO09112138 A2, patent 
pending 

VTT Beam reversing 
FI20105058_010006_ICT, and is currently on process to being 
expanded to cover US and EU range. 

  

http://v3.espacenet.com/textdoc?IDX=EP2262720
http://www.patbase.com/getimg/uspto.asp?PN=US2010330332+AA
http://v3.espacenet.com/textdoc?IDX=WO2009112138
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9.2 Deliverables 

Within the MiniFaros project, 18 deliverables were foreseen. These documents reflect the project’s 
results and are written and reviewed by the MiniFaros experts. Deliverables with public (PU) as well 
as the executive summaries of the ones with restricted dissemination level (RE) were published on 
the MiniFaros website as soon as the documents are officially released. 

 

Deliverable 

Number 
Deliverable Name 

Dissemination 

Level 

D1.1 [1] Project presentation PU 

D2.1 [2] Dissemination plan PU 

D2.2 [3] Mini-Laserscanner website PU/RE 

D3.1 [4] Requirements and user needs PU 

D4.1 [5] Specification and architecture RE 

D7.1 [6] Test and evaluation plan RE 

D6.1a [7] Intermediate component test results RE 

D5.1 [8] Optics and MEMS mirror RE 

D5.2 [9] Measurements and control electronics RE 

D5.3 [10] Object recognition RE 

D2.4 [11] Intermediate report on commercialisation issues RE 

D5.4 [12] Mechanics RE 

D6.1b [13] Final component test results RE 

D6.2 [14] Novel Mini-Laserscanner PU 

D6.3 [15] 
Integrations – Demonstrator vehicle, application, Infrastructure and 

communication integration 
PU 

D2.3 [16] Exploitation plan RE 

D7.2 [17] Test and Evaluation results RE 

D1.2 Final report PU 



Deliverable 1.2 Dissemination Level (PU) 
MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page 82 of 92 

9.3 Demonstrator and system exhibitions 
The MiniFaros Laserscanner components and the final prototype will be exhibited in the project’s 
final demonstration. A live demonstration of the novel Laserscanner in real vehicle environments, 
both on a truck and passenger car, is also planned to take place during this event. 

9.4 Project website 
The MiniFaros project website is the one-stop-shop for all actors interested in MiniFaros. It is end-
user orientated and the content describes the benefits that MiniFaros can bring: A key goal of the 
project is to develop and demonstrate a new type of Laserscanner for enhanced environment 
perception. 

The website was designed in such a way to reach interested stakeholders beyond the project 
consortium and conveying the message to transport professionals and to the public. There is also an 
educational section targeting at the public, which explains the technologies currently deployed in the 
market and how the MiniFaros consortium has worked in order to pursue innovation. 

The website was constantly updated during the whole lifetime of the MiniFaros project while it will 
be sustained after the end of the project for at least five years in order to provide all interested 
stakeholders with information on project achievements, results, and details on contact persons. 

At a high level the website contains the following sections: 

 Project information: objectives, priorities, expected results and other general information.  

 The technologies: introduction to optics, electronics, MEMS as well as the project’s 

developments in these areas. 

 The Partners: including information for all consortium partners 

 News and events section featuring the latest developments within the project. 

 Project’s news feeds: including all MiniFaros newsletter issues as well as information on the 

project’s meetings and events. 

 Public documents: deliverables, presentations and publications. 

 Contact. 

 Links: references to related European research projects with which the consortium 

developed synergies. 

A final event section was also created in order to provide information on the project’s final workshop 
and demonstration and to host the online registration procedure. After the end of the final workshop 
all event material, such as presentations, posters, photos etc. will be available for download.  

9.5 Project video 
Within the framework of the final event to take place at the end of 2012, a demonstration video will 
be shown that highlights the vision and the results of the MiniFaros project. The video will focus on 
the goals of the project, description of the current state of the art and the solutions provided by the 
MiniFaros innovative Laserscanner.  

The video aims mainly at increasing awareness on the proven benefits of the innovative Laserscanner 
which enables a set of associated ADAS applications which have been addressed by the project. The 
project video will be also available through the MiniFaros website. 

9.6 Final event 
The MiniFaros consortium organises its final event on December 13, 2012, in Hamburg, Germany, on 
the premises of the SICK AG. The final event aims at increasing awareness for traffic safety and 
showcasing the contribution that innovative safety technology can bring to societal issues such as 
road safety and transport efficiency. 
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During the final event, the MiniFaros achievements and results will be presented in a one-day event, 
featuring technical presentations by all project partners summarising the work performed within 
their area of responsibility. 

In parallel, an exhibition will take place where the developed MiniFaros prototypes and technical 
posters describing the project’s work will be shown to the participants. Empowering the project’s 
liaison activities, other European research projects will have the opportunity to present their work by 
participating in the planned poster session.  

Furthermore, participants will have the opportunity to experience a live demonstration of the 
performance of the automotive safety applications running in the passenger car and truck 
demonstrator vehicles, both equipped with the MiniFaros Laserscanner. The detailed final event 
programme can be found in the following table: 

09:00-09:30 Registration/coffee 

09:30–10:15 Opening ceremony 

Opening video 

Welcome  

- Kay Fuerstenberg, SICK AG, Germany 

- Angelos Amditis, Institute of Communication and Computer Systems, Greece 

- European Commission, DG Connect representative 

10:15-11:15 Technical presentations 

“Towards low-cost miniature Laserscanners: The MiniFaros approach”, Kay Fuerstenberg, SICK AG, 

Germany 

“Omnidirectional lenses”, Mika Aikio, VTT Technical Research Centre of Finland 

“Biaxial tripod MEMS mirror for low-cost Laserscanners”, Ulrich Hofmann, Fraunhofer Institute for 

Silicon Technology (ISIT), Germany 

“An integrated laser radar receiver”, Juha Kostamovaara, University of Oulu, Finland 

11:15-11:30 Coffee break 

11:30-12:30 Technical presentations 

“Object Recognition”, Angelos Amditis, Institute of Communication and Computer Systems, Greece 

“Truck Safety Applications for Cost-Efficient Laserscanners”, Malte Ahrholdt, Volvo Technology 

Corporation, Sweden 

“Safety applications for small and medium size passenger cars”, Jan Obermann, SKODA AUTO A.S., 

Czech Republic 

“Key results and Outlook”, Kay Fuerstenberg, SICK AG, Germany 

12:30-14:00 Lunch 

12:30-16:30 Live Demonstration of the MiniFaros Laserscanner in real traffic 
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10 Summary and Conclusions 

MiniFaros achieved important and valuable results and a manifold of innovations pushing the state of 
the art. Based on the key technologies: (i) omnidirectional lens design, (ii) MEMS mirror, (iii) 
Measurement and control electronics incl. Receiver- and TDC technology, (iv) Object recognition 
algorithms and in addition a novel motorised mirror, low cost miniature Laserscanner prototypes 
with two different optical concepts – biaxial and coaxial – are developed and demonstrated. 

The consortium developed a totally new low-cost miniature Laserscanner technology that will open 
up the Advanced Driver Assistance System (ADAS) market for small and medium size cars and 
broadens the range of possible applications by its low cost, small size and robustness. Thus, low cost 
Laserscanners, which are able to serve multiple applications, in particular reasonable for small and 
medium size cars, are much closer to the market. 

Furthermore, the novel Laserscanner is a generic sensor also in the sense that it will have application 
areas outside road vehicles ranging from infrastructure applications, to moving work machines and 
mobile robots. 

As a research project, it was not designed to include the development of a series production process. 
However, two studies are prepared to provide the experiences gained in MiniFaros. 

The main tasks were to demonstrate the feasibility of a miniature low cost Laserscanner and to push 
technological development as a basis for future activities. As a European project, MiniFaros made it 
possible that expert knowledge from different European countries was brought together to combine 
single features within a broader approach; these experiences and innovations will certainly be 
disseminated. 

 

The technical objectives were approached by starting with the analysis of accident statistics all over 
Europe as well as by user surveys. The results underlined the need for developing a low cost 
miniature Laserscanner with challenging performance requirements for the Laserscanner, since small 
and medium size cars are involved in the majority (83%) of all accidents, but are generally not 
equipped with ADAS. The MiniFaros Laserscanner addresses approximately 54% to 74% of the 
serious accidents for cars and 64% to 82% for trucks. 

Based on the requirements, the specifications for the Laserscanner and the demonstrator systems 
were elaborated resulting in the specification and architecture. Besides the performance and 
technical specifications of the Laserscanner itself, a detailed description of the system architecture 
and a definition of six safety applications selected to demonstrate the performance of the MiniFaros 
Laserscanner for trucks and passenger cars were provided. 

Two different Laserscanner concepts were introduced. Those are the biaxial and the coaxial concept, 
which both have their advantages and drawbacks. Major comparison drivers are stray light, 
adjustment process, throughput and the maturity of the existing technology. Stray light is a major 
issue due to the large difference of the optical intensities of the fired laser pulse (tens of watts) and 
the reflected signal from the target (nanowatts). The biaxial concept has separated channels for the 
transmitter and receiver, whereas the coaxial concept incorporates overlapping channels. By nature, 
the biaxial concept has lower crosstalk (stray light) between the channels, because a two-sided 
MEMS mirror or a motorised mirror is used. However, the adjustment of the biaxial Laserscanner was 
challenging, since any misalignment of the MEMS mirror moves the transmitter and the receiver spot 
to different directions. After a careful analysis, the consortium agreed to focus on the coaxial concept 
for the MEMS mirror and to develop a biaxial Laserscanner based on a motorised mirror due to the 
lower overall risk for the project objectives. 
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During the development of the key technologies, an enormous number of 20 innovations, pushing 
the state of the art, were generated: 

1 High speed laser driver 

2 An integrated receiver channel 

3 A multi-channel integrated time-to-digital converter 

4 Omnidirectional lens for 905 nm Laserscanner 

5 Omnidirectional lens with direction selectivity 

6 Omnidirectional lens beam reversing for biaxial MEMS (patent pending) 

7 Fibre coupler 75 µm Laser to 50 µm fibre 

8 Optical angle measurement unit 

9 Coaxial and biaxial concept incl. MEMS and omnidirectional lenses (patent pending) 

10 MEMS with huge 7 mm mirror 

11 MEMS mirror with large tilt angle 

12 MEMS mirror cap wafers having 1.6 mm deep vacuum cavities (patent pending) 

13 MEMS mirror wafer level package with seven wafers stacked 

14 MEMS with double-sided mirror 

15 MEMS mirror with tripod resonant actuation 

16 MEMS mirror with electrostatically actuated suspensions 

17 MEMS 3-phase actuation and control 

18 MEMS mirror’s high 700µm thickness to avoid dynamic deformation 

19 MEMS mirror’s patterned getter structure 

20 Object recognition (patent pending) 

 

The design of the omnidirectional lens was a trade-off between optical aperture, laser beam 
divergence, total system throughput, range and size. The plastics material chosen for the 
omnidirectional lens is Zeonex E48R. The measurement range of the MiniFaros Laserscanner 
demonstrator is limited due to mirror and sensor size limitations, lens material absorption and lens 
surface roughness. For future developments, the consortium recommends injection moulded glass 
omnidirectional lenses that will maximize the optical throughput. 

MEMS mirror design and fabrication are successfully finalised, but needed much longer than initially 
planned due the high efforts taken to solve wafer level vacuum encapsulation. The MEMS mirror 
rotates in a robust circle and the measured mechanical tilting angle is close to ±7 degrees, which is 
about half of the specified target angle. Therefore, unfortunately the MEMS mirror was not 
evaluated in the Laserscanner, but successfully assessed in a dedicated MEMS mirror demonstrator. 
Thus, the consortium was forced to focus on the biaxial Laserscanner based on a motorised mirror as 
the basis of application development and the evaluation phase. 

The MiniFaros Laserscanner utilises a number of high-performance electrical modules that enable 
the operation of the whole system: the system electronics, integrated circuits for the receiver 
channel and time-to-digital conversion, as well as MEMS mirror controller and its optical tilt angle 
measurement system. The goals of the integration of the control and measurement electronics are 
conflicting. On the one hand, the integration shall be as high as possible to reduce the size. On the 
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other hand, the electronics shall provide high modularity and enough resources for tests, 
optimisations and unforeseen changes. 

The core of the Laserscanner is the system controller that manages all the functions during the 
scanning operation. The interface comprises EMC components and serves the connections from and 
to the outside world. The module for the laser source includes the laser driver with a high-voltage 
power supply. Those areas are potential disturbance sources and thus must be separated from the 
sensitive parts of the system. The receiver PCB carries the avalanche photodiode (APD), the receiver 
channel and the time-to-digital converter and therefore hosts the most sensitive circuits of the 
system. 

The receiver channel comprises a preamplifier, a post-amplifier, a timing comparator and bias 
generators. All the functions are included in one integrated circuit chip. The main function of the 
circuit is to detect the echo pulses, coming from the APD, and to translate that photocurrent to the 
TDC circuit. The pulses are detected by means of a leading edge. In addition, the lengths of the pulses 
are measured to be used for the walk error compensation. The main challenge is to cope with the 
huge dynamic range caused by the targets at different distances with highly different reflectance 
properties. In automotive applications, the dynamic-range could be 1:10,000, but the realised 
receiver is able to handle the outstanding dynamic range of 1:22,000. 

The single chip time-to-digital converter (TDC) measures the time intervals between the electrical 
pulses and converts it into the time domain. The timing is measured with a resolution of picoseconds, 
which directly translates to the distance resolution of the MiniFaros Laserscanner. Three successive 
pulses are measured to provide the possibility of operating under bad weather conditions when 
multiple echoes due to fog, rain, or snow are received. The core of the TDC is using delay-locked 
signal loops and time-delayed interpolations. 

The MEMS mirror controller keeps the MEMS mirror in resonance and delivers the mirror orientation 
information to the system controller. The MEMS controller excites the tripod structured MEMS 
mirror with three phase-shifted signals. The circuit uses high-resolution hardware pulse-width-
modulation for adjusting the excitation frequency and phase that are highly temperature dependent. 
The actuation of the large mirror is achieved by the principle of electrostatic forces. 

In addition, object tracking and classification algorithms are adapted and improved to the data of a 
single layer MiniFaros Laserscanner. Due to its characteristics, such as field of view (250 degrees), 
medium range (up to 60 m on cars), high angular resolution (0.25 degree), radial accuracy (0.05 m), 
and adequate update rate (25 Hz), the MiniFaros Laserscanner is able to serve multiple applications. 
In the vehicle demonstrators, six safety applications (Frontal pre-crash, Pedestrian protection, Safe 
distance, ACC Stop and Go, Start inhibit, Right turn assistance) are operating in parallel based on a 
single MiniFaros Laserscanner. In addition, the MiniFaros Laserscanner is mounted on a street light 
pole at an intersection for monitoring a nearby pedestrian crossing. 

An analysis of manufacturing costs in mass production including initial costs for the production line 
estimates 42–50 €, depending on the concept. A design study proposes a configuration with the 
dimensions of 4.3 cm x 6 cm x 6 cm. 

A detailed impact assessment assuming reasonable penetration rates estimated savings of about 
16,000 fatalities and 1,450,000 injuries between 2020 and 2030 in EU27 after market introduction of 
the MiniFaros Laserscanner serving four applications (Full speed range ACC, Emergency braking, 
Vulnerable road user protection and Intersection safety). 

The MiniFaros consortium participated in many events of great importance in order to disseminate 
its achievements. In addition, the MiniFaros consortium organised two dedicated special sessions in 
the annual International Forum on Advanced Microsystems for Automotive Applications while and 
participated in two special sessions organised by the interactIVe IP project during the 8th ITS 
European Congress and the 19th ITS World Congress. 
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MiniFaros further developed and provided significant innovations in sensor technology able to serve 
multiple applications on a significantly improved cost-performance ratio needed to accelerate ADAS 
penetration. 

PReVENT pointed out that to realise a commercially viable electronic safety zone all around a vehicle 
by means of current sensor technology, eight different sensors would be needed. Here, the 
MiniFaros technology would allow reducing the number of sensors from 8 to 2-3, thus reducing the 
price even of such a comprehensive system dramatically. Presumably, the market introduction will 
start based on a single MiniFaros Laserscanner serving a limited number of applications. However, 
additional applications are developed in software – the sensor hardware already provides generic 
data for multiple applications without the need for adaptations. 

The consortium is convinced that when ready as a prototype in 2013, the novel Laserscanner can be 
introduced as a generic and interoperable sensor for all vehicle classes from small city cars to trucks 
starting from 2015 to 2020, pushing the market of ADAS for the European automotive industry. 



Deliverable 1.2 Dissemination Level (PU) 
MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page 88 of 92 

11 Acknowledgements 

The MiniFaros research project is part of the 7th Framework Programme, funded by the European 
Commission. The partners of the consortium thank the European Commission for supporting the 
work of this project. 



Deliverable 1.2 Dissemination Level (PU) 
MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page 89 of 92 

References 

[1] MiniFaros D1.1 – Project presentation, 2010 
[2] MiniFaros D2.1 – Dissemination plan, 2010 
[3] MiniFaros D2.2 – Mini-Laserscanner Website, 2010 
[4] MiniFaros D3.1 – Requirements and User Needs, 2010 
[5] MiniFaros D4.1 – Specification and Architecture, 2010 
[6] MiniFaros D7.1 – Test and Evaluation Plan, 2010 
[7] MiniFaros D6.1a – Intermediate Component Test Results, 2011 
[8] MiniFaros D5.1 – Optics and MEMS mirror, 2011 
[9] MiniFaros D5.2 – Measurement and Control Electronics, 2011 
[10] MiniFaros D5.3 – Object Recognition, 2011 
[11] MiniFaros D2.4 – Intermediate Report on Commercialisation Issues, 2011 
[12] MiniFaros D5.4 – Mechanics, 2012 
[13] MiniFaros D6.1b – Final Component Test Results, 2012 
[14] MiniFaros D6.2 – Novel Mini-Laserscanner, 2012 
[15] MiniFaros D6.3 – Integrations – Demonstrator vehicle, Application, Infrastructure and 

Communication Integration, 2012 
[16] MiniFaros D2.3 – Exploitation Plan, 2012 
[17] MiniFaros D7.2 – Test and Evaluation Results, 2012 
[18] ADASE: D2d Roadmap Development Version 1.0, 2004. IST-2000-28010. 
[19] PReVENT IP. IP-D15: Final Report, 2008. FP6-507075 (http://www.prevent-ip.org) 
[20] COMPOSE. D51.11: Final Report, 2008. FP6-507075. 
[21] APALACI. D50.10b: Final Report, 2007. FP6-507075. 
[22] INTERSAFE. D40.75: Final Report, 2007. FP6-507075 
[23] LATERAL SAFE. D32.11: Final Report, 2008. FP6-507075 
[24] CARE – European Road accident Database 
[25] Annual Reported statistics for Road Casualties in Great Britain, 2008 
[26] National Highway Traffic Safety Administration, NHTSA, General Estimates System, GES, 2008 
[27] Fatality Analysis Reporting System, FARS, 2008 
[28] GIDAS, German In-Depth Accident Study accident database. 
[29] Report “Trafikolyckor med tunga lastbilar i Göteborg – 89 ocus på oskyddade trafikanter” 

(Traffic accident involving heavy trucks in Göteborg – focus on unprotected road users) 
[30] Volvo Accident Research Team: “Volvo 3P Accident Research Safety Report 2007” 
[31] AUTOTECH CAST Europe, Harris Interactive 2006, European Consumer Advanced Automotive 

Technologies Report 
[32] ISO 16750 –1, -2, -3, -4, -5, “Road vehicles – Environmental conditions and testing for electrical 

and electronic equipment” 
[33] INTERSAFE-2 Deliverable D3.1: User Needs and Operational Requirements for a Cooperative 

Intersection Safety System, April 2009. 
[34] Aikio M., “Miniature Laserscanner design study”, October 9, 2012 (internal report) 
[35] http://www.mapro.skf.com/products/lub_lglt2.htm 
[36] Deutschle, S.: Draft evaluation plan, IST – 2000 – 28058, AIDER – Accident Information Driver 

Emergency Rescue, Deliverable D05.1 – V4.0, December 2003 
[37] Kulmala R, Leviäkangas P, Sihvola N, Rämä P, Francsics J, Hardman E, Ball S, Smith B, McCrae I, 

Barlow T, Stevens A (2008a) . Final study report. CODIA Deliverable 5. 
[38] Scholliers J, Heinig K, Blosseville J, Netto M, Anttila V, Leanderson S, Engström J, Ljung M, 

Hendriks F, Ploeg J, Chen J (2007). D16.3 Proposal of procedures for assessment of preventive 
and active safety functions. PreVENT SP Deliverable. 

[39] Wilmink I., Janssen W., Jonkers E., Malone K., van Noort M., Klunder G., Rämä P., Sihvola N., 
Kulmala R., Schirokoff A., Lind G., Benz T., Peters H. & Schönebeck S. (2008). Impact 



Deliverable 1.2 Dissemination Level (PU) 
MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page 90 of 92 

assessment of Intelligent Vehicle Safety Systems. eIMPACT Deliverable D4. Version 0.6 March 
2008. 

[40] Wimmershof M, Will D, Schirokoff, A; Pilli-Sihvola, E; Sihvola, N; Kulmala, R; et. Al. (2011). 
INTERSAFE-2, cooperative intersection safety, test and evaluation results. 162 p.; Deliverable 
D8.2. 

[41] Kulmala R. (2010). Ex-ante assessment of the safety effects of intelligent transport systems. 
Accid. Anal. Prev., doi:10.1016/j.aap.2010.03.001 



Deliverable 1.2 Dissemination Level (PU) 
MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page 91 of 92 

List of Abbreviations 

AC Alternating Current 

ACC Adaptive Cruise Control 

ACC S&G Adaptive Cruise Control with Stop & Go 

ADAS Advanced Driver Assistance System 

ADC Analogue/Digital Conversion 

AEB Autonomous Emergency Braking 

APD Avalanche Photodiode 

AR Antireflective 

BiCMOS Bipolar Junction Complementary Metal-Oxide Semiconductor 

CAN Controller Area Network 

CMOS Complementary Metal-Oxide Semiconductor 

CMP Chemical Mechanical Polishing 

CV Case Vehicle 

DC Direct Current4 

DLL Delay-Locked Loop 

DRIE Deep Reactive Ion-Etching 

ECU Electronic Control Unit 

EEPROM Electrically Erasable Programmable Read-Only Memory 

EMC Electromagnetic Compatibility 

ESD Electrostatic Discharge 

FCW Forward Collision Warning 

FEA Finite Element Analysis 

FOVF Field Of View 

FTIR Fourier Transform Infrared Spectrometry 

FTP File Transfer Protocol 

GNN Global Nearest Neighbour 

HF High Frequency 

HMI Human-Machine-Interface 

HV High Voltage 

IC Integrated Circuit 

ITS Intelligent Transport Systems 

I2V Infrastructure To Vehicle 

LCA Lane Centring Assist 

LDW Lane Departure Warning 

LED Light-Emitting Diode 

LIDAR Light Detection And Ranging 

LKA Lane Keeping Assist 

LUT Lookup Table 

MEMS Micro-Electro-Mechanical System 

NIR Near Infrared 

OD Optical Density 
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OEM Original Equipment Manufacturer 

PCA Pre-crash Application 

PCB Printed Circuit Board 

PDBS Point Distance Based Segmentation 

POV Principle Other Vehicle 

PPA Pedestrian Protection Application 

PSD Position Sensitive Detector 

RAM Random Access Memory 

REC Receiver Channel 

RMS Root Mean Square 

RoHS Restriction of Hazardous Substances Directive 

ROI Region Of Interest 

ROM Read-only Memory 

RONE Region Of No Escape 

ROW Region Of Warning 

RTA Right Turn Assistance Application 

SDA Safe Distance Application 

SIA Start Inhibit Application 

SiGe Silicon-Germanium 

SPI Serial Peripheral Interface 

TDC Time To Digital Converter 

TOF Time Of Flight 

TTC Time To Collision 

USB Universal Serial Bus 

VGA Video Graphics Adapter 

VRU Vulnerable Road User 

V2I Vehicle To Infrastructure 

V2V Vehicle To Vehicle 

Wi-Fi Wireless Fidelity 
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Annex 1 

Miniature Laserscanner design study 

The design study discusses the possibilities to achieve a small size in mass production. 

The following optical concepts are under discussion 

1) Biaxial Laserscanner configuration should be built with a motorised mirror. 
2) Coaxial Laserscanner configuration should be built with a 7 mm MEMS mirror. 

The two options above are a coaxial sensor with a 7 mm MEMS mirror, which aims at the smallest 
possible volume, while the biaxial sensor would allow for an increased measurement range. The 
biaxial sensor can employ a motorised mirror, which enables the usage of two similar 
omnidirectional lenses for the transmitter and receiver channel. 

Biaxial Laserscanner 

In an optimised case, a 60 mm omnidirectional lens could utilise circular mirrors up to 8.5 mm in 
diameter, resulting in a receiver aperture of about 6 mm x 8 mm, at maximum. Further increase of 
the mirror diameter would increase the beam spread after the conical mirror surface, and the 
omnidirectional lens diameter needs to be increased. 

The elliptical 6 x 8 mm aperture results in surface area of 38 mm2, and thus an extended range. 
Additionally, it is now possible to reduce the divergence of the transmitter by taking advantage of the 
receiver channel optics. Since the transmitter fibre is four times smaller than the receiver diameter, 
the resulting transmitter divergence is four times smaller as well. 

The actual realisation of a biaxial scanner with current omnidirectional lenses designed for the 
MiniFaros project achieves the following performance parameters (Figure 89): 

Laserscanner dimensions: 156 x 102 x 85 mm (due to shielding) 

Transmitter divergence: 9 x 6 mrad (50 µm fibre) 

Receiver divergence: 30 x 18 mrad (200 µm APD) 

Receiver path aperture: 28 mm2 

Laser power at the fibre output: 30 W 

Maximum range to black Lambertian target: 5 metres 

 

Figure 89 The realised biaxial Laserscanner of the MiniFaros project. 
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The following optimisations are possible:  

i. The range of 5 m to black Lambertian target was obtained with omnidirectional lenses that 
had a significant internal absorption and scattering. By using similar moulded glass lenses, 
the maximum range to black Lambertian target could be increased to 9 metres. 

ii. Further gains are achievable by increasing the output power from the fibre coupling to 40 W, 
which would lead to 10.5 metre measurement distance on a black Lambertian target. This 
measurement distance would improve up to 30 metres on white Lambertian targets. Note 
that this is still assuming the same omnidirectional lenses designed for MiniFaros and a 7 mm 
mirror aperture. 

iii. Increasing the diameter of the rotating mirror, the measurement distance on black 
Lambertian target could be increased up to 15 metres. 

The miniaturisation possibilities of the biaxial sensor are somewhat more limited, but there is a 
possibility of decreasing the height by 10 mm if the lens could be designed in a way that would bring 
the closest omnidirectional lens, surface 5 mm closer to the mirror, but this would also increase the 
thickness of the lens leading to a more difficult moulding process. Since there are two lenses, about 
10 millimetres could be removed from the sensor height. 

Thus the biaxial omnidirectional lens sensor with a motorised mirror is able to achieve the following 
performance numbers: 

Laserscanner dimensions: 70 x 65 x 65 millimetres 

Transmitter divergence: 9 x 6 mrad (50 µm fibre) 

Receiver divergence: 30 x 18 mrad (200 µm APD) 

Receiver path aperture: 38 mm2 

Output power: 40 W 

Maximum range to a black Lambertian target: 15 metres 

Coaxial Laserscanner 

For a coaxial Laserscanner, the MEMS diameter limits the mirror aperture to about 7 millimetres. 
Due to a reflective cone surface on the omnidirectional lens, the beam striking on this surface must 
be converging; otherwise the cone surface would increase the outgoing beam divergence 
considerably (Figure 90 and Figure 91). 

 

Figure 90 A top view of an omnidirectional lens. Black arrow points where the beam converges inside the 
lens. 

This condition takes away the design freedom of enlarging the exit pupil size optically that could be 
done with conventional optics. While the cone surface decreases the available aperture size in the 
azimuthal direction from 7 to 4.5 millimetres, the vertical direction can be kept at the same value. 
The resulting aperture size on the azimuthal direction is approximately the cosine of the mirror tilt 
angle times the mirror diameter (~0.7 * mirror diameter), resulting in about 4.5 mm diameter of the 



Deliverable 1.2 
Dissemination Level (RE) 

Annexes are confidential 

MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page C of 12 

exit pupil in the azimuthal direction. About 7 millimetres of exit pupil size can be realised with 
current components in the vertical direction. This leads to an elliptical exit pupil area of 27.5 mm2, 
about 10 mm2 short of what is available with a 7 mm circular aperture. This aperture size then limits 
the maximum detection range along with the available optical power for the time of flight 
measurement. 

 

Figure 91 Left: a sketch of the omnidirectional lens where the black arrow points to the cone surface. 
Middle: the exit pupil dimensions of this configuration, showing about 5 mm x 7 mm aperture. 
Right: the spot diagram on target. 

Supposing the inner 3.0 millimetres of the MEMS mirror aperture are reserved for the transmitter, 
like in the coaxial sensor in MiniFaros, the available aperture is reduced to about 20 mm2, which is 
further used to determine the maximum range available from a black target. 

In the MiniFaros project, it was shown that it is possible to couple a sufficient amount of optical 
power to a 50 µm fibre. This fibre is assumed to be the pulsed source for the sensor, with an optical 
power of 40 W. From the fibre diameter, it is possible to calculate the divergence of the transmitter 
channel, while the receiver diameter determines the divergence of the receiver channel. 

The above parameters are sufficient to describe the system completely, while the question of the 
mechanical size is unanswered. Using a similar lens as in MiniFaros (but made of glass), the diameter 
of the omnidirectional lens becomes 60 mm. The rest is determined by the APD receiver, receiver 
divergence (and thus the required back focal length) and the MEMS mirror PCB. Using the above 
mentioned values, the design study of the coaxial sensor arrived in the following configuration: 

Laserscanner dimensions: 53 mm x 60 mm x 60 mm (Figure 92) 

Transmitter divergence: 16 x 9 mrad (50 µm fibre) 

Receiver divergence: 30 x 18 mrad (200 µm APD) 

Receiver path aperture: 20 mm2 

Maximum range to black (reflectivity 10%) Lambertian target: 8.5 metres 

 

Figure 92 The miniaturised Laserscanner with MEMS mirror and dimensions of 53 mm x 60 mm x 60 mm. 
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Scaling down the system to fulfil the requirement of 40 x 60 x 60 millimetres (taken here to mean to 
shorten the height of the sensor to 40 mm) results in a downscaling factor of 1.3. By using this scaling 
factor where applicable, the following system is devised: 

Laserscanner dimensions: 40 x 45.3 mm x 45.3 mm 

Transmitter divergence: 20 x 11 mrad (50 µm fibre) 

Receiver divergence: 40 x 24 mrad (200 µm APD) 

Receiver path aperture: 10 mm2 

Maximum range to black Lambertian target: 6 metres 

 

Conclusions 

During the time of the project, it became clear that combination omnidirectional lens and MEMS 
mirror, as used in MiniFaros, will be limited to short and mid-range measurement distances – a range 
of about 20 metres on white. Further development of the omnidirectional lens will increase that 
range to about 27 metres on white target with glass moulded omnidirectional lens technology. 

For the coaxial Laserscanner, a volume of 53 x 60 x 60 mm is reasonable, with a maximum range to a 
black Lambertian target of about 8.5 metres. 

For a biaxial Laserscanner with motorised mirror, it is easier to increase the measurement range, as 
motor components allow greater mirror diameters which directly relate to the light gathering 
capability of the receiver path.  

With a Laserscanner size of 70 x 65 x 65 mm, a maximum measurement range of 15 metres to a black 
Lambertian target is possible. 
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Annex 2 

Optimisation of the omnidirectional lens 

Within the MiniFaros project, omnidirectional lenses were used to steer the laser beam of the 
sensor. Due to underperforming range, this section discusses how to proceed with the 
omnidirectional lens in mass production. 

The notable exceptions from the design plan in the MiniFaros project were mainly absorption of the 
plastic material, and diamond turning marks on the surfaces that cause comparatively much 
scattering, resulting in considerable amount of stray light in the lens. This stray light blocked the 
coaxial sensor from seeing objects closer than 2 metres, depending on the set operation point of the 
avalanche photodiode. 

Suggested changes: 

1) Lens material should be switched to glass for near infrared lasers – the other possibility is a 
material survey of plastics with good near infrared range transmission. At the moment, the 
injection moulding process with NIR transmitting plastics are relatively unknown. 

2) The manufacturing method of the lens should be changed from diamond turning to injection 
moulding. This will alleviate scattering related problems as the surface finish of the master 
can be super polished and residual diamond turning tracks will be removed within the 
process. 

3) Omnidirectional lens toroidal surface should be coated with an antireflective coating. 

To maximise the available range and minimise the stray light effects caused by plastic, the lens 
should be made of mouldable glass. There are several ways how this helps: switching from E48R to a 
glass lens increases the overall transmission by 15–20% per pass, and allows better AR-coating 
possibilities for the outer toroidal surface. Additionally, because of the moulding process allows 
super polished master surfaces (Figure 93); the scattering and stray light effects are drastically 
reduced. The average transmission through the whole glass lens will be about 95% with high quality 
optical coatings, leading to about 90% overall transmission for the entire optical path. 

 

Figure 93 High quality glass moulded surface roughness measurements before and after the polishing of 
the master. The ruled surface effect has been completely eliminated after the polishing. 



Deliverable 1.2 
Dissemination Level (RE) 

Annexes are confidential 

MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page F of 12 

Annex 3 

Background 

During the 2nd review the commission asked for an analysis describing the influence of wet weather 
conditions on the time of flight distance measurement. 

Description of Rain 

The diameter of raindrops which reach the earth typically covers the range between 0.6 mm and 
3 mm [1]. In the following, the range is extended to 0.5 mm to 5 mm. 

 

Heavy rain is defined [1] in two ways: 

1.) Very strong rain shower >   8 l/m² within 10 minutes (corresponds to ≈ 48 l/m² per hour 
2.) Very strong rain > 10 l/m² within 1 hour 
 

The Marshall-Palmer distribution describes the number and the diameter distribution of the 
raindrops within a unit volume as a function of the rain rate [l/m²h ]. [2, 3] 

 

   ( Equations 1-3 ) 

 

N(D): Number of raindrops of the specific diameter interval within a unit volume  

R: Rain rate [l/m²h] 

 

The diagrams below (Figure 94) where derived from [2] for comparison.  

 

   

Figure 94 Two different distribution functions of raindrops. 
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Figure 95 Distribution function of raindrops according equations 1–3. The calculation matches perfectly 
with the results in Figure 94. 

 

 

Figure 96 This diagram depicts the calculated raindrop count per diameter interval for the heaviest rain 
rate of 48 l/m²h. 
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In the following discussion, the case of the very strong rain shower is assumed. This means that an 
equivalent rain rate of ≈ 48 l/m² within 1 hour is assumed. 

The summation of the raindrop count per diameter interval (D > 0.4 mm) gives a total of 3864 
raindrops, which are evenly distributed within 1 m³ of air. 

 

 

Figure 97 This diagram depicts the calculated raindrop count per diameter interval for the heaviest rain 
rate of 48 l/m²h. 

 

Figure 97 shows that, for the assumed case, 80% of the raindrop volume can be found within a 
diameter range of 1–3.5 mm. 

 

Table 14 Number and the size distribution of raindrops at a rain rate of 48l / m²h 

Rain rate considered (normalised to the rain rate within 1 hour) 48 l/m²h 

Total number of raindrops                         D > 0.4 mm 3864 

Total number of raindrops       3.0 mm < D < 4.0 mm 35 

Total number of raindrops                         D > 3.9 mm 5 

80% of the raindrop volume is found within the diameter range  0.9 mm < D < 3.6 mm 

Number of raindrops within this diameter range 1543 

Raindrop diameter at the peak value of the volume distribution 1.65 mm 

 

Volume distribution of rain drops  vs.  drop size @ 48l/m²h
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Figure 98 Laser beam hitting the reference volume of 1 m³ filled with raindrops. 

 

To get an idea about the probability that the MiniFaros laser beam hits a raindrop, the volume of the 
cylindrical laser beam is calculated. The beam diameter is 7 mm, when the laser pulse leaves the 
Laserscanner. In a distance of 5 m it has increased to 20 mm. For convenience, a cylindrical beam is 
assumed in the following. 

 

V laser beam       = π * r² * length          = π * ( 10mm )² * 1 m        =       314e-6 m³  = 1 /     3183 m³ 

 

The volume of 1 raindrop at the peak diameter of 1.65 mm is       2.35e-9 m³   = 1 / 425e+6 m³ 

The volume of 2000 raindrops with a diameter of 1.65 mm is        4.70e-6 m³   = 1 / 212579 m³ 

 

It is obvious that the probability to hit a raindrop in very strong rain shower in the reference volume 
is less than 2%. That is in very good accordance with our experience. 

 

Even though the probability to detect a raindrop rises with the measured time of flight, it is not a 
problem for the distance measurement at all. 

The most important reason is that the raindrop is transparent at the wavelength of the laser and the 
transmission losses are very low. Therefore most of the laser light that hits the raindrop is focused 
and proceeds in forward direction. Figure 99 to Figure 101 depict the result of some Mie-scattering 
calculations [5] at three different raindrop diameters.  

 

The diagrams show that only a very small amount (< -60 dB) of laser light will be reflected back to the 
Laserscanner. Almost all energy travels further in the direction of the target. 
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The raindrop will be detected, because the signal dynamic range of the receiver path covers more 
than 100 dB, but the reduction in the range of the Laserscanner will be negligible. 

 

 

Figure 99 Polar plot of the Mie-scattering characteristic of a raindrop with the diameter of 1 mm at a laser 
wavelength of 905 nm. 
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Figure 100 Polar plot of the Mie-scattering characteristic of a raindrop with the diameter of 1.65 mm at a 
laser wavelength of 905 nm. 

 



Deliverable 1.2 
Dissemination Level (RE) 

Annexes are confidential 

MiniFaros 

FP7-ICT-2009-4_248123 

 

D1.2_Final_Report_v1.0.docx SICK Page L of 12 

 

Figure 101 Polar plot of the Mie-scattering characteristic of a raindrop with the diameter of 3.5 mm at a 
laser wavelength of 905 nm. 

Conclusion 

It was shown that the probability to detect a raindrop with a Laserscanner is very low. But even if a 
raindrop is hit by the laser beam, the power loss in forward direction is so low that it has only a 
negligible influence on the detection range. 
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