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Abstract—Light Detection and Ranging (LiDAR) sensors are
the next generation of Advanced Driver-Assistance Systems
(ADAS). This device will be a key enabler for automated
driving. As a consequence these devices must be highly robust,
fail-operational and safe. In this paper we introduce a novel
concept to speed-up the start-up procedure of 1D MEMS
Micro-Scanning LiDAR systems to enable quick recovery after
unexpected fatal shocks to ensure safe driving for passengers
and other road participants.

Index Terms—MEMS Mirror, LiDAR, LiDAR Safety , Start-
Up Phase, LiDAR Optimization

I. INTRODUCTION

In the next few years, autonomous driving will disruptively
change the automotive industry as well as our society [1].
Autonomous driving is one of the key enablers for smart
mobility. Smart mobility will change the urban environment
by connecting vehicles, infrastructures and citizens together
and enables resource-efficient short-distance traffic [2]. In
Europe several partners founded “PRYSTINE” (Programmable
Systems for Intelligenze in Automobiles), a research project
that focus on the development of next-generation Advanced
Driver-Assistance Systems (ADAS). PRYSTINE’s focus is
on the development of a fail-operational urban surround
pereception system, containing robust RADAR and LiDAR
(Light Detection and Ranging) systems [1]. RADAR is
already a proven technology in the automotive industry
and can already been found in middle-class vehicles.
The RADARs are used in ADAS such as the Adaptive

Fig. 1. PRYSTINE’s concept view of a fail-operational urban surround
perception system [1].
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Fig. 2. Overview of a LiDAR system for automonomous driving [8].

Cruise Control (ACC) to avoid collissions. [3]. The LiDAR
technology instead can not been found in middle-class
vehicles yet, but there are feasbility studies such as Google’s
Waymo project [4]. The LiDAR system of Google’s research
car contains a mechanical rotating LiDAR system [5], this
device has the big disadvantage that it is mounted on top of
the car and influences the aerodynamic negative and is rather
expensive [6], [7]. A smarter approach is the novel LiDAR
concept of Druml et al. with their 1D MEMS Micro-Scanning
LiDAR system as seen in Figure 2 [8]. Their approach
integrates the rotating mirror into a Micro-Electro-Mechanical
system (MEMS). This will decrease the overall costs and
enables an integration inside the driver cabin without any
negative influence on vehicle’s aerodynamics [8].

LiDAR systems will be a major key enabler for autonomous
driving for Level 3 driving automation of the SAE’s
automation levels [1]. On Level 3 the drivers can move their
eyes off the street and enjoy a movie during their trip. For this
driving automation level the provided systems needs to have
a high level of safety, reliability and must be fail-operational
[1]. One of the most critical situation of the 1D MEMS
Micro-Scanning LiDAR system is the long duration of the
transient start-up procedure of the MEMS mirror until it can
operate. In general the long duration would be no problem, if
the mirror is starting at engine start and turned off when the
engine stops. Unfortunately, the MEMS mirror is sensitive
to fatal shocks. In this situation, the shock influences the
MEMS mirror and could disrupt the functionality of the
whole LiDAR system. In such a situation, there is only the



possibility to restart the transient start-up procedure of the
MEMS mirror. The problem in that case is, that during the
start-up phase the LiDAR system is not able to recognize
any deviations on the street and could cause an accident.
Consequently this start-up procedure needs to be as fast as
possible to recover safely after a shock in a specific time to
mitigate possible accidents.

II. RELATED WORK

MEMS mirrors are already used as optical scanners in dif-
ferent fields to enable a two dimensional movement of a laser
[7], [9], [10]. In most applications, the occurance of strong
vibrations and their consequences on the MEMS mirrors are
neglected because mostly these systems are deployed for non-
moving applications such as terahertz wave generators or
coherent light sources [10]. In the last years the MEMS mirror
technology has been introduced in the automotive domain
to enable cheap and robust LiDAR systems for supporting
automated driving [8], [11], [12].

A. 1D MEMS Micro-Scanning LiDAR

Druml et al. have introduced a novel 1D MEMS LiDAR
concept, as seen in Figure 3. This concept offers a high
measurement range, represents a low-cost design is highly
robust against shocks and vibrations and provides ASIL-C
safety level [8].

The LiDAR system can be operated in open and closed
control-loop. Both loops are used to guarantee a robust scan
shape. In Figure 4 the direction of the mirror and the related
signal states are displayed. The phased-locked loop (PLL)
follows the oscillating MEMS mirror and adapts the values
of the internal control registers to ensure a correct continous
operation [8].

Druml et al. describes that, because of the high Q factor
of the mirror, the design is highly robust against external
perturbations such as shocks or vibrations [8]. Consequently
shocks and vibrations needs to be considered for LiDAR
systems in the automotive domain.

B. Vibration Effects on LiDAR systems

The effects of exposed vibrations on LiDAR systems
have already been examined for airborne LIDAR systems.
Hongchao et al. [13] presented in their results that vibrations
could cause positioning errors.

Both paper clearly shows that the effects of vibrations
on LiDAR systems should not be neglected in the automotive
domain. Automotive vehicles and their components are
strongly exposed to vibrations during lifetime through
different road conditions. MEMS mirrors are minimized
mechanical structures and could be affected by these
vibrations.

The automotive domain already considers vibration exposures
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Figure 2. Fundamental classification of various LiDAR concepts.

heads and rotating/oscillating macro mirrors/prisms solutions have
further improved in terms of performance, resolution, and robustness.
For example, LiDAR systems from Velodyne achieve measurement
ranges of 200m with a horizontal field-of-view of 360°. However,
their main drawbacks are high costs and moving macro components
that degrade the form factor and that hinder a lean car integration.

A novel concept which is currently explored by academia and
industry is optical phased arrays [8]. The major advantage of this
novel approach is the possibility for electronic laser beam forming
(similar to phased array antennas in Radar), thus omitting the
integration of any moving or rotating mechanical parts required
for deflecting of beams in a traditional way. However, preliminary
research results show that there is still a critical technological gap
concerning the efficiency of the photonic integrated circuits. This
efficiency degradation, which is in the range of a high double
digit percentage, represents a major limitation for long-range LiDAR
applications.

The currently most promising concept towards a realizable low-
cost (<200$), long-range (>200m), robust, automotive qualified
LiDAR environment perception is the micro-scanning MEMS mirror
concept. As summarized by Holmstrom et al. [9], there are various
types of MEMS-scanner concepts. A crucial differentiating factor is
whether one moving axis (as depicted by Krastev et al. [10]) or
two moving axes (such as [11] or [12]) are implemented. While
the 1D approach typically deflects a vertical laser beam line into
the scenery and performs a horizontal scanning (see also Figure 3),
the 2D concept deflects a laser point or narrow line and performs
vertically as well as horizontally scanning. Furthermore, there are
mirrors which are driven in resonance (robust against shocks and
vibration, instantaneous measurement of the position for all angles is
not required) or without resonance (prone to shocks and vibrations,
difficult to control due to the inevitable ringing which needs to be
suppressed by a control loop). This work focuses on the resonant 1D
MEMS mirror, because this specific setup enables higher scanning
frequencies compared to 2D approach and provides high robustness
against external perturbations (such as shocks and vibrations which
are given in transportation).

Summarizing, even though the LiDAR research community is
highly active, there is still a huge gap concerning a realizable long-
range and low-cost solution. Therefore, this paper provides a highly
relevant and important contribution to the ongoing discussion in this

important field of research.

III. 1D MEMS-BASED AUTOMOTIVE LIDAR

Currently, the most promising approach towards a long-range, low-
cost, robust, and automotive qualified LiDAR system is enabled
through the micro-scanning 1D MEMS mirror concept. In the fol-
lowing, this solution (as depicted in Figure 3) is detailed.

A. Requirements

Requirements for a long-range LiDAR sensor are, from OEM and
Tier 1 perspective, still in a dynamic development process and differ a
lot. Thus, some partly representative requirements can be summarized
as follows:

• 120° horizontal field-of-view and 16° vertical field-of-view
• 20cm distance resolution, 0.1° horizontal and 0.5° vertical

resolution
• 200m measurement range
• 20 frames per second of field-of-view’s point cloud
• 200$ system costs
• ASIL-C and laser class 1 guaranteeing functional-, eye-, and

skin-safety
• High robustness against shocks and vibrations

Figure 3. 1D micro-scanning LiDAR illuminating the scenery with a vertical
laser beam line and scanning horizontally.

Fig. 3. Concept overview of the 1D MEMS Micro-Scanning LiDAR system
of Druml [8].

Figure 6. MEMS mirror response curve. Changing the actuation frequency
results in a non-linear change in mirror’ oscillation angle.

curve describes the mechanical behavior of the MEMS mirror as a
non-linear harmonic oscillator.

Depending on the mirror design (mechanical design, leaf springs,
comb drive structure, etc.), deviation angles of more than +/-15°are
achievable. Thanks to the mirror’s high Q factor, its oscillator
design, and the one-dimensional rotation axis, a laser beam deflection
solution is given that provides high robustness against external
perturbations (such as shocks or car vibrations). Furthermore, thanks
to its conventional mirror design, the laser beam can be deflected
almost losslessly and with high pulse-repetition frequencies (which
is an essential enabler for oversampling of the environment).

E. MEMS Driver ASIC

The crucial task of the MEMS Driver ASIC is to sense, actuate, and
control the movement of the MEMS mirror. Actuation of the mirror
is carried out by simply switching on / off the mirror’s high-voltage at
the right point in time. However, in order to perform this high-voltage
switching on / off properly, precisely sensing of the mirror position
is essential. Since the mirror’s comb fingers form a capacitance
that varies with the mirror’s position, position sensing is carried
out by measuring this position dependent capacitance. Such kind
of capacitance sensing can be performed with various measurement
principles. One feasible measurement principle is the usage of trans-
impedance converters in order to convert the capacitor’s current flows
into voltages levels. These voltage levels can then be analog-to-
digital converted and can be processed by digital analysis and control
circuits.

In general, the MEMS mirror can be operated either in open
control-loop or closed control-loop, cf. [14]. While the open control-
loop mode actuates the mirror with a defined frequency without
taking advantage of any control strategies, the closed control-loop
mode implements two important control strategies:

• A phased-locked loop precisely follows the movement (phase)
of the oscillating MEMS mirror.

• An amplitude control loop ensures that the maximum deflection
angle of the MEMS mirror stays constant.

With the help of these two control loops, a robust scan shape can be
guaranteed. In order to signal the central System Safety Controller
(which triggers the laser beam firing) the momentary position of
the MEMS mirror, the following important signals are provided:
POSITION L (mirror is either on the left or right side) and DIREC-
TION L signals (mirror moves either towards the left or right side)

Figure 7. MEMS position and safety signaling of the MEMS Driver ASIC.

provide precise information of the mirror’s momentary position, as
illustrated in Figure 7. When the mirror crosses its zero position, the
position signal changes. When the mirror is at its maximum deflection
angle, the direction signal changes. A PHASE CLK signal, which
counts in equi-temporal steps from 0 to nmax during one mirror
swing, provides a precise and high-frequent phase information of the
momentary mirror position. These three signals are not only crucial
for the system controller in order to decide at which mirror position
to trigger the laser beam firing, but also to enable an efficient way
to track the MEMS mirror. As a consequence, the precision of these
signals directly influences the whole LiDAR system’s measurement
accuracy. In addition to these tracking signals, an ANGLE OK signal
is provided by the MEMS Driver ASIC in order to notify the
system controller whether the angle setpoint is reached or not. This
notification is crucial for ensuring functional-, eye-, and skin-safety:
if and only if both the MEMS mirror and the MEMS Driver ASIC
operate properly within their specified set of parameters, then laser
shooting is permitted.

F. Photo Diodes and Receiver Circuits

The LiDAR system’s receiving part (which is primarily defined
through an 1D or 2D array of photo diodes, Receiver Circuits, and
hardware-accelerated signal processing) is absolutely crucial in order
to achieve the required SNR and maximum distance requirements.
The number of implemented photo diodes defines vertical resolution,
which is not constrained by our system architecture. In the shown
receiver signal chain, the Receiver Circuits’ main purpose is to
amplify the received electrical current from the array of photo diodes
with the help of high-performance amplifiers. This amplification
circuit has to implement not only a high dynamic range (in order
to detect targets in near vicinity and far away), but shall also support
adjustable gain settings, short recovery times (in order to detect a
weak pulse directly after a strong pulse), and low electrical/optical
cross-talk between channels. After amplification of the sensed analog
signals, a high-speed conversion to the digital domain is required. At
this point, the LiDAR system’s design space critically expands by
selecting the ADCs’ resolution and sampling rate: more than 1-Bit
ADC resolution is required for signal amplitude analyses (in order to
detect for example lane markings), high sampling rates are required
for more accurate range resolutions (e.g., 1.5 GHz for 10cm range
resolution). Given a modest laser pulse-repetition rate of, e.g., 100kHz

Fig. 4. Signal overview of the 1D MEMS Micro-Scanning LiDAR system of
Druml [8].

on mechanical components such as mechanical connectors.
For mechanical connectors the automotive domain has
developed industrial standards such as “USCAR-2” [14] or
“LV 214” [15] that specify certain requirements that must be
fullfilled to guarantee safety along appalling road conditions.
For MEMS based LiDAR systems, these vibrations could
result in an fatal shock that could trigger an immediate stop
of the whole LiDAR system. The usual recover-procedure in
this case is to restart the whole MEMS mirror.

These circumstances arises several research questions
that we are focussing in this paper:

• Is it possible to disrupt the LiDAR MEMS mirror through
a fatal shock?

• How long does the state-of-the-art transiert start-up pro-
cedure take to recover the MEMS mirror to a certain
frequency?

• Could the start-up procedure be accelerated to minimize
the recovery time?

III. SPEED-UP MEMS MIRROR’S START-UP PROCEDURE

In this section we provide system architecture information
about the state-of-the-art start-up procedure and our novel
approach to speed-up the common start-up procedure. To



L L L L L

RRRRR

θ 

6°

-6°

Mirror angle   0°

Position_L

Direction_L

0x1000

0x3000

0x1000

0x3000 0x3000

0x1000 0x1000

0x3000

0x1000

0x3500

0x1500

0x3500

0x1500 0x1500

0x3500

0x1500

0x3500
Phase Position:

Fig. 5. Concept overview of the impacts of an unintended shock on the
LiDAR signals.

clarify the needs of this improvement we firstly describe a
case, where the novel 1D MEMS Micro-Scanning LiDAR
system by Druml et al. could fail [8].

A. Shock Injection

In Figure 5 the mirror’s angle and the related position
and direction signal can be seen. The first two cycles are
equivalent to the signals of Figure 4. At the beginning of
the third cycle a fatal shock occurs and negatively affects
the MEMS mirror. This could be seen in a rapidly frequence
change of the mirror’s angle. First of all, the mirror is possible
to recover himself to the previous settled frequency, but the
position and the direction signals do not match anymore. In
Figure 6 the described worst-case is depicted: a fatal shock
causes the PLL to loose its lock. The shock was triggered by
a hardware module that simulates the impacts of a fatal shock.
The consequences of the shock could be seen through the
rapidly increase of the PLL error. The PLL fails and with the
PLL the settlement of the control register values. The MEMS
mirror is sliding down to a lower frequency due to the PLL
that lost its lock. At this state the LiDAR system could not
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Fig. 6. Measurments and effects of a PLL lock loose, possible triggered by
a fatal shock to the LiDAR system.

Fig. 7. Overview of both resonance curves of the MEMS mirror [8].
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Fig. 8. State-of-the-Art start-up procedure of the 1D MEMS Micro-Scanning
LiDAR system.

find back to the previous operating point and recovery is only
possible through a MEMS mirror restart.

B. State-of-the-Art Start-Up Procedure

In Figure 8 the transient response of the state-of-the-art
start-up procedure can be seen. The mirror provides a
top and a bottom resonance curve. The mirror is starting
on the lower curve and needs to be driven to the jump
frequency. At this jump frequency, the MEMS mirror is
jumping on the top response curve [8]. Consequently the
start-up routine starts at 5000 Hz and decreases the frequency
until the MEMS mirror is jumping onto the top response
curve. The response of the top curve can bee seen in
Figure 8 at the average mirror current DL2 signal. The
conservative start-up procedure needs about 430 ms until
the mirror can be used for signal processing. Consequently
during this time the LiDAR system has no possibility to
send any data to the automated driving signal processing units.

This amount of time would be no problem, if the MEMS
mirror would start at engine start and stop at engine off.
But there is always the possibility of a fatal shock during
run-time, as we have shown in Figure 5 and Figure 6. As
a consequence, to ensure safe behavior during run-time this
start-up procedure needs to speed-up.



C. Novel Start-Up Procedure

To speed-up the start-up procedure it is necessary to set
the specific jump frequency. But the jump frequency needs
different additional settings such as counter settings of the
PLL. These values are MEMS mirror related and vary for each
device. In Figure 9 a functional overview of our novel start-up
procedure can be seen. At first start-up of the mirror device
the specific jump frequency and all related signals need to be
found with the help of a calibration procedure. If these values
are already saved in the specific registers the MEMS mirror
can immediately be forced to this specific frequency. This
frequency point will trigger the jump onto the top response
curve. The novel start-up procedure can be divided into two
logical branches:

1) Initial Start-Up
Jump frequency and related signals are not known and
the device is started for the first time.

2) Continuous Start-Up
Jump frequency and related signals are known and saved
in the specific registers.

Firstly the MEMS mirror driver is checking if the jump
frequency and all related counter signals are set in the specific
registers. If not, the “Initial Startup” path will be executed.
In this path the state-of-the-art start-up procedure will be
executed. When the jump occurs the MEMS mirror driver is
saving all related counter parameters into registers. In the next
start-ups these values could be used for speeding-up the start-
up procedure.
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Loop
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Fig. 9. Functional overview of our novel start-up procedure for speeding up
the recovery time.

IV. RESULTS

In this section we provide measurement results of our
novel start-up procedure that was introduced in Section III-C.
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Fig. 10. Initial start-Up measurement of the novel start-up procedure.

In Figure 10 the whole start-up process of our novel start-up
procedure can be seen. In the Initial start-up phase the jump
frequency and the related signals are not saved in the specific
registers. Therefore the MEMS mirror driver triggers the
Initial start-up phase. The measurements clearly shows the
state-of-the-art start-up procedure. In the next phase the
MEMS mirror firstly gets stopped. At the next start-up the
MEMS mirror jump frequency and related signals are known
and set and the MEMS mirror can immediately jump onto
the top resonance curve.

In Figure 11 the magnified Continous start-up phase
can be seen. The Continous start-up phase needs about 5.2
ms until the MEMS mirror is ready to proceed.

Figure 12 clearly shows that our novel methodology
also works with pre-saved values into the specific registers.
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Fig. 11. Magnification of the Continous start-up phase of the novel start-up
procedure.



TABLE I
MEASUREMENT RESULTS OF THE STATE-OF-THE-ART START-UP

PROCEDURE AND THE NOVEL START-UP PROCEDURE.

Begin End Time
in ms

State-of-the-Art Start-Up 11590 7491 426.97
Novel Start-up 25610 25560 5.20
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Fig. 12. Novel start-up procedure with pre-saved jump frequency and related
signals, including frequent start-stop procedures.

Furthermore Figure 12 proves that it also works for frequent
start-stops phases.

V. SUMMARY

In our paper we have introduced a novel start-up procedure
for 1D MEMS Micro-Scanning LiDAR systems. The state-
of-the-art procedure requires about 430ms until the MEMS
mirror is ready to proceed and this is too long for automated
driving.

In Section II we have discussed the need of a small recovery
time after a fatal shock, probably triggered by appalling
road conditions. In Section III-A we have introduced a
concept and measurement results, how these shocks will
affect the MEMS mirror until the LiDAR system stops
working. This result clearly shows that fatal shocks have an
impact on the LiDAR system and needs to be mitigated.
For this purpose we have designed a novel Start-Up procedure.

In Section III-C we have introduced our novel start-up
procedure that is able to shorten the start-up time of the
MEMS mirror. In Section IV we have provided measurement
results that proves the efficiency of the procedure as well as
showing that the start-up phase can be reduced from 430ms
to 5.2ms. Furthermore, we have shown that by pre-saving
specific signal values into registers this start-up could be
speeded up at every start and can also be used for frequent
start-stop procedures.

Our novel start-up procedure can be used to quickly
recover the MEMS mirror after a fatal shock. With this
procedure, the LiDAR system can be recovered in a short
time that still ensures safe driving for passangers and road
participants.
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