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Abstract: This paper proposes capacitive charge-based self-sensing by integration of the comb
drive intrinsic displacement current for resonant electrostatic MEMS mirrors in order to solve
the problem of robust feedback for laser scanning in mobile light detection and ranging (Lidar)
application. A two-channel switched current integrator circuit is implemented to determine
the deflection angle and to distinguish the rotation direction from the asymmetric comb drive
charge. Parameters of the MEMS mirror are calibrated with the deflection angle by an optical
PSD setup. The resonant electrostatic MEMS mirror is parametrically driven by a square wave
high voltage signal, which means, that the charge measurement is only available during the
time with non-zero drive signal. From the partly available charge measurements, a nonlinear
observer is developed to estimate the mirror state at all time for a potential feedback control.
The feasibility for online position estimation is proven by simulation using experimental charge
and deflection angle measurements resulting in less than 2% error at full amplitude operation.
Finally, the performance of the proposed method is discussed for realization of active MEMS
mirror feedback control, overcoming imprecise motions due to structural nonlinearities as well

as external disturbances like vibration and climate variation.
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1. INTRODUCTION

MEMS mirrors are broadly applied for high frequent laser
scanning applications like video projectors, cf. Urey et al.
(2013), 3D distance sensors, cf. Sandner et al. (2010), and
external cavity lasers, cf. Ostendorf et al. (2016). Resonant
MEMS scanners enable the construction of low-cost and
robust mobile automotive Light Deflection And Ranging
(Lidar) systems, achieving high mechanical deflection an-
gles of 15°, cf. Yoo et al. (2018). Nevertheless, due to
structural nonlinearities in stiffness, damping and capac-
itance as well as external disturbances like vibration and
climate variation, control methods are required for reliable
operation, cf. Schroedter et al. (2017). MEMS mirror feed-
back with additional sensors have several disadvantages.
Piezoresistive sensors suffer from relevant temperature
dependency and require additional processing steps, cf.
Grahmann et al. (2016). Optical feedback result in bulky
setups with challenges in precise alignment of the assem-
bly, cf. Baumgart et al. (2015). Piezoelectric sensors, cf.
Gu-Stoppel et al. (2017), use not CMOS-compatible man-
ufacturing technology. In contrast, capacitive self-sensing
is simple, low-cost and robust for electrostatic MEMS
scanners, since it only depends on the electrostatic comb
drive geometry, which is extremely precise in semiconduc-
tor micro fabrication.
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Out-of-plane sensing electrodes investigated in Rombach
et al. (2015) provide low sensitivity at the same voltage
level compared to in-plane driving combs. Chen et al.
(2019) and Brunner et al. (2019) propose self-sensing by
current measurements using a transimpedance amplifier
with and without sensing combs. However, the displace-
ment current stands in relation to the deflection speed,
while its integration provides a deflection angle sensi-
tive charge measurement. Commonly charge sensing ap-
proaches like in Yazdi et al. (2004); Chemmanda et al.
(2014); Hung et al. (2015) apply a high frequent voltage in
MHz-range on top of the drive voltage and demodulate the
position with lock-in principle, but they suffer from delays
and distortion of the filtered signal. Whereas Roscher et al.
(2003) reports self-sensing by direct charge measurement,
detecting the half width of the capacitance variation curve.

The contribution of this paper is a novel capacitive charge
self-sensing for resonant electrostatic MEMS mirrors using
a nonlinear observer. The charge, integrated from the
comb drive intrinsic displacement current, determines the
mirror position. The electrode charge is calibrated with
the deflection angle measured in an optical PSD setup, cf.
Yoo et al. (2019). Since resonant MEMS mirrors are driven
in parametric resonance with a square wave voltage, the
position measurement is only available during none zero
voltage phase. Therefore, the charge measurement is fed
into a nonlinear observer estimating the mirror state for
feedback control. Compared to current sensing reported
by Brunner et al. (2019), the proposed method can be
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less sensitive to high frequency distortion or noise due to
the integration. A two-channel current integrator circuit is
implemented to distinguish the rotation direction from the
comb drive asymmetries. The feasibility for online position
estimation is proven in a simulation using experimental
measurement data for charge and deflection angle.

The paper is organized as follows: Section 2 presents the
resonant MEMS mirror model and parameter identifica-
tion. The capacitive charge sensing method and calibration
is described in Section 3. Section 4 proposes a switched
nonlinear observer for continuous position estimation due
to the switching resonant driving principle and shows sim-
ulation results using measured charge data. Section 5 gives
a discussion on performance and feasibility of the proposed
charge sensing. The paper is concluded in Section 6.

2. RESONANT MEMS MIRROR

The 1D resonant MEMS mirror is micro-fabricated from
single-crystalline silicon and designed for reliable opera-
tion in automotive Lidar, cf. Yoo et al. (2018). The fixed
electrostatic comb electrodes have two layers enabling
amplitude detection from the displacement current mea-
surement as described by Druml et al. (2018). The mirror
is driven with a square wave voltage. A proprietary leaf-
spring design, cf. Van Lierop and Khah (2019), introduces
progressive stiffening with a highly nonlinear frequency-
amplitude behavior. This enables direct zero-crossing de-
tection by the displacement current for operation in the
top response curve of the bifurcation, cf. Brunner et al.
(2019). In contrast to narrow bandwidth reported by Sand-
ner et al. (2004), the stiffening enables operation in a wide
bandwidth at high deflection, which is advantageous for
feedback control and synchronization of multiple scanners.

2.1 Modeling

The resonant MEMS mirror is modeled with a single de-
gree of freedom nonlinear oscillation differential equation

i en(6,0) 5 ka(0) ,  1.0C(H) ,

0+ 7 0+ 7 9_2J 70 v, (1)
N—_—— N—— N——
én(0,6) En () C(6)

where J denotes the torque inertia including the mirror
and all moving drive combs, ¢, (6,6) is a nonlinear damp-
ing and k,(f) a high order nonlinear stiffness. All comb
capacitances are summarized in C() showing decreasing
value for higher deflection. Due to in-plane configuration,
the scanner operates only in parametric resonance. This
means a square wave voltage is applied to pull the mirror
towards zero deflection and switched off at or shortly after
zero crossing to enable a free oscillation, cf. Schenk et al.
(2000). The rectangular geometry of the springs as well as
the stiffening leaf-springs cause a prominent progressive
stiffness. The high nonlinearity in stiffness leads to a bi-
furcation phenomena in the amplitude-frequency behavior
switching between bottom to top response curve sweeping
down the frequency, as shown in Fig. 1.

Resonant MEMS mirrors typically show a nonlinear damp-
ing due to different damping behavior for immersed and
not immersed combs as Klose et al. (2006) describes. In
case of the proposed self-sensing method a precise model
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Fig. 1. Nonlinear frequency amplitude behavior. The down
SWeep v = Upax is corrupted by a drop of drive voltage
at small angles 6/0,.x < 0.5, which is neglected for
calibration.

of the actuator capacitance is required and is therefore
calibrated using a PSD setup as described in the next
section.

2.2 Parameter identification

The nonlinear stiffness and damping curves are evaluated
from the free oscillation decay measurement shown in
Fig. 2a. The small angle stiffness is calculated from the
frequency at the end of the oscillation with kg = J-(27 fo)?.
The nonlinear stiffness, arising from the leaf-springs, is
modeled with four even stiffness coefficients

ki (0) = ko + ko 0% + ka 0% + kg 6°, (2)
providing a sufficient representation of the system be-
havior. The coefficients are identified by matching the
potential energy of each period to the backbone curve,
cf. down sweep v = 0 in Fig. 1, of the free decay using (2)
in a nonlinear optimization, as proposed in Brunner et al.
(2019). Here, the comparably small damping is neglected.
The resulting nonlinear stiffness is shown in Fig. 2b.

An averaged damping coefficient is calculated for each
period along the decay, leading to an amplitude dependent
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Fig. 2. Decay data and identified stiffness: (a) free oscilla-
tion decay with envelope and (b) nonlinear stiffness
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Fig. 3. Nonlinear damping: (a) amplitude depended damp-
ing with polynomial fit &, (0amp1) and (b) h-function
depended damping ¢ (h)

curve shown in Fig. 3a. Because the oscillation amplitude
Oamp1 Of the nonlinear oscillation is not known at every

time, the squared velocity 0 is low-pass filtered giving
a good estimation for the amplitude. For this purpose
Brunner et al. (2019) proposes the filter

h(t) + 2wy h(t) + wi h(t) = Wi 0%(t) (3)
with a bandwidth chosen at about half the oscillation
frequency wy, < 47 fo, which is four times the frequency of
62. This is a reasonable trade-off between high frequency
suppression and fast amplitude estimation. Finally, the
fitted damping curve given in Fig. 3a is rewritten in terms
of the new h-function as follows

én(h) =é +é h+éh®>+ ... +&h°, (4)
and is plotted in Fig. 3b.

3. CAPACITIVE CHARGE SENSING

Fig. 4 sketches the realized capacitive charge sensing and
observer. The mirror electrode is driven with a square wave
voltage v between zero and vy,,x. Between stationary comb
electrodes and ground potential, two integrators collect the
capacitors displacement current. The voltages va and vp
after integration equal to the charges on comb drives. The
upper right and lower left electrodes (red) and vice versa
(blue) are connected, to maximize the signal for direction
detection. The direction detection is also possible with
single-layer combs, that are slightly staggered out-of-plane
with respect to the mirror electrode.

The two-channel integrated circuit (ACF2101, TEXAS IN-
STRUMENTS, Texas, US) is applied for current integration.
The internal capacitance is enhanced to Cj, = 168 pF by
an external parallel capacitor 68 pF to fit the voltage am-
plitude to the analog digital converters (U2542A, AGILENT
TECHNOLOGIES INC., Santa Clara, US, 2 MHz sampling
frequency) input. The displacement currents is and ip are
integrated in the capacitance Cjy, while the operational
amplifier creates the voltages va and vg:

1 .
VAB = - /ZA,B dt. (5)

int

Fig. 4. Charge sensing principle showing the two-layer
comb drive connected to two current integrators, and
further data processing to observer, control and driver

The sum voltage vsym gives the total charge, while the dif-
ference voltage vqig provides the direction of the deflection
angle (cf. Fig. 7 (left)):

Usum = VA + UB, Vdiff = VA — UB. (6)
The deflection angle is calculated using the calibrated
inverse capacitance function (cf. Fig. 6) as:

0 = sign(vair) - c! (’C’im . vs;jm D , for v#0. (7)

8.1 Sensing calibration

For charge self-sensing the angle dependent transducers
capacitance C(6) is calibrated once, because the inverse
function is used in (7). Therefore, the current integrator
outputs and mirror amplitude are measured while the
mirror performs an actuated decay (Brunner et al. (2019))
at high deflection angles, where the drive voltage is hold
on at v = Ypmax. The measurement data at the start of the
decay are demonstrated in Fig. 5 with the decaying angle
measured by PSD and the current integrator voltage va.
The second integrator channel voltage vg behaves similar
and is omitted for visibility.

While the integrator holds only a small leakage current,
the internal MEMS mirror and driving circuit leakages
lead to a relevant voltage drop as given in Fig. 5 (bottom).
Therefore, an exponential fit is performed for the measure-
ment minimums (blue crosses) and applied to correct the
calibration data. The capacitance is given by the following
relation:

Cap = —Cing - 2B (8)
Umax

In Fig. 6 an accurate overlay of at least 20 periods
for the evaluated capacitance function can be observed.
While the sum capacitance C = C + Cp is a measure
for the deflection angle, revealing the typical capacitance
maximum for resonant in-plane comb drives at zero angle.
The sign of Cy — Cp is related to the direction of mirror
deflection angle.

8.2 Calibration verification

For verification, the calibrated inverse capacitances are
applied to the measurement charge sensing data according
to (7) as shown in Fig. 7 for three different amplitudes at
Oampl = [20, 60, 100] %, marked with circles in Fig. 1.
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During drive voltage-on times, a high agreement of the
charge-sensed deflection with the measured PSD angle can
be observed in Fig. 7 (right) after some transient time.
Considering a small and constant time delay turned out to
be sufficient for suppressing loading transients of the drive
and parasitic capacitances. Furthermore, Fig. 7 clarifies,
that only half of the period is measured, because the drive
voltage needs to be switched off for resonant operation. In
the bottom response, cf. Fig. 7 (top), the region around
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Fig. 7. Calibration applied to measurement data for three
different amplitudes 0a.mp1 with integrator voltage
(left) and normalized drive voltage and angle (right):
20% (top) , 60 % (middle), 100 % (bottom)

the oscillation maximum is measured and the voltage is
switched off before zero crossing. On the contrary in the
top response, cf. Fig. 7 (middle and bottom), the region
around zero crossing is measured, but not the oscillation
maximum.

4. SWITCHED NONLINEAR OBSERVER

In order to generate a continuous mirror position, a
switched nonlinear observer is proposed. The observer gain
is only active during the time where the drive voltage is
high.

4.1 Observer design

The nonlinear observer is derived using the nonlinear
differential equation (1) and the h-function for amplitude
estimation using (3). Hence both differential equations are

N~ A .1T
combined in the state €T = [,6,h,h| . The inputs are

the drive voltage u = v and the deflection angle y derived
from (7). The nonlinear observer equations are as follows:

:f::A(ﬁs)-:i—l—B(:i:,u)—i-L-(y—y) (9a)
g=c' &, (9b)
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Note in (10), that the damping é, (&3 = h) uses the am-
plitude estimation with the h-function. The designed ob-
server (9), illustrated in Fig. 8, has a typical structure, but
with nonlinear matrices A(&) and B (&, u). Furthermore,
a switch is applied before the observer gain L to enable
and disable the correction according to the drive voltage
state on or off, including a short constant transient time to
avoid the transients depicted in Fig. 7. The observer gain
is chosen to be I = X, lo = A2 with A =5.5-27 fo.

4.2 Observer simulation with measurement data

The proposed observer is verified in a Matlab/Simulink
simulation (fsample = 2 MHz) applying real measured cur-
rent integrator signals vy and vg (including measurement
noise), cf. Fig. 7, as input. For reduction of the calculation
time, the observer itself is implemented in C using a
Matlab mex-function. The observer integrators are initial-
ized with zero. The simulation result for 100 % amplitude
shown in Fig. 9 proves a fast convergence to 1.82 % residual
error towards the full amplitude within 3 periods. Table 1
summarizes the results, that prove valid operation at top
and bottom response curve, cf. Fig. 1.

Table 1. Observer error for three amplitudes:

(a) real measured input y from charge sensing

and (b) ideal input y from PSD. The error is

normalized to deflection amplitude and com-
pared to PSD signal.

20 % 60 % 100 %

amplitude | amplitude | amplitude
(a) charge sensing err. 721 % 2.46 % 1.82 %
(b) PSD angle err. 4.13 % 2.15 % 0.98 %

In Table 1, the observer performance for the input y with
the measured charge sensing signal (a) according to (7) is
compared to the nominal measured PSD angle (b). The
errors in case (b) are mainly caused by the time delay of
the observer representing the minimum achievable error.

=
-
Q
-+~
o]
=
o0
et
=
-10 . . . .
0 1 2 3 4 5

S
o

normalized angle
(=)
m

-0.5
-1
0 5
10 — 1 T T T
| | N D Sens. error
5L : I |‘ — — = Obs. error |-
< I
3 Lo v
8 0 _.+._.Jt~._._.}_._/Jx _____ /ft.\_;_'}.,,.\_z,,nf_\.:'.,_\_/—( h\_)x.\_
2 | | ll_, N 4
R ¢ 1.82%
5 |
[
-10 ! :
0 1 2 3 4 5

period

Fig. 9. Observer simulation result for 100% amplitude;
integrators initialized with zeros: measured integrator
outputs (top), measured PSD and charge sensing
(Sens.) as well as observer (Obs.) (middle), errors
(bottom)

In comparison, the errors from charge sensing in case (a)
stay below double of the observation errors from case (b)
confirming small noise from the charge measurement data.

5. DISCUSSION

The proposed capacitive charge sensing using a switched
integrator requires little implementation effort. The ca-
pacitance calibration may be also valid for a whole wafer
considering minor etching variation during manufacturing.
Since self-sensing is based on the comb capacitance geome-
try, high robustness towards climate changes is implied. In
comparison to current sensing (cf. Chen et al. (2019)), the
proposed charge sensing method is less sensitive to high
frequent noise and vibrations due to integration. Capaci-
tive charge sensing can operate with and without stiffening
or degressive springs, because zero-crossing detection used
for current sensing is not required here. To further decrease
residual observation errors, cf. Table 1, the leakage current
could be reduced or modeled accurately. In summary it was
shown, that capacitive charge self-sensing with nonlinear
observer provides the mirror state and, thus, is applicable
for feedback control of the mirror amplitude and phase for
precise laser shooting, e.g. in Lidar application.
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6. CONCLUSION

In this paper, the feasibility of a novel capacitive charge-
based self-sensing method for position estimation of reso-
nant electrostatic MEMS mirrors is proved. First, the non-
linear stiffness and damping parameter are calibrated from
free oscillation decay using optical PSD measurements.
The charge is measured by two switched integrators, pro-
viding the integral of the comb drive displacement current
and the comb drive capacitance. During charge sensing op-
eration a constant transient time is considered to suppress
residual loading effects and leakage currents. Second, an
appropriate nonlinear observer operates simultaneously for
online position estimation, since the measurement signal
is only available during half the period time at voltage-on
time. The designed observer shows a short transient time
of about 3 periods and a small residual error of less than
2% at full angle operation when applying measurement
data to an observer simulation. The sensing method is low-
sensitive to high frequency noise or vibration compared to
current sensing and a good candidate for feedback control.
For online MEMS mirror control, both sensing and control
can be implemented in a fast processing unit like FPGA
realizing Megahertz sampling frequency.
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