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ABSTRACT
This paper presents a new, low-voltage, and small-form-factor analog front-end (AFE) circuit that

measures the torsional angle of an electrostatically-actuated, quasi-static MEMS mirror, while it operates at a
frame rate of 50 Hz to 60 Hz or higher, following a given angle profile, such as a sawtooth or triangle profile.
The quasi-static MEMS mirror is actuated with a pair of two high-voltage (HV) differential signals. To enforce
this quasi-static MEMS mirror to track a given angle profile or trajectory with minimum error, this MEMS mirror
is driven by feedback control that requires a sensor capable of measuring its mechanical or optical angle in
real time with high enough bandwidth and sensitivity. Hence, we design and implement the angle sensing
circuit (ASC) that meets the low-power, low-cost, and small-form-factor requirements to reduce power
consumption, size, and weight for AR applications. This ASC consists of a variable gain amplifier (VGA) and
an envelope detector that operates at 3.3 V and draws about 1 mA during operation.

Keywords: Angle sensing circuit, Capacitive angle sensing, electrostatic and quasi-static MEMS mirror,
Variable gain amplifier (VGA), Laser Beam Scanning (LBS), AR glasses, AR applications

1. INTRODUCTION

In recent years, a scanning MEMS mirror has found its applications in automotive, commercial,
medical, and industrial markets, such as LiDAR1,10 (Light Detection And Ranging), a pico projector2,9,22,
NED3,9,20,21 (Near Eye Display) for AR glasses, eye tracking4, OCR5 (Optical Coherence Tomography), and 3D
printing based on 2PP7 (Two Photon Polymerization), to name a few, whether it is made of a single dual-axis
MEMS mirror8,9,10,22 or two single-axis MEMS mirrors9,10,22, as shown in Fig. 1. It has been also fabricated with
different technologies9,10,22 and operating within different physics9,10,22; most popular types are, for instance,
electromagnetic9,10, electrostatic8,9,10, piezoelectric9,10, and electrothermal11,12. Many MEMS transducers,
except for electrostatic one, have a piezoresistive or piezoelectric sensor9,10 on their supporting structure as
an embedded sensor to measure their displacement, while either capacitive sensing9,10 or motion-induced
current13 is the most prominent sensing method in electrostatic MEMS sensors and actuators that vary their
capacitance during their bending or torsional motion. However, its motion-induced current13 is proportional to
its velocity or angular velocity, not angular displacement. Hence, a state estimator might be required to
compute its angle from the measured angular velocity, while the capacitive sensing could directly measure its
angle in real time. There are many capacitive sensing methods9,10 proposed over the years. But most of them
are not optimized in terms of size, weight, form factor, power consumption, and cost for AR applications.
Hence we design and build the new, low-power, and small-form-factor angle sensing circuit (ASC) that
capacitively measures the mechanical angle of the quasi-static MEMS mirror presented in Fig. 1 and Fig. 2.
The ASC studied in this paper is made of a variable gain amplifier (VGA) and an envelope detector, while
drawing about 1 mA at 3.3 V during its normal operation: The output of VGA is modulated, proportional to the
ratio of two MEMS capacitances; and the envelope detector demodulates the output of VGA, extracting its
envelope proportional to the torsional angle of the quasi-static MEMS mirror.
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This paper focuses on an electrostatically-actuated, quasi-static MEMS mirror operating at a frame rate
of 50 Hz to 60 Hz and its small, low-power angle sensing circuitry (ASC) in AR applications. Since an
underdamped, quasi-static MEMS mirror is driven to follow a given angle profile at a frame rate, its motion
could be controlled via either feed-forward (input shaping14,15), feedback control, or a combination of both. The
input shaping might be the best way to control its motion with prior knowledge of its dynamics, such as its
resonance and quality factor or damping, as long as these parameters do not vary over temperature and time.
However, even with prior knowledge of its dynamics, its start-up time could be quite long, because we have to
wait for its transients to die out. Hence, to reduce its start-up time and make it more robust to its parameter
variations and external disturbance, feedback control is implemented to drive this underdamped, quasi-static
MEMS mirror, which requires a sensor that measures its angle in real time. Hence, we design and implement
the ASC that capacitively measures its torsional angle. Moreover, ASC is designed and optimized,
considering the following requirements for AR applications: low power, small form factor, low mass, and low
cost, so as to reduce power consumption, size, and weight.

Fig. 1a Optical pictures of electrostatically-actuated,
quasi-static (left) and resonant (right) MEMS mirrors
fabricated by ST Microelectronics2,17 (STM) and made
of two wafers2: A top structural wafer and a bottom
handling wafer. (courtesy of STM)

Fig. 1b One opto-mechanical configuration of LBS18-20

(laser beam scanning) based on two single-axis MEMS
mirrors: the resonant MEMS mirror is located at the
bottom and the quasi-static MEMS mirror is positioned
at the top.

Fig. 2a Top view of the quasi-static MEMS mirror that shows its mirror plate
structurally supported by two torsion bars and its staggered vertical comb
(SVC) fingers on both rotors and stators: Its four inner stators (Stator 1) are
electrically connected together and used to rotate its mirror plate clockwise
(CW) along the x axis; and its four outer stators (Stator 2) are also electrically
connected and used to rotate its mirror plate counter-clockwise (CCW) along
the x axis, while avoiding its spurious out-of-plane bending (piston) motion.

Fig. 2b SEM of the right side of the
quasi-static MEMS mirror showing
the mechanical torsion bar, SVC16,
two mechanical stoppers, and two
bonding wires electrically
connecting the upper stators and
the lower stators.



2. QUASI-STATIC MEMS MIRROR

As presented in Fig. 1b, the raster scanning could be achieved by a pair of two single-axis MEMS
mirrors; the resonant MEMS mirror generates two raster scan lines per period, while the quasi-static MEMS
mirror rotates at a frame rate in an orthogonal direction to the scanning direction of the resonant MEMS mirror
at its torsional resonance ranging from 20 kHz to 30 kHz, away from human audible spectrum. The optical
image of the quasi-static MEMS mirror with staggered vertical comb16 (SVC) fingers is shown in Fig. 2a, while
the SEM of its right side is presented in Fig. 2b. It is made of two wafers: a top structural wafer and a bottom
handling wafer, and its detailed fabrication process can be found in (2).

Fig. 3a Primary torsional motion at
625 Hz determined from its FEM

Fig. 3b Spurious in-plane bending
motion at 1.2 kHz

Fig. 3c Out-of-plane bending (piston)
motion at 2.1 kHz

Fig. 4a The 1st torsional and the 3rd out-of-plane
bending (piston) modes are measured at 655 Hz and
2.59 kHz; the blue circles and red-dashed lines represent
velocity and displacement measurements with LDV,
respectively.

Fig. 4b Step response of the quasi-static MEMS mirror,
when the 60 V step input is applied to one of its stators; the
ring-down and the half-power bandwidth methods are used
to determine its quality factors: 81 for its torsional motion
and 23.5 for its out-of-plane bending motion.

First, the eigenvalue analysis is performed with its Finite Element Model (FEM) in COMSOLⓇ to
determine its resonances and mode shapes, as presented in Fig. 3. Then, we measure its resonance and
corresponding mode shapes with LDV, as shown in Fig. 4. Its 1st torsional resonance is estimated to be
625 Hz and measured at 655 Hz, and its 3rd out-of-plane bending (piston) mode shape is estimated to be
2.1 kHz and measured at 2.59 kHz in Fig. 4. We also use the ring-down method with logarithmic decrement
and the half-power bandwidth method to determine the quality factors of its torsional motion and out-of-plane



bending (piston) motion, which are measured to be 81 and 23.5, respectively, although the nonlinear
squeeze-film damping  will further reduce its quality factors with bigger opening angles.

Unlike the resonant MEMS mirror, the quasi-static MEMS mirror is driven by a pair of HV differential
signals applied to Stator 1 and Stator 2, respectively, while its rotor is biased at 1 V DC. Its equation of motion
in a canonical form is derived and presented in Eq. 1. The MEMS capacitances between its rotor and stators
are also determined from its FEM at discrete angles in Fig. 5a, and the partial derivatives of the MEMS
capacitance with respect to its torsional angle are derived from interpolation in Fig. 5b.

(1)

where 𝛳, 𝟂0, Q, J, i, C1, Vst1, C2, and Vst2 represent the angle in radian, the torsional resonance, the quality
factor, the moment of inertia, the MEMS capacitance between its rotor and Stator 1, one of HV differential
actuation voltage, the MEMS capacitance between its rotor and Stator 2, and the other HV differential
actuation signal, respectively.

Fig. 5a MEMS Capacitances vs its torsional angle: The
red and blue lines represent MEMS capacitances
between its rotor and inner stators, as well as its rotor
and outer stators, respectively.

Fig. 5b Partial derivatives of MEMS capacitances with
respect to its torsional angle: the red and blue lines
represent its partial derivatives of MEMS capacitances,
respectively.

Fig. 6a Examples of the normalized angle profiles: A
sawtooth profile (red) and a triangle profile (blue) with
90 % trace and 10 % retrace periods

Fig. 6b Frequency components of the sawtooth (red) and
triangle (blue) profiles with 90 % trace and 10 % retrace
periods at a frame rate of 60 Hz



Although the quasi-static MEMS mirror and its electrostatic actuation are strongly nonlinear as
presented in Eq. 1 and Fig. 5b, its HV differential actuation signals could be optimized in terms of linearity,
lower voltage, or power consumption, for example, while driving the underdamped, quast-static MEMS mirror
to follow a given angle profile, either sawtooth (red) or triangle (blue) profile in Fig. 6a. The sawtooth profile
has a single 90 % trace period followed by a 10% retrace period in a single frame. The triangle profile
consists of one 45% upward trace period, one 45 % downward trace period, and a 5 % retrace period right
after each trace period in a single frame. Hence both the sawtooth and triangle profiles have the same
amount of time to project the same number of raster scan lines in a single frame. However, the triangle profile
is better suited for interlaced scans, while the sawtooth profile is better for progressive scans at the same
frame rate. Furthermore, the triangle profile has less harmonics with smaller magnitudes than those of the
sawtooth profile within the same operating conditions, such as the same opening angle and the same frame
rate, as shown in Fig. 6b. The triangle profile has only the odd harmonics of the frame rate, 60 Hz, while the
sawtooth profile has both odd and even harmonics with higher magnitudes. These higher harmonics of the
sawtooth profile likely excite the torsional resonance of the quasi-static MEMS mirror, causing bigger ripples
than the triangle profile does. In addition, the sawtooth profile requires higher angular velocity and
acceleration during the retrace period, as shown in Fig. 7a. These higher angular velocity and angular
acceleration lead to higher kinetic energy that has to be damped out or dissipated by higher control torque in
Fig. 7b. In other words, the sawtooth profile requires more power and puts more load on feedback control,
compared to the triangle profile.

Fig. 7a Normalized angular velocity required to track the
sawtooth (red) or triangle (blue) profile with 90 % trace
and 10 % retrace periods in Fig. 6a.

Fig. 7b Variations in total energy (the Hamiltonian) of the
quasi-static MEMS mirror, while tracking the sawtooth (red)
or triangle (blue) profile in Fig. 6a.

3. SENSING

To actuate or drive the quasi-static MEMS mirror at a frame rate, the differential pair of HV actuation
signals are applied to its inner and outer stators, while its rotor is DC-biased at Vos, 1 V, through the DC
feedback loop of VGA (U1) presented in Fig. 8. In addition, to measure the mechanical angle of the
quasi-static MEMS mirror in real time, the low-voltage and high-frequency (LV & HF) excitation signal with
1.8 V at 1 MHz is injected to Stator 1 through the AC-coupling capacitor, Cs1, while the quasi-static MEMS
mirror is driven by the high-voltage and low-frequency (HV & LF), differential pair of the actuation signals with
max. 180 V at a frame rate of 60 Hz. This input configuration of VGA allows us to measure its mechanical
angle in real time with the LV & HF excitation signal, while we drive the quasi-static MEMS mirror with its HV
& LF actuation signals. Each pair of Rs1 and Cs1, as well as Rs2 and Cs2 work as bias tees providing
separate DC (LF) and AC (HF) paths for HV & LF actuation and LV & HF excitation for sensing, respectively.



Fig. 8a Simplified circuit diagram showing
the electrical connections to the quasi-static
MEMS mirror (M1) for its sensing and
actuation: Vact1 and Vact2 represent the
differential pair of HV actuation signals (up
to 180 V) at a frame rate of 60 Hz applied to
both inner and outer stators, respectively;
Vex represents the low-voltage (1.8 V), high
frequency (1 MHz) excitation signal; Vout
represents the output of the variable gain
amplifier (VGA, U1); and Rs1, Rs2, Cs1,
and Cs2 in red represent HV-rated passive
components, while every other component
operates at 3.3 V.

Fig. 8b Equivalent circuit diagram of the
quasi-static MEMS mirror represented by
two variable capacitors, Cm1 and Cm2, as
well as electrical connections for HV & LF
actuation signals (Vact1 and Vact2) and LV
& HF carrier signal (Vex) injected to Stator 1
via the AC-coupling capacitor, Cs1. The
output of VGA (Vout) is fed into an input of
an envelope detector (not shown for clarity).

The simplified and the equivalent circuit diagrams in Fig. 8a and 8b present electrical connections for
LV & HF sensing and HV & LF actuation of the quasi-static MEMS mirror. In Fig. 8a, its four inner stators and
four outer stators are shown to be electrically connected together by two bonding wires presented in Fig. 2.
Hence, its MEMS capacitances between its rotor & four outer stators and rotor & four inner stators could be
lumped and modeled together as Cm1 and Cm2, respectively. These two MEMS capacitances are the functions
of its torsional angle and are shown in Fig. 5a, and its partial derivatives are also presented in Fig. 5b.
Although parasitic capacitances due to bonding wires, substrates, and traces between PCB layers are not
shown in Fig. 5 for clarity, the higher parasitic capacitances tend to lower the dynamic measurement range
and sensitivity of ASC to the torsional angle of the quasi-static MEMS mirror. Hence, the parasitic capacitance
has to be minimized during its PCB design, and both DC and AC feedback loops have to be physically as
small as possible, in order to reduce cross-coupling or crosstalk. At DC or low frequency, the VGA in Fig. 8
acts as a voltage follower, setting its DC output voltage to be Vos, 1 V. At high frequency, the AC gain of the
VGA varies, depending on both its MEMS capacitances and could be analyzed as in Eq. 2:

(2)

where Cp1, Cp2, Cs1, Cs2, Cm1, and Cm2 represent two parasitic capacitances in parallel with the MEMS
capacitances (Cm1 and Cm2), the two AC-coupling capacitors in series with MEMS capacitances, and two
lumped MEMS capacitances, respectively.



Since two AC-coupling capacitors (Cs1 and Cs2) are designed to be much bigger than the sum of the
parasitic capacitance and the MEMS capacitances, the AC gain of the VGA would be simplified as in the right
term of Eq. 2, where it is clearly shown that the two parasitic capacitances of the quasi-static MEMS mirror
affect the gain of the VGA and the sensitivity to changes in the MEMS capacitances due to its torsional
motion, as well as the linearity of the gain over its operating angles. However, we could still safely assume
both parasitic capacitances to be constant and measure this gain over the operating (mechanical) angles from
-5.5 ° to 5.5 ° during a calibration process to populate a look-up table (LUT). The two AC-coupling capacitors
(Cs1 and Cs2) might be adjusted to improve the gain linearity, but their max. capacitance has to be smaller or
equal to the max. capacitive load that the HV amplifiers on the MEMS ASIC could drive in order to avoid
instability. In addition, the pairs of Rs1 & Cs1 and Rs2 & Cs2 shall be HV-rated to prevent dielectric breakdown
inside those components for safety and reliability.

Fig. 9a Oscilloscope screenshot
showing the output of VGA (CH1:
yellow) modulated with its
torsional angle, the demodulated
output of the envelope detector
(CH2: cyan), and the output of
PSD (CH4: green, Position
Sensing Device) representing the
optically measured angle of the
quasi-static MEMS mirror, while it
is driven to follow a sawtooth
profile with a jump in the middle
from -5.5 ° to 5.5 °.

Fig. 9b Output of the ASC (blue) on top of the PSD
measurements (red) after the ASC measurements are
computed by averaging runs of 10 samples and scaled
to fit.

Fig. 9c Comparison of the ASC and PSD measurements;
the hysteresis in the ASC measurements is caused by
discrepancy in the ASC responses between the trace
(red-solid) and retrace (blue-dashed) profiles.

The oscilloscope screenshot in Fig. 9a shows the modulated outputs of the VGA (CH1: yellow), the
demodulated output of the envelope detector (CH2: cyan) and the output of the PSD optical measurement
(Position Sensing Detector, CH4: green) with an amplifier (PSM2-10 and OT-301 from ON-TRAK), while the



quasi-static MEMS mirror is driven at a frame rate of 52.6 Hz without feedback control. Hence, its torsional
resonant motion riding on top of the trace profiles could be seen on both outputs of the ASC and PSD in real
time, and the PSD optical measurements are used as reference signals to analyze the signal integrity of the
ASC measurements. Moreover, these high-frequency oscillations at its torsional resonance between 600 Hz
and 700 Hz are called ripples, affecting the quality of a projected image within a frame. Hence, the ASC
measures the mechanical angle of the quasi-static MEMS mirror and provides this measured angle to
feedback control to reduce and eliminate these ripples. In Fig. 9b, the ASC measurements are computed by
a moving average filter with 10 samples and scaled to fit with the PSD measurements with a constant gain,
then are placed on top of the PSD measurements. Overall, both ASC and PSD measurements agree well with
each other. However, the weak nonlinearity and hysteresis of the ASC measurements are also found and
presented in Fig. 9c, where the red-solid and blue-dashed lines represent the angle measurement by the ASC
during the trace and retrace periods, respectively. The SNR of the VGA is also determined with DFT of the
time-series measurement data in Fig. 9a, and its frequency components via DFT are shown in Fig. 10a.
Furthermore, the frequency responses of both the VGA and the envelope detector are also measured and
presented in Fig. 10b.

Fig. 10a Frequency components of the output of the
VGA obtained from the time-series measurement data in
Fig. 9a: the LV & HF carrier signal is at 1 MHz, and the
SNR of VGA is determined to be about 60 dB.

Fig. 10b Frequency responses of the VGA (red) and the
envelope detector (blue) over a range of the carrier
frequencies from 100 kHz to 4 MHz with the magnitude of
1.8 Vpp: the cutoff frequency of VGA is about 1 MHz, while the
peak response of the envelope detector is around 800 kHz.

4. CONCLUSIONS

A quasi-static MEMS mirror in AR applications operates at a frame rate lower than its torsional
resonance, following a sawtooth or triangle profile in a direction orthogonal to the scanning direction of a
resonant MEMS mirror. Since the quasi-static MEMS mirror is underdamped, its resonant motion could be
easily excited by every transition between traces and retraces or external disturbance, creating a number of
bright and dark bands called ripples within a frame. In addition, these ripples could stretch and shrink portions
of a projected image within a frame due to different angular velocity, degrading the quality of projected
images. Hence we decided to use feedback control in order to make the quasi-static MEMS mirror more
robust to ripples and external disturbance. Needless to say, the feedback control requires a sensor that
measures its angle in real time, and consumes as little power as possible for AR applications. Hence, we
design, implement, and validate the operation of the ASC with the quasi-static MEMS mirror that is driven with
a pair of HV & LF differential actuation signals, while its angle is measured with the ASC and a single-ended
LV & HF carrier signal. Finally, the feedback control with the ASC is implemented to drive the quasi-static



MEMS mirror to follow the sawtooth profile at a frame rate of 56.7 Hz, reducing its start-up time from min. 160
ms to max. 9.88 ms, as presented  in Fig. 11.

Fig. 11 Oscilloscope screenshot showing a
pair of differential actuation signals (CH1:
yellow & CH2: cyan) before amplification,
the demodulated output of the ASC
representing the torsional angle in real time
(CH3: magenta) and PSD (CH4: green)
during its start-up, while the quasi-static
MEMS mirror is driven with the feedback
control to track the sawtooth profile at a
frame rate of 56.7 Hz; Its start-up time is
reduced from min. 167 ms without feedback
control to max. 9.88 ms with feedback
control and ASC, respectively. (The Tabor
9400 HV amplifier with the gain of 50 is
used to amplify the differential actuation
signals to drive the quasi-static MEMS
mirror.)
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