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Abstract 

This paper presents a light detection and ranging (LIDAR) system using electromagnetically actuated two-axis scan‑
ning micromirror. The distance measurement with the LIDAR is based on the indirect time-of-flight method using the 
relative ratio of the accumulated charges in capacitors connected to photodiode pixels, which is determined by the 
time difference between the transmitted and reflected light pulse. The micromirror has double gimbaled structure 
for two-axis actuation and circular reflection plate with the diameter of 3 mm. The horizontal scan angle of 49.13° was 
obtained by the resonant actuation at 28 kHz, and the vertical scan of 29.23° was achieved by the sinusoidal forced 
actuation at 60 Hz. The distance to multiple targets could be measured at once by laser scanning using the micromir‑
ror, and the distance profile LIDAR image was constructed by the measurement results.
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Introduction
The LIDAR system has been one of the important 
research topics in the remote sensing technologies for 
three-dimensional imaging based on the distance meas-
urement and diverse environmental monitoring. LIDAR 
has been studied intensively to be applied to the vari-
ous applications such as autonomous vehicles, obstacle 
detection and security [1–5]. In the conventional LIDAR 
system, a motorized laser scanning unit such as galva-
nometer scanner is widely used for the detection of large 
area. In addition, LIDAR system has the disadvantages of 
having a large and heavy units with high cost. Recently, 
many research activities have been directed toward the 
development of LIDAR system using the micromirror, 
which has small size, light weight and low power con-
sumption [6, 7].

In the LIDAR systems, the phase shift and time-of-flight 
method have been applied for the distance measurement. 
Laser beam is emitted to the target and reflected through 
receiving lens. In the phase shift method, the intensity 

modulated beam at a particular frequency is emitted to 
the target, and phase shift is produced in the reflected 
light depending on the distance to target [2, 8]. Even with 
the precise measurement of distance, however, the phase 
shift method requires a complicated system includ-
ing laser beam modulation and data processing system. 
In addition, the phase shift method has disadvantage to 
be applied to real-time measurement because long pro-
cessing time is required for precise distance ranging [1, 
9]. Time-of-flight method calculates the distance using 
time difference between transmitted and reflected light 
beam [10]. Time-of-flight method enables a simple sys-
tem setup and distance calculation, but can make rela-
tively large measurement error compared with the phase 
shift method [9]. The indirect time-of-flight calculates 
the distance to a target by measuring the phase difference 
between the emitted and the reflected pulse. Since the 
relative ratio of the phase difference determined by two 
pulse signals is used for the measurement of distance, the 
high-precision time measurement sensor is not required 
for the indirect time-of-flight method [11–14].

In this paper, we present the LIDAR system using elec-
tromagnetically actuated two-axis scanning micromirror 
based on the indirect time-of-flight method. The indirect 
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time-of-flight method uses the relative ratio of the accu-
mulated charges in capacitors connected to image sen-
sor pixels, which is determined by the time difference 
between transmitted and reflected light beam. The dis-
tance measurement and imaging was demonstrated using 
the two-dimensional laser scanning with micromirror. 
Since the micromirror has a high scanning speed with 
small volume, it can make the system more compact and 
simple with high measurement rate compared to the sys-
tem using conventional motor-based laser scanning units 
[6, 15, 16].

Design and experimental setup
Figure 1 shows the schematic diagram of the LIDAR sys-
tem using two-axis scanning micromirror for distance 
measurement. The LIDAR system is composed of a 
pulsed laser (Toptica laser beam, 640 nm, 150 mW), scan-
ning micromirror, receiving lens (TF 8  M, 8  mm focal 
length, 1/3 inch), image sensor made of avalanche photo-
diode (Hamamatsu, S11963-01CR, 160 × 120 pixels), and 
data processing board. Figure 2 shows the LIDAR system 
setup on the optical table. The pulsed laser is transmitted 
and reflected at the two-axis scanning micromirror, and 
emitted to the targets. The laser is scanned to the objects 
through the micromirror. The beam scattered from the 
object enters the receiving lens and detected at the sen-
sor. The data processing board converts the collected 
light information into the distance and image informa-
tion. In the LIDAR system, the laser diode having 640 nm 
wavelength and 150  mW average power was used as 
light emitting source with the adjustable pulse duration 
from 3  ns to continuous wave. The image sensor with 

160 × 120 pixels photodiode array and receiving lens with 
the field of view of 37.5° × 27.7° were used.  

Figure  3 shows the basic circuit structure at the pho-
tosensitive area of the photodiode to obtain the distance 
with indirect time-of-flight method. The distance meas-
urement is using the relative ratio of the accumulated 
charges in each capacitor connected to photodiode 
output. The pulse timing chart at the circuit is shown 
in Fig.  4. The transmitted and reflected light pulses are 
shown. T0 is transmitted light pulse width, and Td is time 
difference between transmitted and reflected light pulse, 
which is dependent on the distance from source to tar-
get. The pulses to turn on the switch 1 and 2 are also 
shown, which are connected to the capacitor 1 (C1) and 
2 (C2), respectively. The switch 1 turn-on pulse is syn-
chronously generated with the transmitted light pulse, 
and then the switch 2 pulse is generated at the end of 
switch 1 pulse. Therefore, Q1 represents the amount of 
charge accumulated in C1 during the switch 1 turn-on 
period, which is generated at the photodiode due to the 
reflected light pulse. Q2 is the accumulated charge in C2 
from the reflected light pulse. The ratio of the charge is 
determined by the time difference between the transmit-
ted and reflected light pulse. Therefore, the distance D is 
calculated by Eq. (1);

where c is light velocity, T0 is transmitted light pulse 
width, Q1 and Q2 are charges accumulated in C1 and 
C2, respectively. The switch 3 is to discharge unneeded 
charges caused by ambient light during the non-emis-
sion period. In the experiment, the switch 3 turn-on 
pulse width was set to 40  ns. The image sensor signals 
from reflected light and charge-to-voltage conversion 

(1)D =
1

2
× c × T0 ×

Q2

Q1 + Q2
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Fig. 1  Schematic diagram of the LIDAR system using two-axis 
scanning micromirror

Fig. 2  LIDAR system setup on the optical table
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on accumulated charges are processed to calculate dis-
tance through the data processing board (S11963-01CR, 
Hamamatsu) [17]. In the LIDAR system, the transmitted 
light pulse width (T0) was set to 90 ns, which means the 
measureable distance to an object is 13.5 m.

Electromagnetic two‑axis scanning micromirror
The electromagnetically actuated two-axis scanning 
micromirror was employed in the LIDAR system, which 
was developed in our previous study [18]. The scanning 
micromirror used in the LIDAR system is shown in Fig. 5. 
The micromirror device consists of a microfabricated 
double gimbaled structure and a set of permanent mag-
nets for high magnetic field generation. A current path 
using electroplated copper coil is formed on the backside 
to generate torque under magnetic field. The size of the 
circular mirror plate is 3  mm in diameter, on which an 
aluminum reflective surface is formed. The fast horizon-
tal scan is obtained by the resonant mode actuation, while 
the tilting for slow vertical scan is achieved by forced 
actuation. The micromirror is assembled with permanent 

magnets using plastic housing, and the volume of the 
packaged device is 6.6 mm × 11 mm × 4.72 mm. For hori-
zontal scan, maximum optical scan angle of 49.13° at the 
resonance frequency of 28.0 kHz was obtained. The verti-
cal scan angle was 29.23° at 60 Hz as shown in Fig. 6.

Switch 3

Charge drain

Switch 1

Distance image 
sensor

C1 C2

Switch 2

Fig. 3  Indirect time-of-flight circuit structure at the photosensitive 
area of the photodiode

Fig. 4  Pulse timing chart for the distance measurement of indirect 
time-of-flight method

Fig. 5  Two-axis scanning micromirror and assembly housing with 
permanent magnets

Fig. 6  a Frequency response of the micromirror for the horizontal 
scan, b Measured scan angle
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LIDAR image and distance measurements
Figure  7a shows target object setup to test the distance 
measurement using the LIDAR system. White panels 
were used for the targets, which are placed at 200, 400, 
600, and 800 cm from the laser. The laser scan image to 
the targets using the two-axis scanning micromirror is 
shown in Fig. 7b. All the targets are in the field of view 
of micromirror optical scan angle, and the distance to 
multiple targets were measured at the same time with 
the laser scan. The experiment was performed in the dark 
environment, where the ambient light was blocked.

Figure  8a shows the distance profile image in the 
scanned area, which is constructed by the distance meas-
urement results at each pixel of photodiode image sensor. 
At each pixel, the distance was obtained by the average 
value of calculation using the charge ratio of Q1 and Q2 
at a frame rate of 100/s. In addition, the distance values 
of 15 × 15 pixels were taken at the center of each target 
panel and averaged to determine the measured distance 
to each target. Figure  8b shows the comparison of the 
measured distance with the actual distance to each tar-
get. The measurement distances are the average values 
for 100 frame. For 200, 400, 600, and 800  cm targets, 
the distance was measured to be 204.8 ± 17.8, 404.7 ± 
37.6, 625.4 ± 23.8, and 840.6 ± 12.1  cm, respectively. 
The measurement errors tend to increase as increas-
ing the distance. The distance resolution of the system is 
obtained to be about 36  cm using 3 standard deviation 
rule, which is the general method to calculate the limit of 
detection. It is considered that the main factor related to 

Fig. 7  a Target object setup to test the distance measurement using the LIDAR system, b laser scan image to the targets using two-axis scanning 
micromirror
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Fig. 8  a Distance profile image in the scanned area, b comparison of 
the measured distance with the actual distance to each target
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distance resolution is synchronization of the pulsed laser 
with the control signal. Laser diode is controlled and syn-
chronized by the pulse signal from the processing board. 
The control signal pulse width was set to 90 ns, but the 
laser pulse synchronization error was about 2  ns. The 
results show that two-axis scanning micromirror could 
be applied for the LIDAR system based on the indirect 
time-of-flight method with the distance measurement.

Conclusion
In this paper, the feasibility of the LIDAR system using 
electromagnetic two-axis scanning micromirror has 
been successfully demonstrated based on indirect time-
of-flight method. By using the transmitted laser scan 
with the micromirror and the ratio of the accumulated 
charges in capacitors determined by the reflected light, 
the distance to multiple targets could be measured at the 
same time, and the distance profile LIDAR image could 
be obtained. The distance measurement results show 
that the scanning micromirror can be readily applied to 
the indirect time-of-flight LIDAR system. The proposed 
LIDAR system is expected to be used in various applica-
tion areas with further improvement of the LIDAR optics 
combined with the scanning micromirror.
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