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Abstract: MEMS-based LIDAR has the advantages of fast-scanning, simple structure, small volume,
and light weight, which make it a hot topic for 3D imaging. In order to overcome the limited
scanning angle of the current MEMS mirrors, a large angle MEMS-based optical scanning system was
designed using telephoto structure. In this design an f -θ lens group is used for flat field scanning
and a symmetrical cemented lens group is used for angle expansion. The principle of this system is
discussed in detail and an optical design is implemented by ZEMAX software. The designed system
realized a scanning angle as large as 57◦ and is in excellent linear relation with the tilt angle of the
MEMS mirror. At the target distance of 100 m, the maximum RMS radius of the light spot is only 7 cm.
This optical scanning system shows a significant application potentiality for 3D imaging LIDAR.

Keywords: LIDAR; optical scanning; MEMS; optical design

1. Introduction

In recent years, in the fields of environmental monitoring, engineering inspection,
unmanned driving, military surveying and mapping, the detection demand of imaging
LIDAR has grown rapidly, and these applications have made the new generation of imaging
LIDAR gain widespread attentions [1–6]. LIDAR is a sensor that uses a laser beam to obtain
information such as the precise position and size of an object. Its working principle is to
send a laser beam signal to the target object to be measured, then compare the target echo
with the transmitted signal to obtain the position information and realize the detection and
recognition of the target [7,8].

Currently available optical scanning methods for imaging LIDAR consist of flash,
optical phased array (OPA), mechanical rotating, MEMS mirror scanning, etc. [9]. Flash
LIDAR is of solid form, so in a strict sense, it is not an optical scanning form. It directly
illuminates the surface of the object to be measured through emitting a surface laser, and the
detector composed of a pixel array realizes the reception. Each independent pixel unit only
can receive a small part of the echo power, which limits its ability to image far targets [10,11].
OPA LIDAR is of solid-state scanning form with no internal mechanical drive structure.
It uses array laser sources and works by the principle of multiple beams interference. By
controlling the phase difference of each sub-light source, the main beam direction can
behave scanning. OPA technology requires that the size of the sub-light source of the
array must be less than half of the working wavelength, which results in great difficulty
with chip processing. At the same time, the main beam is easily affected by the side
lobe beam caused by interference, which causes energy leakage and affects the detection
resolution [12]. The mechanical rotary type is relatively mature, but it has shortcomings of
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high-power consumption, large volume, cumbersome optical structure, and complicated
assembly, resulting in low production efficiency and high cost [13]. On the contrary, MEMS
technology directly integrates the micro-scanning mirror into the silicon chip, which is
only a few millimeters in size. The mirror rotates through electrostatic, electromagnetic,
electrothermal, piezoelectric or other driving methods, which greatly reduces the size of the
system and increases production efficiency. The study of LIDAR based on MEMS mirrors
is significant for the development of the new generation of miniaturized, low-cost imaging
LIDAR [14–16].

MEMS scanning technology is a quasi-solid form with high flexibility. It combines
microelectronics, mechanical and optical technologies, and uses a drive circuit to achieve
the desired field of view (FOV) and control the angle accurately [17,18]. However, due to
the high resonant frequency of MEMS mirror, which is above 200 Hz, the scanning angle is
usually within ±10◦, which cannot meet the large field of view detection requirements for
imaging LIDAR. An auxiliary optical system must be used to extend its field of view [19–21].
So, researching auxiliary angle extending optical system design is quite significant for the
MEMS scanning LIDAR. This work designed an optical scanning system for frequency
modulated continuous wave (FMCW) LIDAR, which can achieve a large field of view of
57 degrees, and uniformly scanning with a 7 cm light spot for a target at 100 m.

2. Basic Principles of the Scanning System

The mechanical rotation angle of the MEMS mirror is generally within±5◦. According
to the principle of plane mirror reflection, when the direction of the incident light remains
unchanged and the plane mirror rotates byω degrees, the reflection angle of the light will
change by 2ω degrees, so after passing through the MEMS mirror, the scanning angle of
the beam is usually within ±10◦, as shown in Figure 1. For LIDAR, especially car-level
imaging LIDAR for autonomous driving technology, the scanning field of view requires at
least 40◦, so special optical design is needed to extend the FOV of MEMS mirror. At present,
the commonly used method to extend FOV is adding an optical system with telescope
structure, which is to sequentially pass the laser source through a positive lens, a MEMS
mirror, and a negative lens. This method has a certain aberration and a large divergence
angle. The optical scanning system design in this paper adopts an f -θ lens that often used
in laser scanning and laser marking for flat field focusing and uses a rear positive lens
group to collimate the laser beam and extend the scanning angle.

Appl. Sci. 2022, 12, 1283 2 of 10 
 

detection resolution [12]. The mechanical rotary type is relatively mature, but it has 
shortcomings of high-power consumption, large volume, cumbersome optical structure, 
and complicated assembly, resulting in low production efficiency and high cost [13]. On 
the contrary, MEMS technology directly integrates the micro-scanning mirror into the 
silicon chip, which is only a few millimeters in size. The mirror rotates through 
electrostatic, electromagnetic, electrothermal, piezoelectric or other driving methods, 
which greatly reduces the size of the system and increases production efficiency. The 
study of LIDAR based on MEMS mirrors is significant for the development of the new 
generation of miniaturized, low-cost imaging LIDAR [14–16]. 

MEMS scanning technology is a quasi-solid form with high flexibility. It combines 
microelectronics, mechanical and optical technologies, and uses a drive circuit to achieve 
the desired field of view (FOV) and control the angle accurately [17,18]. However, due to 
the high resonant frequency of MEMS mirror, which is above 200 Hz, the scanning angle 
is usually within ±10°, which cannot meet the large field of view detection requirements 
for imaging LIDAR. An auxiliary optical system must be used to extend its field of view 
[19–21]. So, researching auxiliary angle extending optical system design is quite 
significant for the MEMS scanning LIDAR. This work designed an optical scanning 
system for frequency modulated continuous wave (FMCW) LIDAR, which can achieve a 
large field of view of 57 degrees, and uniformly scanning with a 7 cm light spot for a target 
at 100 m. 

2. Basic Principles of the Scanning System 
The mechanical rotation angle of the MEMS mirror is generally within ±5°. According 

to the principle of plane mirror reflection, when the direction of the incident light remains 
unchanged and the plane mirror rotates by ω degrees, the reflection angle of the light will 
change by 2ω degrees, so after passing through the MEMS mirror, the scanning angle of 
the beam is usually within ±10°, as shown in Figure 1. For LIDAR, especially car-level 
imaging LIDAR for autonomous driving technology, the scanning field of view requires 
at least 40°, so special optical design is needed to extend the FOV of MEMS mirror. At 
present, the commonly used method to extend FOV is adding an optical system with 
telescope structure, which is to sequentially pass the laser source through a positive lens, 
a MEMS mirror, and a negative lens. This method has a certain aberration and a large 
divergence angle. The optical scanning system design in this paper adopts an f-θ lens that 
often used in laser scanning and laser marking for flat field focusing and uses a rear 
positive lens group to collimate the laser beam and extend the scanning angle.  

 
Figure 1. The relationship between MEMS mechanical angle and the field of view. 

The schematic diagram is shown in Figure 2. Hi and Hi’ are object principal plane and 
image principal plane of the lens groups, respectively. The laser beam is focused by the 

Figure 1. The relationship between MEMS mechanical angle and the field of view.

The schematic diagram is shown in Figure 2. Hi and Hi’ are object principal plane and
image principal plane of the lens groups, respectively. The laser beam is focused by the
cemented lens L0 and completely irradiate into the effective area of the MEMS mirror. After
being reflected by the MEMS mirror, the f -θ lens L1 is used to correct the image surface
into a plane and focus the beam. Then the laser passes through the symmetrical cemented
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positive lens group L2, whose object focal plane coincides with the image focal plane of the
f -θ lens. So L2 collimates the scanning beam.
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Assume the focal length of the f -θ lens L1 is f1
′, and that of the collimating lens L2

is f2
′, then according to the geometric optics theory, the image height h of the beam after

passing through the f -θ lens can be obtained:

h = f1
′ · tan γ (1)

where γ is the scanning field angle of the MEMS mirror. For the collimating positive lens
group L2, its object height h satisfies:

h = f2
′ · tan θ (2)

So, the field of view of the scanning system θ is:

θ = arctan
f1
′ · tan γ

f2′
(3)

From Equation (3) we can see that if f1
′ > f2

′, the system scanning angle will
be extended.

3. Scanning Optical System Design

The design was implemented by ZEMAX software, which works by ray tracing [22].
The laser source in this work is a tunable semiconductor from NewFocus, which is suitable
for FMCW LIDAR. Its center wavelength is 1550 nm, the wavelength scanning range is from
1520 nm to 1570 nm, the maximum beam divergence angle is 1.5 mrad and the maximum
output power is 50 mW. To simulating this laser source, in the normal column setting of
ZEMAX software, the aperture type is selected as object space numerical aperture (NA),
the value is 0.00075, the apodization type is Gaussian, and the factor is 1.

This design uses the MEMS mirror model S40919 manufactured by Mirrorcle. The
effective diameter of the mirror is 5 mm, and the rotation range is ±5◦. It works based on
the principle of electrostatic driving. The relationship between the driving voltage and the
tilt angle provided by the mirror manufacturer is shown in Figure 3. The parameters are
listed in Table 1.

As shown in Figure 2, the laser beam emitted by the semiconductor laser should first
be focused by a positive lens to completely illuminate the effective mirror surface without
causing beam leakage. A double cemented lens L0 with a focal length of 80 mm is used
to eliminate spherical aberration. The object distance between the laser source and L0 is
1207 mm. Therefore, the image height D of the spot incident on the cemented lens does not
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exceed 2 mm, which can ensure that all the laser beams passing through L0 focusing on
the MEMS mirror surface. A flat mirror is adding between the doublet lens and the MEMS
mirror to change the propagation direction of the light path and improve the utilization of
the actual system internal assembly space.
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Table 1. MEMS mirror parameters of S40919.

Device Parameters Value

Actuator Gimbal-less Dual-Axis Quasistatic
Mirror Size 5.0 mm

Maximum Mech. Angle-X Axis 5.1928◦

Maximum Mech. Angle-Y Axis 5.2236◦

Driver Bias Voltage 90 V
Low pass filter Cutoff Frequency 120 Hz

For f -θ lens, ideally, the image height h and the scanning field angle γ of the MEMS
mirror should have a linear relationship. In order to meet the linear scanning requirements
of the scanning system, the f -θ lens needs to bring a certain amount of barrel distortion.
When the scanning angle of the MEMS mirror gradually increases, the ideal image height
should be smaller than the actual image height, and their difference is:

∆h = f1
′tanγ− f1

′γ = f1
′(tanγ− γ) (4)

It is impossible to fully meet the linearity requirements. Generally, the relative distor-
tion is required to not exceed 0.5%, so the relative distortion should meet:

δ =
h− f1

′γ

f1
′γ

× 100% < 0.5% (5)

The f -θ lens should introduce barrel distortion, and because of its larger field of view,
the off-axis aberrations should be corrected, such as astigmatism and field curvature. The
lenses were optimized by The ZEMAX software using the optimization function, in which
field curvature and distortion were optimized with the help of FCUR and DIST operands.
The optimization function is set to the RMS spot radius, and FCUR and DIST operands are
inserted and set to target 0 and weight 1. The two-dimensional structure of the cemented
lens L0 and f -θ lens L1 designed in ZEMAX is shown in Figure 4. Scanning beams with
different angles are in different colours, 0◦ in blue, 1◦ in green, 2◦ in red, 3◦ in gray, 4◦ in
purple, and 5◦ in wathet. The f -θ lens is consist of 5 lenses with a focal length of 35 mm.
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For the f -θ lens, it has a specific scanning speed, Equation (6) is derived for scanning
time t:

dh
dt

= − f ′1
dγ

dt
= −2ν f ′ (6)

where, ν is the rotation angular velocity of the MEMS mirror. As the image height h and
the scanning angle γ of the f -θ lens satisfy the linear relationship, the linear control of the
scanning speed can be achieved by controlling the scanning angle γ. If the MEMS mirror is
deflected at a constant speed, the focused spot of the laser beam can be moved at a constant
speed to realize a uniform scanning.

Set the tilt angles of the MEMS mirror in ZEMAX in multiple configurations to simulate
its actual rotation. Due to the symmetry of the rotation angles, we only set 0◦, 1◦, 2◦, 3◦,
4◦ and 5◦. When the mirror is not deflected (relative to the position 0◦), the size of the
diffuse spot is within 2 µm, then as the deflection angle increases to 1◦, the diffuse spot is
within 4 µm. The maximum deflection angle is 5◦, and the diffuse spot less than 20 µm.
The dispersion spot distribution at the optical system image plane is shown in Figure 5.
Light in green, blue and red referring to the laser wavelength of 1520 nm, 1550 nm, and
1570 nm, respectively. The Airy disk radius is given by 1.22 times the wavelength times the
F number of the beam, which in general depends upon field position and pupil orientation.
If all the rays are well within the Airy disk, then the system is often said to be “diffraction
limited”. From Figure 5, we can see that the light spots are all within the Airy disk, meeting
the design requirements.
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Figure 6 shows the field curvature and distortion diagram of the optimized f -θ lens.
It can be seen that the relative distortion is less than 0.5%, which satisfies the design
requirement. The linearity of the optimized f -θ lens system is very high.
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The light beam from the collimating lens group should be parallel or approximately
parallel light, which must ensure that the object focal plane of the collimating lens group
coincides with the image focal plane of the f -θ lens. To obtain a field of view not less than
±25◦, the focal length of the collimating lens group f2

′ should be:

f2
′ ≤ f1

′tanγ

tan25◦
≈ 13.10 mm (7)

In order to extend the scan angle to a greater extent, the focal length of the collimating
lens group is determined to be 12 mm. The collimating lens group is composed of two
approximately symmetrical doublet lenses. Its two-dimensional structure is shown in
Figure 7. This structure can not only correct coma and astigmatism, but also has a compact
structure and small field curvature.
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Combining the doublet lens L0, f -θ lens L1, common mirror, MEMS mirror, and
collimating lens group L2 to complete the overall system design. The three-dimensional
structure of the large-angle MEMS scanning optical system is shown in Figure 8. The
parameters related to the design are listed in Table 2.
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Table 2. Design parameters of MEMS scanning optical system.

Surface Radius/mm Thickness/mm Glass Diameter/mm

Object Infinity 1267
Stop Infinity 20 5

2 36.314 2.646 F8 15
3 −44.353 3.346 KCL 15
4 82.783 10 15
5 Infinity −12 MIRROR 8
6 Infinity 15 MIRROR 5
7 −26.446 2.288 SF67 16
8 −21.596 3.861 16
9 −13.605 1 LTTHOSIL-Q 20
10 −44.966 3.568 20
11 −33.876 1.303 LASF35 20
12 −28.725 1.142 20
13 −1521.767 2.442 LASF35 24
14 −49.862 2.838 24
15 286.426 3.452 SF66 24
16 −79.392 22.076 24
17 33.650 0.955 BAF8 22
18 32.590 4.256 SF66 22
19 −30.570 5 22
20 30.570 6.252 SF66 22
21 −32.590 0.955 BAF8 22
22 −33.650 —

4. Results and Discussion

Setting the image distance to be 100 m, the point diagram distributions when the
MEMS mirror rotates from 0◦ to 5◦ can be obtained as shown in Figure 9. The distribution
of the spots are generally uniform and symmetrical, and are all within the Airy disks. When
the MEMS mirror rotates from 0◦ to 5◦, the corresponding spot RMS radius is maximum.
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RMS radius are all about 7 cm, which shows prefect achromatic property, suiting for
FMCW application.
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Figure 10. Spot diagrams at 5◦.

According to Equation (3), the theoretical FOV of the system with various angles
can be calculated. The results obtained by ZEMAX ray tracing compared with that of
the theoretical calculation are shown in Figure 11. The linear fitting shows that the FOV
extending factor for the designed system is about 2.78, which is 2.56 according to the
theoretical calculation. The difference between the simulation results and the theoretical
calculation increases with the FOV, but the maximum error does not exceed 1.41◦, showing
excellent agreement. When the rotation angle of the MEMS mirror is 5◦, the FOV of the
system is the largest, which is 28.5 × 2 = 57◦, and the maximum beam divergence is less
than 0.5 mrad. The total length of the optical system is less than 12 cm. Compared with the
traditional optical angle expansion system, our new design has distinct advantage in the
FOV, which is usually less than 30◦ in real existing LIDAR system.
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5. Conclusions

This work designed an angle extension optical system for a MEMS mirror whose
mirror diameter is 5 mm and maximum mechanical rotation angle is ±5◦. In this design
an f -θ lens group is used for flat field scanning and a symmetrical cemented lens group is
used for angle expansion. The design theory was derived in detail and a simulation was
carried out by ZEMAX software. The designed system realized a scanning angle as large
as 57◦ and is in good linear relation with the tilt angle of the MEMS mirror. At a target
distance of 100 m, the maximum RMS radius of the light spot is only 7 cm, and the beam
divergence angle is less than 0.5 mrad. The total length of the optical system is less than
12 cm, which is easy to install and greatly improves the space and volume for the whole
system. This optical scanning system also shows significant application potentialities for
other 3D imaging LIDARs.
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