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Abstract
This paper presents a cost-effective position sensing method for 2D scanning mirrors. The
method uses only one 1D PSD (position sensitive detector) located at the backside of the 2D
scanning mirror plate to retrieve the 2D rotation angle about the two axes separately in real time.
Any 2D scanning mirror with resonant vibration about one axis and quasi-static vibration such
as sinusoidal, saw tooth, triangular oscillation about the other axis can use this method. The two
vibration axes are orthogonal to each other to form the scanning patterns, which are most
desired in scanning 3D LiDAR systems. 3D scanning LiDAR is the targeted application for this
research. The method uses timing measurement to measure the resonant vibration angle and
Lagrange interpolation polynomial approximation to retrieve the quasi-static vibration angle. A
prototype has been built to measure the 2D rotation angle of a 2D micromirror. The measured
angle using the proposed method was verified using a 2D PSD. The largest errors for the
vertical/horizontal angles were 9.6% and 5.36% respectively. The position sensing mechanism
is also integrated to a scanning 2D micromirror based LiDAR system to demonstrate it as real
time capability.

Keywords: 2D scanning micromirror, position sensing, 1D PSD, micromirror LiDAR
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1. Introduction

Motors have been the dominant laser steering mechanism
for many optical systems such as the laser vector display,
LiDAR (light detection and ranging), etc. MEMS (micro elec-
tromechanical system) mirrors offer a smaller and more cost-
effective steering system and subsequently there is a growing
interest in the market for this, which is the so called solid-
state steering mechanism (actually it is more appropriate to be
named as ‘semi-solid-state steering’ since there is still mech-
anical oscillation part, i.e. the scanning micromirror). In order
to achieve 3D scanning (e.g. cover the whole environment

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

in LiDAR application), two orthogonal scanning axes are
required for a 2DMEMSmirror, where the mirror plate rotates
about two orthogonal axes [1, 2], i.e. resonant vibration about
one axis and quasi-static vibration about the other. Knowing
the rotation angles of the MEMS micromirror about the two
orthogonal axes at any time is critical for any 2D scanning
micromirror based system. For example, only when the 2D
scanning angle can be accurately obtained the 2D scanning
micromirror based LIDAR can retrieve the 3Dmap accurately.

Various methods have been developed to measure the 2D
rotation angle of 2D scanning micromirrors such as the capa-
citive sensing method [3], piezo-resistors based method [4],
electromagnetic internal sensing method [5–7] and optical
feedback method [8, 9]. Capacitive sense method is mainly
used for electrostatically driven micromirrors, in which the
interference between the driving signal and the sensing sig-
nal is a serious challenge [3]. Piezo-resistors method requires
piezoresistive materials integrated to the torsion beams of the
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2D micromirror, that increases the manufacturing complexity.
In addition, this method suffers from temperature instability
due to the use of piezoresistive material [10]. The electro-
magnetic internal sensing method uses a separate coil in elec-
tromagnetically actuated micromirrors to sense the current
induced by the mirror plate’s rotation. However, it is diffi-
cult to separate rotation angles about two axes. Therefore, it
is only suitable for 1D micromirrors (i.e. rotation about only
one axis), rather than 2Dmicromirrors (rotate about two axes).
Moreover, this method requires extra space and separate path
for the sensing coil [6]. The optical feedback method has the
advantage of the angle measurement being independent of the
driving mechanism since it either uses 2D PSD (position sens-
itive detector) with a laser beam positioned externally [11, 12],
or a quadrant photodiode at the backside of the 2D mirror
plate [9]. Quadrant photodiodes are commonly used as track-
ing and centering devices, in order to be used as a position
sensor, its transfer characteristics needs to be linearized [13].
Nonlinearity specially at high deflection angles is one of the
main issues [9] which makes the calibration complicated. In
one case, Baumgart et al [9] used a quadrant photodiode with
a hole in the middle which is a rare type of quadrant photo-
diode to reduce the size of the device. In another approach,
Tortschanoff et al [14–16] used two cross orthogonal laser
beams. Each reflected one beam passing a cylindrical mirror to
be compressed and sent onto the photodiodes such as to reduce
the complexity of dividing one 2D pattern into two separate
1D patterns to implement the timing measurement method to
retrieve the two rotation angles. Kimoto et al [17] also used
the timing measurement method in their 3D LiDAR sensor
to adjust the amplitude of a 1D resonant mirror. The timing
measurement method works best only for resonance vibration
at which the micromirror’s oscillation is pure sinusoidal. In
many 2D micromirror based applications such as LiDAR sys-
tems, the micromirror is required to oscillate at resonant fre-
quency about one axis while oscillate following quasi-static
waves (such as triangular, saw-tooth) trajectory about the other
axis, in which timingmeasurement method does not work any-
more. The optical based 2D micromirror’s angle measurement
method is attractive due to its independence of the steering
mechanism. However, this method could need very high cost
if 2D PSD is used and suffer from the complex linearization
and calibration in the case of using quadrant photo diodes.

This paper proposes a method of measuring the 2D
micromirror’s rotation about two axes using only one 1D PSD
such as to significantly lower the cost in comparison to the 2D
PSD method (e.g. 100 US$ versus 750 US$ for low quantity)
with the advantage of optical measurement, i.e. measurement
signal independent of the driving signal.

This method is suitable for any 2D scanning mirror with the
resonant vibration about one axis and the quasi-static vibra-
tion about the other axis. Since only 1D PSD used instead of
2D PSD, the cost is greatly reduced. Moreover, the sensing
mechanism is very compact and requires only very simple sig-
nal processing. Using the 1D PSD to retrieve 2D micromir-
ror’ rotation angles about two axes, the resonant vibration
angle is obtained using timing measurement method and the

quasi-static vibration angle is obtained based on the method
of Lagrange interpolation polynomial approximation.

2. Method and principles

2.1. 2D micromirror scanning manner

The following assumption is used in explaining the principle
of the 2D micromirror rotation angle measurement using one
1D PSD. The 2D micromirror resonates in the horizontal dir-
ection (hereafter it is referred to as the fast axis scanning) and
its quasi-static vibration is in the vertical direction (hereafter it
is referred to as the slow axis scanning). This scanning mode
is the most popular scanning manner needed in 2D micromir-
ror based LiDAR systems. The horizontal scan is resonant
sinusoidal vibration and the vertical oscillation is quasi-static,
which could follow a triangular or saw tooth wave trajectory
as illustrated in figure 1, where the frequency ratio between
the horizontal and vertical oscillation is 9.

2.2. Position sensing mechanism

As it is shown in figures 2 and 3, the 1D PSD surface is par-
allel to the 2D mirror surface with its longitudinal direction
along the 2D micromirror’s vertical direction (z-axis shown in
figure 3). The laser beam is perpendicular to the 2D mirror’s
back side surface.

As shown in figure 3, an x,y,z coordinate system is estab-
lished at the center of the 2Dmirror with the 1D PSD’s surface
parallel to the x-z plane and the laser beam is along the y-axis
with a distance of b to the mirror’s back side surface. The 1D
PSD’s center longitudinal line is offset the y-axis by a, i.e. -a as
the x-axis coordinate. Therefore, each point of the laser beam
hitting on the 1D PSD surface (on the longitudinal central line)
at time t has the coordinates of [-a b z].

The angle between the incident laser beam and lines con-
necting points on PSD and the origin can be discomposed into
two parts, angle parallel to the x–y plane, i.e. θi, and angle par-
allel to the y–z plane, i.e. ψi. When the 2D mirror oscillates, θ
represents 2D mirror’s vibration horizontally about the z-axis,
andψ represents the vertical oscillation about x-axis. Thus, the
proposed 2D micromirror angle measurement method in this
paper is to obtain the θ and ψ at any time through the 1D PSD
readings.

According to figure 3, θi = tan−1
(−a

b

)
and ψi = tan−1

(
z
b

)
,

where a, b are constants after the setup is fixed with z varying
when the 2D mirror vibrations.

3. Calculation of fast-axis angle (θ)

Figure 4 shows the scanning pattern on the 1D PSD surface.
Points, (1), (2) and (3) are points at which the laser beam hits
the PSD window consecutively at the central longitudinal line
at the time of t1, t2, t3 respectively. Figure 5 is the signal from
the PSD, in which the horizontal axis is time and the vertical
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Figure 1. 2D micromirror scanning patterns with horizontal
sinusoidal vibration and the quasi-static vertical scanning following
(a) sinusoidal, or (b) triangular or (c) saw tooth wave trajectory.

Figure 2. The 1D PSD and the 2D micromirror.

Figure 3. Coordinate and variables of the angle measurement
mechanism.

axis is amplified PSD output voltage corresponding to the lon-
gitudinal distance in the PSD window. From the 1D PSD sig-
nal (figure 5 shows an example readings) vertical coordina-
tion ‘z’ and time difference between sequential hits ‘∆t’ are

Figure 4. Laser scanning pattern on the 1D PSD surface.

Figure 5. Received signal from 1D PSD.

obtained. From t1 to t3 the mirror has done a complete cycle
around fast axis and since the time difference between t3 and
t1 can be measured such that the vibration frequency can be
calculated using equation (1):

f1 = 1/(t3 − t1). (1)

θ represents 2Dmirror’s vibration horizontally about the z-axis
which is resonant, and the equation of motion is sinusoidal as
shown in equation (2):

θ (t) = θmax sin(2πf1t) , (2)

where θmax , f1,are maximum angle and the frequency of vibra-
tion horizontally respectively.

However, the reference time t = 0 s cannot be extracted
from the PSD signal. Thus, the t1 is considered as the reference
time and the phase is represented using φθ. Thus equation (2)
can be rewritten as equation (3) [18]:

θ (t) = θmax sin(2πf1 (t− t1)+φθ) . (3)

It was mentioned that the horizontal vibration angle at t1, t2
and t3 is constant and is equal to tan−1

(−a
b

)
.(see figure 3).

Based on the trigonometry circle in figure 6(b), phase of
point (1) is φθ and phase of point (2) is π−φθ. The φθ can
be retrieved by having the time difference between these two
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Figure 6. (a) Sinusoidal diagram of horizontal motion and (b)
trigonometry circle of the motion.

points and the frequency. It can be expressed as equation (4)
[18]:

φθ = π (0.5− (t2 − t1) f1). (4)

Themaximum angle θmax can be derived from equation (3) and
figure 3 as:

θmax =
tan−1

(−a
b

)
sin(φθ)

. (5)

Therefore after 3 hits of the laser beam on the PSD, the
horizontal angle at any time t can be obtained according to
equations (3–5).

4. Calculation of the slow-axis angle (ψ)

Timing measurement method works best for near resonant
rotating because the rotation response of the mirror is sinus-
oidal and subsequently the response is predictable based on
time. Although the driving signal is sinusoidal, it was observed
that the slow-axis rotation response of the mirror is not stand-
ard sinusoidal since it is quasi-static driving. As a result, for
the slow-axis scanning timing method was not accurate to
measurement the rotation angle. Fortunately, it is possible to

take advantage of the fact that shape of the 1D PSD output
signal can be used to retrieve the vertical oscillation angle
(figure 5). From the data generated by the consecutive hits on
the 1D PSD, the scanning mirror’s vertical vibration angle can
be predicted using proper interpolation methods.

For sinusoidal interpolation, normally Taylor polynomial
approximations is being used but it was observed that the
Lagrange interpolating polynomial [19] gives more accurate
approximation in this case of non-standard sinusoidal vibra-
tion in comparison to Taylor polynomial approximation which
requires a very high degree of polynomial approximation
and consequently cannot achieve real-time measurement. The
Lagrange interpolating polynomial of degree 2 as shown in
equations (6) and (7) are used to calculate vertical angle ψ
[19]:

ψ (t) =
3∑
j=1

ψj (t) , (6)

where,

ψj (t) = tan−1
( zj
b

) 3∏
k= 1
k ̸= j

t− tk
tj− tk

. (7)

After three hits of the laser beam on the 1D PSD are measured,
the vertical angle at any time t can be obtained according to
equations (6) and (7).

5. Prototype and experimental verification

Figure 7 shows the prototype setup of using 1D PSD to meas-
ure the 2D scanning mirror’s rotation angle. The 1D PSD is
mounted at the back side of the 2Dmirror and a 2D PSDmoun-
ted in front of the 2D mirror, which is for verification. The 2D
scanningmirror is a FPCB 2Dmicromirror, which is described
in [19]. The horizontal vibration of the 2D mirror is resonance
at 140 Hz while the vertical vibration is quasi-static at 28 Hz
with the driving signal of sinusoidal wave.

Figure 8 shows signals from the 2D PSD and 1D PSD as
well as the angles retrieved using equations (6) and (7). Fre-
quency ratio between the horizontal resonant frequency and
the vertical quasi-static is 5 and the number of hitting points
on the 1D PSD is low but the Lagrange interpolating polyno-
mial gives out a smooth and precise result. The result from
the 2D PSD contains environmental noise. Moreover, the 2D
PSD signal has small jumps on the negative portion of the
sensor. Although our mirror is almost crosstalk-free, these
jumps could be due to a minor cross talk between the two axes
of oscillation. The Higher frequency ratio results in more scan-
ning lines of each frame and consequently more hitting points
on the PSD which results in a more accurate interpolation.

Since the methods that we use for both directions are
based on interpolation, thus result is noise free. However,
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Figure 7. Prototype of 1D PSD measuring a 2D scanning mirror’s rotation angle.

Figure 8. (a) Signal from the 1D PSD, (b) retrieved horizontal angle vs. 2D PSD signal, (c) retrieved vertical angle vs. 2D PSD signal.

the result from the 2D PSD which shows the real world’s
signal and contains environmental noises. Moreover, the 2D
PSD signal has small jumps/spikes on the negative portion
of the sensor. Although our mirror is almost crosstalk-free,
these jumps could be due to a minor cross talk between the

two axes of oscillation. That is why the results of 2D PSD
looks noisier than the result from the method proposed in the
paper.

The comparison between the retrieved angles using the pro-
posed method and the measured angles using the 2D PSD is
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Figure 9. Comparison between the angles retrieved using the method proposed in this paper and the measured angles using the 2D PSD
(blue color points are angles measured using 2D PSD, red color points are angles retrieved using 1D PSD based method proposed in the
paper).

Figure 10. 3D point cloud of the environment Horizontal frequency: 150 Hz, vertical frequency: 2 Hz.

presented in figure 9, where 9 points are compared. The largest
error for the oscillation vertical angle is 9.6% and 5.36%
for the horizontal vibration angle. Decreasing crosstalk and
increasing the ratio of the scanning frequencies will reduce
the error. Figure 7 illustrates that the measured maximum

horizontal scanning angle is limited by the size of the 2D PSD
sensing surface and the distance between the 2D PSD and the
mirror. However, the 1D PSD angle measurement method pro-
posed in this paper is not limited by the mirror’s maximum
horizontal scanning angle.
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6. Application of the proposed method of using 1D
PSD to measure 2D scanning mirror’s angle to a 3D
LiDAR system

In order to implement the proposed method in real time, the
prototype is applied to a 3D LiDAR system, in which the
software package of Processing 3 is used as the development
environment and for communication, Teensy Board 3.6 micro-
controller, a single-point LiDAR, i.e. Benewake TF03-180
at 10 kHz frame rate, as well as an FPCB 2D micromirror
[19] were used. First a peak finder algorithm is implemen-
ted. Then the peaks are split into three groups, which are
considered as the 3 hits of the laser beam on the 1D PSD
sensing surface at t1, t2 and t3 and used as the input to the
method proposed in this paper. Both horizontal and vertical
vibration angles ψ and θ are retrieved using equations (6) and
(7) The execution time of the algorithm was measured to be
70–100 microseconds for each pack of 5000 points in Pro-
cessing 3. The 3D LiDAR’s is used to scanned human body
as shown in figure 10, which also shows the measured point
cloud.

7. Conclusion

A novel angle measurement method for 2D scanning mir-
rors has been presented. The method principle was intro-
duced and a prototype has been built with experiments con-
ducted to verify the proposed method. In addition, the pro-
posed method was implemented in a 3D scanning LiDAR sys-
tem to illustrate its capability of achieving real-time meas-
urement and it can be used in practical applications with
the advantages of low cost and compact size over other
reported methods of measuring the 2D scanning mirrors’
angle.
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