arXiv:2010.08327v2 [eess.SY] 13 Apr 2021

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Experimental Evaluation of Vibration Influence
on a Resonant MEMS Scanning System for
Automotive Lidars

Han Woong Yoo, Membership, Rene Riegler, David Brunner, Stephan Albert,
Thomas Thurner, Membership, and Georg Schitter, Senior Membership

Abstract—This paper demonstrates a vibration test for a
resonant MEMS scanning system in operation to evaluate
the vibration immunity for automotive lidar applications.
The MEMS mirror has a reinforcement structure on the
backside of the mirror, causing vibration coupling by a
mismatch between the center of mass and the rotation axis.
An analysis of energy variation is proposed, showing direc-
tion dependency of vibration coupling. Vibration influences
are evaluated by transient vibration response and vibration
frequency sweep using a single tone vibration for trans-
lational y- and z- axis. The measurement results demon-
strate standard deviation (STD) amplitude and frequency
errors are up to 1.64 % and 0.26 %, respectively, for 2 guus
single tone vibrations on y axis. The simulation results
also show a good agreement with both measurements,
proving the proposed vibration coupling mechanism of the
MEMS mirror. The phased locked loop (PLL) improves the
STD amplitude and frequency errors to 0.91 % and 0.15 %
for y axis vibration, corresponding to 44.4 % and 43.0 %
reduction, respectively, showing the benefit of a controlled
MEMS mirror for reliable automotive MEMS lidars.

Index Terms—Automotive applications, Laser radar, mi-
croelectromechanical system (MEMS), micromirrors, phase
locked loops (PLL), Robustness, System testing

[. INTRODUCTION

Lidar, also called ladar or laser radar, allows high accuracy
and long range 3D imaging, emerging as an essential sensor
technology in high level automated driving systems [1]. To
attain high resolution and long range at the same time, MEMS
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scanners have received much attention as one of the promising
beam steering solutions for automotive lidars thanks to their
compactness, high reliability with hardly any mechanical wear,
long life time, and a low unit price at a large volume produc-
tion [2]-[4]. Indeed, intensive research and development are
ongoing in both industry and academia in the last decade [5]-
[10].

There are, however, several challenges for MEMS mirrors
to be a prevailing scanning technique for automotive lidars.
One of them is robustness in harsh environment conditions,
e.g. wide operational climates, varying air pressure and tem-
peratures, excessive vibrations and shocks [11]. Especially for
the vibrations, an automotive standard of LV 124 requires a
stable operation with a random vibration of at least 30.8 m/s?
RMS acceleration up to 2 kHz [12]. For destructive tests for
MEMS mirrors not in operation, it is aimed by means of design
to prevent fracture of the structure due to large accelerations
[13]. For quasi-static MEMS mirrors, which are non-resonant
type and allow wide-band arbitrary beam scanning by special
electrostatic actuator designs [14]-[16], a dielectric liquid
filling in the mirror package [17], [18] or a soft material for
fabrication [19] can endure 1000 g shock and 20 g vibrations
from 20 Hz to 2 kHz. For MEMS mirrors in operation, a
quasi-static MEMS mirror is evaluated by vibration and shock
tests for automotive lidars and parasitic modes are identified
as the main cause of vibration coupling to the rotational mode
[20]. For a 10 Hz triangular scan motion of about + 4.5°
amplitude, a 30 g in-plane acceleration with a frequency of
about 500 Hz results in about 0.36° peak to peak scanning
error for the open loop case and about 0.22° for the close
loop case, corresponding to about 4.0 % and 2.4 % peak to
peak scanning error, respectively.

Furthermore, many conventional MEMS mirror designs
have rather small sizes, which limits the resolution of the
illuminated spot and reduces the maximum range and SNR of
the scanning receiver. Increasing the size of the MEMS mirror
is not straightforward due to dynamic mirror deformation
[21], causing a blurred light spot in the projection. Thicker
MEMS mirror can reduce this dynamic deformation, however
at the price of a strongly decreased mirror frequency which
usually cannot meet the required scanning performance. One
approach employs multiple MEMS mirrors to increase the
aperture size, while it demands a highly uniform fabrication
and a dedicated synchronization control [10], [22]. A popular
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Fig. 1. (a) A resonant MEMS scanning mirror for vibration test and the
definition of translational axes for vibrations description with respect to
the main mirror rotation mode of Rx. (b, c) Vibration coupling torque
model by Ty and Tz vibration of d, and d. to the Rx motion with the
mass m due to the mismatch of L between the center of mass and the
rotation axis.

approach exploits reinforcement structures with a thin mirror
to reduce low order surface deformation with a small increase
of inertia [6], [23]-[25]. The reinforcement structure can cause
a mismatch between the rotational axis and the center of mass
of the mirror, leading to coupling to an external vibration. A
recent analysis based on perturbation theory is investigated for
a vibration influence of a MEMS mirror with a reinforcement
structure [26] while this only studies simulations of an open
loop case without feedback and exploits rather impractical in-
put voltages. For resonant MEMS mirrors with reinforcement
structures, however, experimental evaluation of the vibration
influence during operation has not been reported so far.

The main contribution of this paper is modeling and an ex-
perimental evaluation of the vibration influence for a resonant
MEMS mirror in operation including a feedback control. As
a main cause of the vibration influence, a mismatch between
the center of mass and the rotational axis is raised, which
is due to the reinforcement structure of the MEMS mirror.
To explain the mechanisms of vibration coupling, an energy-
based analysis is also proposed. A vibration test setup has been
developed, which can apply vibration to the MEMS mirror in
all three spatial directions while a position sensitive device
(PSD) records the scanning trajectories. Vibration influences
are evaluated by transient vibration response and vibration
frequency sweep for an open loop and a phase locked loop
(PLL) controlled mirror, using a single tone vibration. The
measurements are compared to the simulation to verify the
proposed vibration coupling model.

[I. DESCRIPTION OF MEMS MIRROR MODEL AND
CONTROL

Fig. la shows the MEMS scanning mirror used in this
paper, equipped with electrostatic comb drive actuators. The
MEMS mirror has a reinforcement structure on the backside
to enable a high scanning frequency with a mirror aperture
over 2 mm [27]. This reinforcement structure shifts the center
of mass below the rotational axis, which causes vibration-
induced torques from translational y- and/or z-axis vibrations.
as illustrated in Fig. 1b and Fig. lc.

This section firstly describes the dynamic model of the
MEMS mirror and the vibration-induced torque model. Then
vibration coupling is analyzed based on the energy injection
by the vibration-induced torque. Finally, the model of the PI-
based PLL is given to describe the PLL-controlled MEMS
scanning system.
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Fig. 2. Nonlinear stiffness function, averaged damping function, and ca-

pacitance and angular derivative of the capacitance from experimental
identification.

A. SDoF model of MEMS mirror

Consider the main rotation mode of the electrostatically
actuated MEMS mirror as a single degree of freedom (SDoF)
model [28]

_1dC
—5@‘/ +Tv, (1)

16+ c(6,6)0 + k(6)0
where 6 is the mechanical mirror deflection angle in radian,
I denotes the moment of inertia of the considered rotational
mode, and ¢ and k are nonlinear damping and stiffness
functions, respectively. The comb drive torque is defined by
the product of the squared input voltage function V' and the
angular derivative of the comb drive capacitance C. 7, denotes
a torque induced by external vibrations. Fig. 2 shows the
normalized nonlinear stiffness function, the averaged damping
function, and comb drive capacitance, identified from the
MEMS mirror. A detailed discussion of the design concepts
and the parameter identification can be found in [29].

Fig. 3 shows the frequency response of the MEMS mirror
of Fig. 1. The amplitude and frequency is normalized to the
values at the operation point in the experiment. The MEMS
mirror is excited to the Ist order parametric resonance by
the electrostatic comb drive, i.e. the actuation frequency is
twice the mirror frequency [30]-[33]. The backbone curve
and the frequency response illustrate bending toward higher
frequencies due to the nonlinear hardening of the chosen
suspension structure. This suspension structure is beneficial
to increase scanning frequency and suppress other unwanted
mode of the mirror motion. The identification algorithm and
ODE simulation of (1) without external torques are developed
and verified in [28], showing a good agreement with the
measurement data.
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Fig. 3. Measured and simulated frequency of the MEMS mirror by
a 100 V rectangular input including the mirror's backbone curve. The
directions of the bifurcation jumps are given by the arrows [28]. A
simulation with a duty of 0.6 is drawn for showing the operation point
in the experiments.

B. External vibration-induced torque model

Consider accelerations of d,, and d. caused by a transla-
tional vibration along the y- and z-axis in Fig. 1, which are
called hereafter Ty vibration and Tz vibration. Due to the
mismatch of the center of mass and the rotational axis, the
vibration-induced torque is generated as

7y = Lmd,, cos 0 + Lmd., sin 0, )

where m and L denote the mass of the mirror and the
distance between the rotational axis and the center of mass,
respectively. The vibration-induced torque is scaled by the
cosine or sine of the mirror angle # due to the movement
of the center of mass. For simplicity in analysis, only a single
tone vibration is considered as

dy = ay cos(2m fyt + ¢y), 3)
d, = a,cos(2mf.t + @), 4)

where a, and a. are the amplitude of vibration with the
frequency, f, and f., and the phase to the mirror, ¢, and ¢,
for the Ty and Tz vibration, respectively. Due to the nonlinear
dynamics of (1), superposition of the vibration-induced torque
does not typically hold for a large amplitude vibration. For a
small vibration around a stable equilibrium point, i.e. steady
state operation of the mirror, (1) can be linearized, leading to a
generalization by the superposition of the single tone analysis.
The conditions of linearization are not discussed further in this
paper nevertheless the linearization is used for the analysis of
the vibration coupling to the mirror motion.

C. External vibration coupling model based on energy
variation

Consider the MEMS mirror to be in a steady state, i.e. the
energy gain and energy loss from injections by the comb drives
and damping are balanced. In this steady state, the external
torque brings a change of the energy in the mirror motion,
leading to a variation of amplitude and frequencies. Assume

that the mirror trajectory is approximated by a single tone sine
with a steady state mirror frequency fy, and an amplitude ©.
The errors of the frequency and amplitude by the vibration are
much smaller than the steady state frequency and amplitude,
ie. Afm < fn and A© < O. Then the mirror angle can be
approximated as

0 ~ O sin 27 fiut. 5)

Consider 20° as a maximum deflection angle, i.e. © < 0.35
in radian. Taylor approximation can expand the single tone
vibration-induced torque of (2) with (4) and (3) as

Tv &~ mLay cos(27 ft + ¢,)(1 — %92)

+mLa, cos(2mf.t + ¢.)(0 — %93). (6)

Besides, the vibration-induced energy change at ¢ for a single
period of (5) can be written by an average as

t+ﬁ .
AE,, = / 7(n)(n)dn, ™
t

where 7 is the integration variable of time. Assume that f, #
(2n — 1) fm and f, # 2nf, for n = 1,2. With trigonometric
identities, substituting (5) and (6) into (7) leads to

sin(27(fm — S — &) [
27T(fm - fy)

AEv,t ~ + ayvy,lfm

n=t
(2 (3fn — fy)n = 6y) "
+ ayvy,3fm 27 —yfy) y .
- cos(2m(2fm — f2)n— 6:) "~
azvz,2fm 27T(2fm - fz) n=t
g SO = = 6)
azVz4fm 21 (4fm — f2) S (8)

where the vibration coupling coefficients are defined by
Vo

vo
Vy,1 = E(S - @2)5 Uy 3 = E@2;
Vo = 1—2(129 - 03%), Vyq = ;—293, vy = 2mrmLO.

For the approximation, the terms with a higher frequency than
fm, €.g fm + fy, are omitted since they are small by the
averaging integral. Equation (8) indicates that the vibration
coupling results in energy changes varying at the differences
between mirror and vibration frequencies and that the orders
of harmonics are different for the two directions. At the
considered amplitudes of © < 0.35, the respective first order
contributions are dominant, i.e. v, 2 > v, 4 and vy 1 > vy 3.
Ty vibration near f;, and Tz vibration near 2 f;;, are mainly
considered, i.e. 2fn — f. < fm and fn — f, < fi since
the local dynamics of amplitude and frequency at an equilib-
rium typically has a much lower bandwidth than the mirror
frequency. This allows further approximation of (8) as

AFE, ; = ayvy1c0os (21 (fm — fy)t — @y)
+ayvy 08 (27 (2fm — f2)t — ¢2). 9)

This result implies four aspects of vibration coupling to the
scanning motion of the MEMS mirror in operation. First, the
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Fig. 4. Definitions of a PLL operation on the top response curve: the
period of PLL Tpyy, the half period mirror T,,, reference phase in time
L. » @ctual phase in time ¢, and phase error e; _ in time based on the

mirror angle and the actuation signal, where i denotes the index of the
PLL periods

injected energy per period by vibrations can be approximated
by a sinusoidal function with the frequency difference be-
tween the vibration frequency and the mirror frequency or
the mirror actuation frequency. Second, vibrations near the
mirror frequency or the mirror actuation frequency are only
coupled to the mirror dynamics, hence representing band-
limited local dynamics at an equilibrium. Third, vibration
sensitivity with respect to vibration frequencies depends on
the direction of the vibration, e.g. high sensitivity for Ty
vibration with frequencies near the mirror frequency and
high sensitivity for Tz vibration with frequencies near mirror
actuation frequencies. Last, coupling of Ty vibrations to the
mirror dynamics is expected to be stronger than coupling of
Tz vibrations, considering © < 0.35. These four aspects are
discussed further below with simulations and measurement
results.

D. Pl-based phase locked loop

To describe the used PI-based PLL, a period-based fre-
quency and a phase in time are considered as depicted in
Fig. 4. The evolution of the phase between the mirror angle
and the input voltage in time fﬁyi is defined by [34]

tgi+1 =tgi — Tmit1 + TpLL i+1, (10)

where Tpr 1 ; denotes the i-th period of the PLL, 7}, ; denotes
the i-th half period of the mirror, and where ¢ denotes the
index of the PLL periods. Half the mirror period is used
instead of the full since the PLL frequency is twice the mirror
frequency in steady state. The PLL aims to keep the phase
to the reference phase, interpreted as a time delay g,,,. The
phase error is defined by the phase error to the reference phase
as ej, = tgeer — tg,i- A PI controller can be defined as

j=i
TeLLiv1 = kpeg, , + ki E eg,, +TpLL0,
Jj=0

(1)

where kp and k; are P and I gain, respectively. The evolution
form is obtained by taking the difference between 7 + 1 and %
as [34]

Torr,it1 = Teuw,i + ke (%,i - %,H) + kieg,

=Tpir,i + kp (T — Toirs) + ke, .- (12)
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Fig. 5. Schematics of the vibration test setup for Ty and Tz vibration. A
PCB adapter cube allows the installation of the mirror PCB for Ty and
Tz vibrations. The acceleration of the MEMS mirror is measured by a
laser Doppler vibrometer (LDV) while the mirror scanning trajectory is
recorded by a PSD.

This illustrates that the designed PI-based PLL compensates
the errors in phase and frequency by I and P gain, respectively.
Therefore roles of P and I gain in the control are different
and both gains are necessary to converge fast to the target
phase. A detailed analysis of the PI-based PLL is discussed
for linearized local dynamics in [34].

[1l. EXPERIMENTAL SETUP AND IMPLEMENTATION
A. Vibration test setup

Fig. 5 illustrates a vibration test setup for evaluation of
vibration influences on a MEMS scanning system. A shaker
(TV 51110-M, Tira GmbH, Schalkau, Germany) generates a
single directional vibration to a PCB adapter cube. The PCB
adapter cube delivers the vibration to the three possible mirror
PCB locations, allowing for Tx, Ty, and Tz vibration test. The
mirror PCB is tightly attached to one of the faces of the cube
without a gap so that unwanted modes induced by the PCB
are suppressed. While the vibration is applied to the MEMS
mirror, the mirror trajectory is measured with a 1D PSD
(1L30_SU2, SiTek Electro Optics, Partille, Sweden), using a
collimated fiber laser (SIFC635 with CFC-5X-A, Thorlabs,
Newton, NJ, USA). The cross-coupling between vibrations
and the PSD angle measurement is negligible compared to
the vibration influence on the mirror angle trajectory.

For the control of the vibration and the data acquisition of
the measured PSD signal, an FPGA module in a PXIe system
(NI PXIe 7856-R, Austin, TX, USA) is used. The velocity of
the vibration is measured by a laser Doppler vibrometer (OFV
534 with OFV 5000, Polytec GmbH, Waldbronn, Germany).
From the measured velocity, the amplitude of the single tone
sine vibration is determined to keep a constant target acceler-
ation over various vibration frequencies. For Tz vibration, the
vibrometer measures directly the frame of the MEMS mirror
while the socket is measured instead for Ty vibration since
direct measurement of the MEMS mirror is not applicable.

A model based calibration is used for the accurate con-
version from the beam position on the PSD to the mirror
angle. Contrary to the MEMS test bench [35], a stage-based
calibration scheme is not possible because high stiffness of the
PSD installation for robust angle measurements is essential.
Therefore, the mirror parameters in (1) are identified with the
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Fig. 6. Transient response of scanning trajectory, envelope for amplitude
changes, and frequency changes of the open loop mirror system for a
2 gms Ty vibration with a frequency of 1.0327.

MEMS test bench in advance and the operational distance
between the MEMS mirror and the PSD is calculated by
matching the measurement with the simulated amplitude.

B. Implementation of the mirror control

The mirror is operated by a control ASIC board, an FPGA
implementation of the MEMS Driver ASIC for feasibility
studies [2], [3]. The board is capable of both open loop
operation and PI-based PLL operation. The mirror frequency
is detected via the zero crossing of the comb drive currents. A
detailed description of the PLL implementation can be found
in [3], [36].

C. Numerical implementation of simulator

The ODE simulator for vibration influence is an extension
from the SDoF simulation platform of the MEMS mirror in
[28]. The vibration torque is added to the previous model
and a PLL model is implemented based on the behavioral
model of the FPGA implementation. The mirror dynamics (1)
are implemented by compiled S-function in Matlab Simulink,
significantly reducing computation time.

V. EVALUATION RESULTS OF VIBRATION INFLUENCE

Vibration influences are evaluated by two experiments:
transient vibration response and vibration frequency sweep.
transient vibration response evaluates a response of the mirror
angle in time to a single tone vibration with a step amplitude.
The vibration frequency sweep measures steady state vibration
responses in mirror amplitude and frequency to a single tone
vibration with a normalized frequency from 0.42 to 2.09,
providing the sensitivity of the scanning motion to a specific
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Fig. 7. Transient response of scanning trajectory, envelope for amplitude
changes, and frequency changes of the open loop mirror system for a
2 gms Tz vibration with a frequency of 2.0331.

vibration frequency. For both experiments, the acceleration of
the single tone vibration is set to 2 guys, corresponding to a
peak to peak acceleration of 55.48 m/s®. The strong single
tone acceleration of 2 g, is chosen to attain a reasonable
SNR to characterize the vibration influence by Tz vibrations.
This single tone excitation is considered much harsher than ex-
pected in automotive applications, as demanded by automotive
standards, e.g. the LV124 [12] with wide-band vibration of in
total 11.83 m/s> RMS spread over the frequency range from
1 kHz to 2 kHz. In addition, the mirror frequency is higher
than 2 kHz by design, where vibration influence is not defined
by the test standard. As in Fig. 3, amplitudes and frequencies
are normalized to the values at the operation point, i.e. the
mirror is operated at the frequency 1 with an amplitude of 1.
The open loop MEMS scanning system is evaluated first and
then the PLL-controlled MEMS scanning system is examined.

A. Open loop MEMS scanning system

The open loop MEMS scanning system is evaluated first
because it shows vibration coupling to the pure MEMS mirror
dynamics. In the open loop case, the MEMS mirror is operated
with the duty cycle of 0.6 as shown in Fig 3.

Fig. 6 illustrates the transient response of a Ty vibration
with a frequency of 1.0327. When the vibration starts, the
amplitude of the scanning trajectory oscillates at a frequency
of 0.0327, corresponding to the frequency difference between
the vibration frequency and the mirror frequency. The envelope
of the positive and negative amplitude shows that the mean
amplitude stays the same but the amplitude oscillates with a
peak to peak amplitude error of 0.0472. The mirror frequency
also oscillates at the frequency difference with peak to peak
frequency error of 0.0068. The simulation is conducted by
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the measured vibration as a vibration input, showing a good
agreement with the measurements data.

Fig. 7 shows a transient response for a Tz vibration with
a frequency of 2.0331. The influence on both the mirror
amplitude and frequency are a single tone oscillation with a
frequency of 0.0331, which is the difference of the vibration
frequency from the mirror actuation frequency. The peak to
peak errors of the mirror amplitude and frequency are 0.0044
and 0.0007, respectively, which is about a factor of 10 less
than those with Ty vibration.

Fig. 8 illustrates a vibration frequency sweep with Ty
vibrations. The mean of amplitude and frequency tends to stay
constant for all vibration frequencies while the maximum and
the minimum amplitudes and frequencies vary symmetrically
with respect to the mean. Vibration coupling is spread over
both positive and negative frequency differences near the
mirror frequency and the peaks are at £0.033. Amplitude and
frequency errors can also be evaluated by standard deviation
(STD), having the advantage of being a robust measure to
noise. The STD amplitude errors are 1.13 % and 1.64 % at
the peaks for the negative and positive frequency differences,
respectively, and the STD frequency errors are 0.17 % and
0.26 % at the peaks for the negative and positive frequency
differences, respectively. The amplitude and frequency errors
at the negative frequency difference are about 31.1 % and
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Fig. 9. Tz vibration influence on the mirror amplitude and frequency
for a frequency sweep in open loop operation. The simulation and
measurement are drawn with light solid lines and dark dashed lines,
respectively.

34.6 % lower than those at positive frequency difference,
respectively. The simulation results of (1) also show peaks
at £0.034 from the mirror frequency, demonstrating a good
agreement with measurements. In both measurements and
simulations, a zero influence in the STD amplitude error is
observed at -0.008 from the mirror frequency. For the STD
frequency error, the zero influences are located at the mirror
frequency at -0.154 from the mirror frequency.

Fig. 9 shows the vibration frequency sweep for Tz vibration.
The shape of the vibration influence is similar to that of Ty
vibration, e.g. the location of the peak and zeros in STD
amplitude and frequency errors. The main differences are that
the vibration influences with Tz vibration are near the mirror
actuation frequency, and are about 10 times smaller than the
Ty vibration case with a peak STD amplitude and frequency
error of 0.20 % and 0.03 %, respectively. A small vibration
influence near the mirror frequency is observed, which is due
to a Ty vibration component caused by a small angle error of
about 2° between the Tz vibration and the z direction of the
MEMS mirror at the zero angle.

B. PLL-controlled MEMS scanning system

The vibration influence on the PLL-controlled mirror is
also evaluated by both transient response and the vibration
frequency sweep. Fig. 10 shows a transient vibration response
of the PLL-controlled mirror for Ty vibration with a frequency
of 1.0013. Contrary to the open loop case, the mirror frequency
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response for Tz vibration with the PLL is omitted since it is
analog to the Ty PLL vibration case, however with the major

. influence around the mirror actuation frequency as in the open

loop case.

The vibration frequency sweep in Fig. 11 shows the behav-
ior of mirror amplitude and frequency for the PLL-controlled
mirror. For the Ty vibration with small frequency differences
within £0.0029, the PLL follows the vibration frequency and
the amplitude also changes accordingly with frequency in
a linear manner. In this region, there is no amplitude and
frequency oscillation observed. For vibrations with a larger
frequency difference over +0.0029, amplitude and frequency
oscillates as in the open loop case with the frequency of
the maximum influence at +0.0029 relative to the mirror
frequency. The STD of the amplitude and frequency oscillation
are 0.91 % and 0.15 %, respectively, which is 44.4 % and
43.0 % reduction, respectively, compared to the open loop
case. For a MEMS mirror with a 15° amplitude and a
2 kHz oscillation, these STD amplitude and frequency errors
correspond to 0.137° and 3 Hz, respectively.

Fig. 12 illustrates the vibration frequency sweep for Tz
vibration with the PLL enabled. As for Ty vibration, a vibra-
tion with a small frequency difference makes the PLL follow
the vibration, where the range is only +0.0007 relative to
the mirror actuation frequency. A higher frequency difference
outside of +0.0007 relative to the mirror actuation frequency
results in STD mirror amplitude and frequency errors of up to
0.13 % and 0.02 %, respectively. The improvement compared
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to the open loop system corresponds to 33.5 % and 27.6 %
for STD amplitude and frequency errors, respectively.

C. Discussion

The mismatch between the center of mass and the rotation
axis is identified as the main cause of the vibration influence on
the resonant MEMS system, supported by a good agreement of
the various measurements and the simulations. The simulation
also tracks asymmetries of the vibration influences for positive
and negative frequency differences in the open loop case.
The measurements verify the four aspects in the analysis in
Sec. II-B as well.

Since the vibration coupling mainly occurs at vibration
frequencies near fn,, and 2f,, the mirror frequency can be
chosen high enough by design to be beyond the band in which
significant vibration occur in a specific application scenario.
For example, many standards show frequencies beyond 2 kHz
as uncritical [12], [20], which can be used for the mirror
scanning frequency. Due to the directional dependency and the
narrow frequency range of the vibration sensitivity, a design
of a vibration isolation packages for MEMS lidar systems can
be simplified by suppressing the dominant Ty vibration near
the mirror frequency.

Beside the Ty and Tz vibrations, Tx vibrations are neglected
because they do not directly couple to the Rx motion. Tx
vibrations couple only to the orthogonal rotational mode of
Ry instead of the operational mirror mode Rx by a mismatch
between the center of mass and the rotation axis. Therefore,
this coupling does not appear in the SDoF model (1). If all
rotational DoF (Rx, Ry, and Rz) are included in the model,
coupling between those rotational modes, mediated by Euler’s
equations, would arise [37]. This would also lead to an indirect
coupling of Tx vibrations to the Rx mode. However, by design
of the MEMS mirror, the parasitic Ry mode is significantly
stiffer than the Rx mode with an almost 20 times higher eigen-
frequency, as calculated by finite element analysis. For this
reason, the sketched mechanism is expected to be far weaker
than the one proposed for Ty and Tz vibrations. Experimental
results with Tx vibrations hardly show any significant coupling
influence on the mirror scanning trajectories and therefore they
are omitted for simplicity.

The developed MEMS vibration test setup can evaluate the
influence of translational vibrations for open loop and PLL-
controlled MEMS mirrors, verifying the proposed vibration
coupling mechanism of the MEMS mirror. The PLL also
exhibits a reduction of vibration coupling influence by 43.0 %
in STD frequency errors compared to that of the open loop
operation, showing the strong benefits of a controlled MEMS
scanning system for reliable automotive MEMS lidars.

V. CONCLUSION

This paper discusses an evaluation of vibration immunity
of a resonant MEMS scanning system for automotive lidar
applications. The MEMS mirror has a reinforcement structure
on the backside of the mirror to reduce dynamic deforma-
tion, leading to a vibration-induced torque caused by the
mismatch between the center of mass and the rotation axis.

The vibration-induced torque is analyzed by energy varia-
tion per period, showing directional dependency of vibration
coupling. A vibration test setup is developed to evaluate
transient vibration response and vibration frequency sweep
using 2 g single tone vibrations. The measurement results
verify the analysis of vibration coupling by a good agreement
with simulations, illustrating the directional dependency of
vibration coupling. A vibration frequency sweep shows that
the STD amplitude and frequency are up to 1.64 % and
0.26 %, respectively, for Ty vibrations. The PLL-controlled
mirror improves the STD amplitude and frequency to 0.91 %
and 0.15 %, respectively, which corresponds to 44.4 % and
43.0 % reduction in STD amplitude and frequency, respec-
tively. Comparisons from these experimental investigations for
worst case vibration excitations demonstrate that the proposed
vibration test setup can accurately evaluate vibration coupling
of the resonant MEMS scanning system in operation. The
proposed vibration coupling model also allows for thorough
investigation of vibration sensitivity of resonant MEMS mir-
rors even in the design phase.
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