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Abstract— Automated driving has been expected for decades.
The first systems, which at least partially automate the vehicle,
have been installed in higher priced vehicles for several years.
In the near future, however, many more competencies are to
be transferred to the systems and the vehicle will thus be
fully automated. Such systems receive their data from various
sensor systems such as Light Detection And Ranging (LiDAR).
Therefore, it is essential that this information is transmitted
correctly and reliably to the environmental perception system.
In order to ensure this, redundancy of sensors is a key factor
in addition to diversity. For example, multiple, independent-
ly controlled MEMS-based LiDAR systems can be operated
synchronously. This requires the selection of a Master system
which can be reliably followed by all Slave systems. In this
publication, an architecture for MEMS-based Micro-Scanning
LiDAR systems is proposed to determine the appropriate system
as Master. The architecture has been implemented in an FPGA
prototyping platform to demonstrate its feasibility and evaluate
its performance.

I. INTRODUCTION

Until now, Advanced Driver-Assistance Systems (ADAS)

have taken over tasks such as lane keeping, but the driver

had to be ready to intervene at any time [1]. For example, in

Article 8 of the Vienna Convention on Road Traffic, some

countries have agreed that the driver must have a continuous

opportunity to gain control of the vehicle [2]. At the moment

there are also some considerations about how, when, how

long, and where a human can intervene in systems of auto-

mated vehicles. Terken et al. [3], for example, have shown in

their article about various use cases where shared control can

occur. Flemisch et al. [4] also made considerations to this

effect in their article. However, these approaches are only

possible up to SAE level 3, since beyond that the driver is

only a passenger without responsibilities. These SAE levels

are well explained in SAE International Standard J3016 [5].

At the moment, this is still a vision for the future, but

in a few years, highly automated vehicles will appear on

the roads. Consequently, there have been several projects

addressing this issue for some time, developing concepts

and systems to enable SAE level 4 and 5 of vehicles. In

the PRYSTINE project, for instance, camera, robust Radio

Detection And Ranging (RADAR), and Light Detection

And Ranging (LiDAR) sensors are deployed to achieve

Fail-operational Urban Surround perceptION (FUSION) [6].

Figure 1 illustrates this concept of PRYSTINE from the

intended FUSION. How such fail-operational architectures

1Institute of Technical Informatics, Graz University of Technology, 8010
Graz, Austria {stelzer, strasser, steger}@tugraz.at

2ATV Sense and Control, Infineon Technologies Austria AG, 8020 Graz,
Austria {norbert.druml}@infineon.com

for environmental perception systems can be designed is

also described by Kohn et al. [7] in their publication. Fail-

operational behaviour is mandatory for high automated vehi-

cles of SAE level 4 and 5 and is also claimed by Vermesan

et al. [8] and Macher et al. [9]. In the absence of the driver at

SAE levels 4 and 5, the vehicle requires multiple systems re-

sponsible for execution of steering, acceleration/deceleration

and monitoring of driving environment. Also, the fall-back

performance of dynamic driving task is no longer the driver,

but from SAE level 4 the system as well. Such fusion systems

combine data from different sensors and thus provide reliable

information about the driving environment in the fusion of

these data. Koci et al. [10] and De Silva et al. [11] discussed

in their publications the importance of such sensors and

data fusion for automated vehicles. Therefore, affordable

automotive qualified RADAR and LiDAR components that

can be deployed in large vehicle fleets for environmental

detection are important. An automotive qualified MEMS-

based LiDAR has been presented by Yoo et al. [12], which

can be a key for affordable LiDAR sensor systems in highly

automated vehicles. But to achieve the largest possible Field-

of-View (FoV), multiple MEMS-based LiDAR systems must

be synchronised. For this purpose, a Master system has

to be selected that operates a MEMS mirror that has the

appropriate physical properties so that all Slave systems can

reliably follow it. If the LiDAR systems were operated asyn-

chronously, so-called ghost objects could occur, as described

by Baumgart et al. [13]. Therefore, our publication addresses

the determination of an appropriate Master system for the

synchronisation of multiple independently controlled MEMS

Fig. 1. PRYSTINE’s concept view of a Fail-operational Urban Surround
perceptION (FUSION) [6].



mirrors.

With our paper contribution we:

• achieve a determination of an appropriate Master sys-

tem,

• prevent a system crash by determining an ineligible

Master system and

• enhance safety by enabling a safe and reliable synchro-

nisation of MEMS-based LiDAR systems.

The remainder of the paper is structured as follows. The

overview on related work is given in Section II. The method

will be described in detail in Section III and the results

including a short discussion will be provided in Section IV.

A summary of the findings will conclude this paper in

Section V.

II. RELATED WORK

There are already LiDAR systems on the market that can

perceive the driving environment and still have a very large

FoV. Such a system is for example the HDL-64E system from

Velodyne [14], [15]. The major drawbacks of such systems,

however, are that they either perform poorly or are bulky,

expensive, and energy hungry [16]. Additionally, there are

also MEMS-based LiDAR systems available. A distinction is

made between LiDAR systems with 1D MEMS mirrors and

2D MEMS mirrors. Wang et al. [16] describe the advantages

and disadvantages well in their publication. It is also evident

from this publication that 1D scanning MEMS mirrors are

the more mature and typically have wider scanning angles,

larger apertures and higher resonant frequencies. Therefore,

in terms of automotive applications for highly automated

vehicles, a MEMS-based LiDAR system with a 1D MEMS

mirror is arguably the better choice. Thus, Druml et al. [17]

have introduced an automotive qualified, low-cost, long-

range and robust 1D MEMS Micro-Scanning LiDAR system.

However, Druml et al.’s system has either a small and long-

range FoV or a wide and short-range FoV, so a way has to

be found to achieve both.

A. 1D MEMS Micro-Scanning LiDAR

In this Subsection, the MEMS-based LiDAR System ap-

proach by Druml et al. is presented. With this approach, a

vertical laser beam line is typically projected into the scenery.

This laser beam line is then moved through the scenery with

Fig. 2. Functional principle of a 1D Micro-Scanning LiDAR [17].
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Fig. 3. System concept of a 1D MEMS-based automotive qualified LiDAR
system by Druml et al. [17].

the help of an oscillating 1D MEMS mirror. This method

is called horizontal scanning and its principle is depicted in

Figure 2. What it depends on which FoV is obtained will

be explained later. First, the architecture of Druml et al.,

shown in Figure 3, will be explained in general. This MEMS-

based LiDAR system basically consists of an Emitter path, a

Receiver path, and a System Safety Controller (AURIX) [18]

that coordinates the Emitter and Receiver paths. As the

mirror frequency is indirectly responsible for the size and

depth of the FoV, we have focused on the Emitter path,

especially the MEMS Driver ASIC, of Druml et al.’s LiDAR

system. The MEMS Driver actuates, senses and controls the

mirror. A MEMS device can be operated either in open-loop

or closed-loop, according to Borovic et al. [19]. Actuation

of the mirror happens by switching a High Voltage (HV) on

and off. When the HV is switched on, the mirror is pulled

towards the zero position. Once the HV is switched off, an

oscillation in direction of the maximum mirror deflection

occurs. Stelzer et al. [20] state that the maximum mirror

Fig. 4. Druml et al.’s MEMS mirror response curve [17].
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Fig. 5. Block diagram of a MEMS-based LiDAR environment perception system with an additional Master Management block.

deflection depends on the actuation frequency. A low mirror

oscillation frequency results in a narrow but long-range FoV

and a higher mirror oscillation results in a wider but short-

range FoV. Furthermore, the mirror has to be operated in a

certain frequency range to achieve a corresponding maximum

mirror deflection. This is conditioned by the implemented

electrostatic comb drive approach [21] and the associated

mechanical MEMS mirror characteristics. Figure 4 shows

the response curve of the MEMS mirror - the MEMS mirror

corresponds to a nonlinear oscillator. The two threshold

frequencies fjump and ffb can also differ from example to

example due to process variations.

B. Synchronisation of MEMS-based LiDAR Systems

In order to extend the FoV of an environment perception

system and to enhance safety, it is possible to integrate addi-

tional sensors into the system. Figure 6 shows symbolically

how the field of view is extended by two additional MEMS-

based LiDAR systems. However, in the case of MEMS-based

LiDAR systems, these individual sensors must be synchro-

nised to avoid possible interferences in the measurements.

Fig. 6. Icon of multiple independently controlled and synchronised MEMS-
based LiDAR systems [22].

How these independently controlled MEMS mirrors can be

synchronised is presented by Stelzer et al. [22] and Strasser et

al. [23] in their publications. Since each mirror has different

fallback frequencies caused by process variations, not every

mirror is equally well suited as a Master mirror. Depending

on the characteristics of the different MEMS mirrors, the

Master system should be selected. The maximum possible

FoV of the entire environment perception system will also

result from this.

From this, the following research questions emerge:

• Is it possible that despite the different characteristics of

MEMS mirrors, the system with the most appropriate

MEMS mirror is always made the Master?

• What happens if the Master crashes for some reason

and becomes unavailable to the environment perception

system?

• Is it necessary to check more often whether the most

appropriate MEMS mirror is the Master mirror or is the

Master determined only once?

III. DYNAMIC MASTER DETERMINATION IN

MEMS-BASED LIDAR SYSTEMS

In this Section, we introduce the novel dynamic Mas-

ter determination architecture and describe the process of

determining the Master system. In Figure 5, the Master

Management System (MMS) is shown in general. It shows

separate MEMS-based LiDAR systems that are synchronised

together to form the LiDAR environment perception system.

In principle, n systems can be synchronised with each other

and thus a larger FoV can be obtained. For the synchroni-

sation, however, a Master is needed, which is determined

and assigned by the MMS. The MMS is implemented on an

external device, for example the System Safety Controller,

and communicates with the individual LiDAR systems. The

various fallback frequencies of the individual MEMS mirrors

are communicated to the MMS via the Fallback Frequency

(FBF) m connections - m stands for 1 to n. These are stored

in a register of the MMS and subsequently compared with

each other. The system with the MEMS mirror that has the

lowest fallback frequency is then designated as the Master.

This is because it ensures that all Slave mirrors can follow
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the Master mirror. If a Master were chosen that had a higher

fallback frequency than at least one Slave, there would be a

risk that at least one Slave system would permanently crash.

In the worst case, this can have safety-relevant consequences,

such as an accident due to a lack of environment perception.

Via Master Management System Communication (MMSC)

m the individual MEMS-based LiDAR systems are informed

whether they are the Master or not. Those systems that

are Slaves then switch to Slave mode. How the fallback

frequency of the individual MEMS mirrors is determined

is explained below.

A. Fallback Frequency Determination in MEMS-based Li-

DAR Systems

In this Subsection it is explained how the fallback fre-

quencies of the individual MEMS-based LiDAR systems

are determined. To determine the fallback frequency of the

individual MEMS system, an additional module must be

integrated into the existing system, as shown in Figure 7. In

this module, there is a frequency adaption block, which first

reduces the frequency to reach the jump frequency and then

increases it until the fallback frequency is reached. However,

this process only starts once the Fallback Frequency Determi-

nation Trigger (FBFDT) is set. This trigger can be set either

by the System Safety Controller, the system itself at system

start-up or by another external device on which the MMS

is implemented. When the fallback frequency is reached,

this value is written into a register via Fallback Frequency

Threshold (FBFT) and subsequently transmitted to the MMS.

To determine the jump frequency and fallback frequency, an

analog-to-digital converter (ADC) value of the Driver is used.

By means of this value, significant frequency changes can be

detected. More about this follows in Section IV.

B. Dynamic Master Determination Procedure

Next, the dynamic Master determination procedure is de-

scribed in detail in this Subsection. How the dynamic Master

determination procedure looks like is shown in Figure 8 and

described in the following steps:

1) System Start-Up

In the process of the system start also the trigger

FBFDT is set to get the current fallback frequency

of the MEMS system right at the beginning. During

operation it is not necessary to start another check for

the correct fallback frequency, only at the next system

start.

2) Mirror Frequency Reduction

At the beginning the frequency is reduced step by step

in open-loop mode. This is continued until the jump
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frequency of the mirror is reached. It is checked by

means of an ADC value of the Driver - explained in

the Section IV.

3) Mirror Frequency Raise

After that, the frequency is increased step by step until

the fallback frequency of the mirror is reached. At

this point, the mirror falls back to the lower resonance

curve. This is also detected by means of the ADC value

of the Driver.

4) Set Fallback Frequency

This value is then written to a register and forwarded

to the MMS via MMSC. At the same time, the mirror

is brought back to the upper resonance curve and put

into closed-loop mode. This will put the mirror into

operation mode and will make it ready to become

Master or to synchronise to the selected Master.

5) Get Fallback Frequency from MEMS Systems

After receiving the fallback frequencies from the

MEMS systems, these are written to a register in the

MMS. The system remains in the waiting state until

all connected MEMS systems have transmitted their

fallback frequencies to the MMS.

6) Comparison of Fallback Frequencies

Subsequently, the entered fallback frequencies are

compared with each other and sorted by means of a

common sorting algorithm. A priority list is created

within the MMS, based on these priorities the Master

system is selected. The system with the mirror that

has the lowest fallback frequency is given the highest

priority. The other priorities are assigned analogously.

7) Set Master System

The priority list is then consulted to decide which

system becomes the Master. This is also communicated

to the MEMS systems via MMSC. As long as the

system with the highest priority is available, this is

now the Master system. However, if this system is not

available for a certain period of time, the system with
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Fig. 9. Measurement with the first MEMS mirror sample - fallback
frequency at 4899 Hz.
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Fig. 10. Measurement with the second MEMS mirror sample - fallback
frequency at 4850 Hz.

the following higher priority automatically follows as

Master.

With this new dynamic Master determination procedure,

it is now possible to create an enlarged field of view with

multiple MEMS-based LiDAR systems and an appropriate

Master. This significantly increases the safety and reliability

of the entire environment perception system, as there is no

more risk of selecting an inappropriate Master. It is thus

possible to obtain the maximum possible FoV with the given

components without risking a system crash.

IV. RESULTS

In this Section we provide the test results of our novel

dynamic Master determination procedure, which has been

introduced in Section III. Our architecture was implemented

in an FPGA Prototyping Platform by Yoo et al. [12]. This

FPGA Prototyping Platform consists of a MEMS Driver
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Fig. 11. Measurement with the third MEMS mirror sample - fallback
frequency at 4719 Hz.
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Fig. 12. Measurement with the fourth MEMS mirror sample - fallback
frequency at 4902 Hz.

Digital Part (FPGA), a MEMS Driver Discrete Analog Part,

and the 1D MEMS mirror. For our test setup, we have used

four different MEMS mirrors. The procedure was performed

for all four MEMS mirror samples. It can be clearly seen in

the measurements at which point in time the jump frequency

or fallback frequency of the respective mirror is reached.

Each plot contains a measurement of the actuation frequency

and a measurement of the Device Layer 2 (DL2) average

value. The frequency plot shows the frequency at which the

Driver switches the HV on and off. The DL2 average value

is an ADC value of the Driver and reflects the currents at

the MEMS mirror combs. The higher the DL2 average value,

the lower the mechanical deflection of the mirror. Between

the jump to the upper resonance curve and the fallback

to the lower resonance curve, it can be clearly seen that

the deflection is much more than on the lower resonance

curve. Using the four different MEMS mirrors, it can also

be clearly seen that there are different fallback frequencies.

The fallback frequencies of samples 1 and 4 are within a few

Hz, as can also be seen in Table I. The fallback frequency

TABLE I

FALLBACK FREQUENCIES OF MEMS MIRROR SAMPLES

Sample Fallback Frequency Determined Master Order

[Hz]

1 4899 3rd
2 4850 2nd
3 4719 1st
4 4902 4th

of mirror number 2 is approximately 50 Hz lower than the

fallback frequency of mirrors 1 and 4. Mirror number 3’s

frequency is almost 200 Hz away. Thus, mirror number 3

would be the Master mirror among these four mirrors. If this

mirror would fail, mirror number 2 would follow as Master.

V. CONCLUSION

In our paper, we have introduced a novel Master deter-

mination procedure for synchronised MEMS-based LiDAR

systems. With this new procedure, we are able to select an

appropriate Master and thus obtain the maximum possible

FoV with the given components. We can also answer the

research question whether it is possible to always select the

most appropriate Master despite different characteristics with

yes. Since the mirror with the lowest fallback frequency is

always the most appropriate one, we always choose the most

appropriate Master. This should also prevent a system crash

of Slaves due to the operation of the mirrors too close to their

fallback frequencies. However, if the Master system crashes

unexpectedly, the Slave systems do not crash as well, but the

next better Slave is changed to be the Master. The FoV is

then more limited, but the perception of the environment is

still possible. We can also clearly answer the last research

question. It is not necessary to check more often than at

system startup which mirror is most appropriate as Master.

At the beginning a check is done and also a priority list

is created. If the Master fails, it is known which system

will replace the old Master. In case of changed fallback

frequencies due to damage or aging, it will be noticed at

the next system startup. Usually, a system start is performed

at least once a day, because no vehicle and its components

are in continuous operation. Finally, our presented procedure

increases the safety and reliability of a synchronised LiDAR

system and related applications. It is another step toward

highly automated respectively autonomous vehicles.
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