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ABSTRACT High speed imaging with improved resolution and wide area scanning are the ultimate targets
for designing a MEMS mirror based LiDAR. Simultaneous improvements of above parameters are critical
and yet pose design tradeoff among system complexity, cost and compatibility. Here, we propose a high
resolution LiDAR for wide area scanning with improved frame rate by allowing minimum design constrains.
Extended area scanning is achieved by simplified transmitter design with off-the-shelf low cost optics such
as a beam splitter cube and a plane mirror. In addition, an effective scanning strategy is applied to improve
the imaging speed for the extended coverage area, which involves sub-pixel imaging of selectively and
sequentially shined target areas. Then, a high resolution image can be reconstructed after merging all the
sub-pixel values. The proposed architecture is experimentally demonstrated to reconstruct a high resolution
image of 1020× 500 pixels at the fast refresh rate of 20 fps in extended FoV 52◦ × 26◦. The system is also
characterized in terms of linearity of extended optical angles, intensity distribution of light beam profile at
several angular positions, and quality of scanned objects in the high resolution reconstructed image.

INDEX TERMS Light detection and ranging (LiDAR), optical imaging, microelectromechanical-system
(MEMS), laser scanning, image reconstruction.

I. INTRODUCTION
It is always interesting to see our surrounding in 3D view
with enough resolution. Sensors typically play an important
role to build such multi-dimensional scenario by acquiring
different attributes of the target objects. In the field of active
optical imaging, a target is illuminated by a light source
and thus, it can effectively improve the image resolution
by simultaneous acquisition of depth and spatial informa-
tion. A light detection and ranging (LiDAR) is a key sensor
for this 3D optical imaging technology [1]–[3]. In recent
years, LiDAR shows enormous potential in different appli-
cations including geographic information system, robotics,
medical diagnostics, computational imaging and driving an
autonomous vehicle [4]–[8]. To obtain high resolution image
with improved signal-to-noise ratio (SNR), LiDAR needs
to employ a laser scanning module with sufficient Field-
of-View (FoV) covering large number of scanning steps.
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In each angular scanning position, the target was exposed and
the reflected light was detected to extract spatial and depth
information for 3D image formation. Therefore, the per-
formance of such LiDAR mostly depends on the selection
of proper scanning components (e.g., a MEMS, a scanning
mirror, a galvanometer scanner, the Risley prism pair and
so on). Among them, the MEMS mirror has been used
in several LiDARs due to its small size, fast speed, low
power consumption etc. [9]–[11]. However, the MEMS mir-
ror based scanning LiDAR suffers from twomain limitations;
a small scanning angle of MEMS mirror itself, slow imaging
speed/frame rate as introduced by point-to-point scanning for
the development of high resolution wide view image.

The mechanical tilt angle of a MEMS mirror is often
less than 7◦, which is again depends on the actuator types
(integrated and bonded) and driving modes (quasi-static and
resonant). Moreover, there are also design tradeoff between a
scanning speed, a mirror size and a tilt angle. The MEMS tilt
angle reduceswith increase of the scanning speed and themir-
ror size, and vice versa. Recently, several investigations have
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focused on the widening of the scanning angle of the MEMS
mirror and thus, proposed number of methods including fab-
rication of newMEMS structure as well as innovative system
design [12]–[18]. Electromagnetic [12] and piezoelectric [13]
actuators were used to design a quasi-static MEMS mirror,
however, the scan angle was not large enough for design-
ing a wide scanning LiDAR. Multiple laser diodes (LDs)
and associate lens were also utilized to cover the scanning
angle of 45◦ [14]. However, the propose system significantly
increases the design complexity due the control of several
LDs with relevant driving circuits and also, adjustment of
individual/mutual lens position to ensure optimum focus on
the MEMS mirror. Beside this, customized lenses are used
for optical angle amplification such as fisheye lens [15],
telescope-type lens [16], [17], f -theta lens [18]. Three spher-
ical lenses are used in [15], which eventually introduces
f -theta distortion in optical amplification at a large scan-
ning angle.Moreover, nonlinearity arises among the scanning
angles due to the placement of positive and negative lens
in either side of a MEMS mirror. To maintain the linear
operation, f -theta lenses are used in [18], however, it again
increases the cost and design complexity due to the presence
of too many lenses.

Beside the optical scanning angle, the image frame rate
and resolution are also crucial performance parameters for
the MEMS based LiDAR. A LiDAR needs to maintain an
image frame rate as high as possible, in particular, it should
be above 15 fps for applications like high speed vehicle nav-
igation [1]. Moreover, maintaining a good frame rate again
relate with image resolution. Usually, a high resolution image
relies on the high-resolution scanning angles and thus, a large
number of scanning steps are required for theMEMSmodule.
However, this requirement increases the scanning time, which
reduces the imaging speed or the frame rate. Both these
design parameters become more critical when the LiDAR
scanning angle is wide. Hence, it is necessary to consider
both scanning angle and imaging seed to design a high reso-
lution MEMS based LiDAR. A non-scanning LiDAR (Flash
LiDAR) can improve the imaging speed, however, it suffers
from low SNR. To reach the required level of SNR with high
resolution image, the flash LiDAR typically uses large size
focal plane array receiver with high sensitive single photon
avalanche diodes [19], [20]. However, developing of such
kind of receiver array is technically challenging and very
costly.

Overall, there are still couple of common issues that are
not highlighted in previous investigations [12]–[18], however,
they have significant impact on the efficient design of MEMS
based LiDAR. Firstly, most of the above works utilize the
customized single/multiple lens structure, where the perfor-
mance validation is mainly based on analytical or numerical
simulation results. Due to the lack of sufficient experimental
details using those customized components, the proposed
solutions are limited in availability and introduce compat-
ibility issue to use in already deployed LiDAR. Secondly,
nonlinearity in scanning angles is addressed by several ways,

however, its effect is still present especially for large MEMS
tilt angel > 4◦. The divergence of beam is significantly
increased at wide view angles of a MEMS mirror. Finally,
the earlier methods of wide scanning angle were not tested to
evaluate the system performance for high speed imaging with
improved resolution.

Here, we propose and experimentally demonstrate a
MEMS mirror based wide angle scanning method for simul-
taneous improvement of imaging speed and viewing angle
by applying reduce number of scanning steps for a high res-
olution LiDAR with simplified transmitter design. Overall,
the main contributions of this paper can be summarized as
follows:

a) Extended scanning angle 52◦ × 26◦ is experimentally
demonstrated by using low cost optics such as an optical
beam splitter cube and a plane mirror. Both components are
available commercially in different sizes and most impor-
tantly, they have the good performance to maintain linear
relation between incident and output optical transmission.
The proposed design is also quite compatible for a com-
mercial LiDAR to improve the MEMS scanning angles with
minimum changes in hardware.

b) Fast frame rate is achieved by introducing a scanning
strategy, where the number of scanning steps of MEMS mir-
ror are significantly reduced even to cover awide FoV. Instead
of point-by-point scanning, a selective area of target is imaged
at every MEMS tilt angle and the corresponding reflected
images are detected by a sensor array.Moreover, the extended
scanning portion is covered by the beam spots, which are
the replica of original spots and thus, both the imaging areas
(original + extended) are scanned by two sub-pixel spots
operated at a time. This strategy again accelerates the scan-
ning operation to reach in high frame rate. The effectiveness
of the propose technique is evaluated by experiment to reach
the fast frame rate upto 20 fpsin extended FoV 52◦ × 26◦.
c) High resolution image is re-constructed by merging all

the received values of each sub-pixel sensor array, which
is shined during the selective scanning. A selective laser
scanning with small imaged area ensures high SNR in com-
pare to whole area scan by using flash light. A sub-pixel
array size of 50 × 50 is utilized for each scanning step,
which is sequentially collected and synchronized to form a
high resolution image of 1020 × 500 pixels with improved
SNR performance. Objects are clearly marked in the good
quality image with adequate details of shape and reflectivity
information.

The rest of the paper is organized as follows, section II
presents the propose model of the MEMS mirror based scan-
ning LiDAR and discuss its experimental setup. Section III
shows the performance results of extended optical angles
and also, characterizes the laser beam profiles. Sections IV
discuss details on the process of high resolution image recon-
struction including the relevant imaged spots at multiple
scanning positions. Finally, key results of this paper with
future path of improvement are discussed as conclusion
in section V.
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FIGURE 1. a) Propose MEMS mirror based wide angle high resolution scanning LiDAR b) Experimental Setup and target
objects to reconstruct image.

II. PROPOSE MEMS BASED SCANNING LiDAR AND
EXPERIMENTAL SETUP
The design principle of a MEMS mirror based scanning
LiDAR and its experimental setup is shown in Fig. 1. A com-
mercially available dual-axis MEMS mirror (Mirrocle Tech.,
3.6 mm diameter, maximum mechanical tilt angle ≥ ± 6.55◦

in quasi-static mode) is used in transmitter side, where the
incident light is collimated by a lens (plano convex) followed
by a 635 nm RED laser with 10 mW average optical emis-
sion power. MEMS mirror size needs to be selected based
on the input laser beam quality/shape that can be confined
properly on the surface of mirror for the efficient reflection,
however for the propose methods, there is no such direct
impact of MEMS mirror size on the claimed advantages.
The driving voltages of MEMS mirror is adjusted to set the
optical scanning angle of 26◦ × 26◦ (α) so that the extended
scanning angle (∼2α) can finally matched with receiver FoV
of 52◦ × 26◦. The reflected light from a MEMS mirror is
then divided into two parts by using an optical beam splitter
(BS) cube (split ratio: 50/50, 10mm × 10mm × 10mm).
One part transmits along the axis of incident light beam
(BS-T), whereas, the other part will be reflected by a plane
mirror (BS-R). Finally, both the light beams (BS-T and BS-
R) transmit toward the direction of object to shine different
sections of the target image. By adjusting the positions of the
beam splitter and the plane mirror, two scanning beams can

effectively cover the wide target area close to twice of original
scanning angle as covered by a single MEMS mirror.

Moreover, the propose system also develops an effective
scanning strategy to work with extended scanning operation,
which will ensure a simultaneous improvement of both the
optical scanning angle and the imaging speed to reconstruct
the target image. In this approach, the incoming laser beam is
shaped such that the number of scanning steps can be reduced
to cover the whole target area, which eventually improves
the imaging speed. In the experiment, only 10 × 8 (L1 ×

L2) spots are used to cover scanning angle of 26◦ × 26◦

(α) in one side, whereas the other part of the target area is
a replica as produced by plane mirror reflection. Therefore,
the full scanning area is now extended to 52◦× 26◦ with two
spots at a time for every scanning step of the MEMS mirror.
Note that this improvement of scanning angle is achievedwith
the same scanning time of the MEMS mirror as originally
set for the angle 26◦ × 26◦. In addition, a scanning pattern
is designed such that the circular shaped adjacent spots are
partially overlapped to reduce the inter-circular gap, where
the effective pixel size is P× P as shown in fig. 1(a).
The targets are placed at a 10-meter distance from trans-

mitter/receiver side, which consist of multiple objects with
different reflective surfaces and color including box cartons
with English alphabet (color of Gray/Black/White), labora-
tory table, portable steel stair and white wall. The objects
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FIGURE 2. Optical scanning angles in terms of MEMS tilt angles.

are placed in distributed way to cover the extended scanning
angle of 52◦×26◦ as imaged by laser scanning and focused by
the receiver lens. At a time, two shined spots are imaged in the
receiver sensor array with the corresponding pixel values of
target reflectivity. The pixel values from all the imaged spots
are merged to reconstruct the high resolution target image.
In the experiment, a CCD camera of 1020 × 500 (N × M )
resolution and a wide angle lens (4 mm focal length) are
used in the receiver side to retrieve the pixel information
of all the imaged spots. The horizontal FoV of the receiver
(1/3′′ sensor, 4 mm lens) is 52.5◦, which is well matched for
extended scanning angle of 52◦. It may be noted that CCD
camera based LiDAR is extensively investigated recently for
3D imaging due to its mature technology, high resolution
pixels and low cost optical receiver [21], [22]. Moreover,
the above transmitter-receiver distance is maintained based
on the transmitted optical power and sensitivity of optical
receiver, however, necessary adjustments are needed for long
distance operation either in transmitter side, by placing a
high power laser source or in receiver side, by using a highly
sensitive CCD sensor or APD array. Finally, pixel processing,
merging of pixel data, synchronization, and reconstruction of
the target image were done by a computer.

III. EVALUATION OF EXTENDED OPTICAL
SCANNING ANGLE
A. SLOP OF OPTICAL SCANNING ANGLES
The proposed system performance is analyzed for the
extended scanning angle operation and the results are shown
in Fig. 2. Figure 2 shows the experimentally measured values
of optical scanning angles with respect to MEMSmechanical
tilt angles. Each of the measured values are fitted by an equa-
tion y = a.x + b, where a indicates the slop of the fitted line
and b provides a constant value. As a� b, the values of b are
excluded from the final fitted linear equations. As expected,
the optical tilt angle by the MEMS mirror (without BS and
plane mirror) is two time that of the mechanical tilt angle.
The measured values and fitted line with slope a of 2.00058
clearly justify this relation of mechanical tilt vs optical tilt
angles of the MEMS mirror. With the addition of the BS and

the plane mirror, two beams (BS-T and BS-R) are generated
with relevant scanning angles that eventually cover the whole
target area. The individual contribution of optical scanning
angles for both beams are separately measured and fitted with
two lines. It should be noted that the optical beam should
be maintained its shape within whole optical amplification
angle. Thus the incident angle and size of the BS should be
designed to ensure this.

Figure 2 shows that the slopes of the fitted lines are
1.96 and 1.95 corresponding to the BS-T and the BS-R beams.
These values are close enough to the original scanning slop of
a = 2.0058 for the MEMS mirror operates alone. The slight
degradation in the slop values are mainly appeared from the
size of the BS itself, which is not optimum especially for a
large mechanical tilt angle of theMEMSmirror. In particular,
the incident beams are not properly confined to the BS for the
MEMS mechanical tilt angle of larger than 4.5◦. A properly
design BS cube that match with incident scanning angles are
useful to overcome this loss. Finally, both the BS-T and the
BS-R optical scanning angles are combined to measure the
full extended FoV for the proposed system as also shown
in Fig. 2. The slope value of the fitted line is measured to
3.968, which indicates around four-fold improvement of opti-
cal scanning angles in compare to the MEMS mechanical tilt
angle. Overall, the proposed technique shows good linearity
in amplified scanning angles as produced by both BS-T and
BS-R.

B. INTENSITY PROFILE OF BEAM
The intensity profile of beam is considered to be important
performance parameter, since it determines the quality of
scanning system. To qualify this, we measured the intensity
profile of the beams as function of the scanning angle. These
are compared with to the reference beam profile that was
measured just after the MEMS mirror as shown in fig. 3(a).
Note that in order to minimize the distortion of the beam
over whole scanning range, distance between the lens to the
MEMSmirror and theMEMSmirror to the beam splitter (BS)
is crucial. Figure 1(a) shows that the distance from theMEMS
mirror to the BS is maintained as d such that there is (f -d)
distance from the MEMS mirror to the lens, where f is the
focal length of the lens. By using this adjustment, the focal
point of the lens is located on the BS. Then, we can minimize
the distortion due to finite size of the BS. Figure 3(a) shows
the beam spots in the extended optical scanning angles of
−26◦, −13◦, +13◦, +26◦. Overall, the beam profiles do not
show significant distortion in compare to the reference beam.

Finally, all the measured points are fitted with a high order
Gaussian beam profile, which shows relatively flat top in
maximum intensity and slow transition at the edge of the
curve in fig. 3(b). All the curves almost coincide to each other,
where the measured spot size is measured to around 40 cm@
10 meters distance. However, there are some intensity irregu-
larities, which aremostly come from laser itself (fig. 3(c)) due
to the presence of side fringes. A good spatial filter or beam
shaper can be used to make the beam spot more uniform.
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FIGURE 3. a) The measured beam shapes at different angles b) Beam profiles fitted with super Gaussian distribution c) Intensity distribution of Laser
spot in 2D and 3D view.

FIGURE 4. Randomly selected two imaged spots at different scanned positions of target objects.

Overall, the angular resolution/accuracy of the propose
system depends on the scanning FoV and receiver pixel size.
For the demonstrate system, the scanning FoV is 52◦ (H) ×
26◦ (V) and receiver pixel size is 1020 (H) × 500 (V) and
thus the angular resolution is (52/1020)∼= 0.05◦ in Horizontal
and (26/500) ∼= 0.05◦ in vertical direction. As the scanned
images of original scanning area (BS-T) and extended area
(BS-R) are resolved into independent pixels with equal sizes
at receiver side, the system angular resolution is maintained
same even in the extended angle operation.

IV. PROCESS OF IMAGE RECONSTRUCTION
A. FAST IMAGING SPEED IN EXTENDED FoV
The proposed system for extended fov is further investi-
gated to acquire an image, where the imaging speed is
improved by introducing an effective scanning strategy as dis-
cussed before. The results of the target image acquisition and

corresponding high resolution image reconstruction process
are shown in fig.4 and fig. 5. As mention before, the target
objects consist of different reflective materials including its
color, size, and relevant order. The positions of the BS and
the plane mirror are adjusted such that the emitted beams
(BS-T and BS-R) can effectively cover the extended angles
of the MEMS scanning i.e. 52◦ × 26◦. The scanning pattern
is created by the MEMS controller with 8 lines in vertical
direction, where each line has 10 spots horizontally. There-
fore, there are only 80 spots to cover the FoV of 26◦× 26◦ in
one side, which will be mirrored in the other part to fulfill the
total extended scanning angles of 52◦× 26◦. The numbers of
scanning spots are selected based on the effective coverage of
whole object area by using circular shaped image region.

Note that this reduction of scanning steps gives the system
boost to reach an adequate frame rate. Moreover, due to
the arrival of two spots at a time, the same scanning time
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FIGURE 5. Re-constructed image after merging all the imaged spots at a) 15 fps and b) 20 fps.

FIGURE 6. Processed image to enhance the visual quality of target objects; dotted box shows highly reflective object surfaces; Alphabet are
zoomed separately (down figures).

as set for one part (26◦ × 26◦) is still useful to cover the
total area (52◦ × 26◦), which gives an additional benefit to
ensure high speed imaging. Above all, driving the MEMS
mirror with a given scanning angle is now simple due to the
reduced number of scanning steps (10/line). However, for a
conventional LiDAR, this driving strategy is quite critical due
to huge scanning steps for a high angular resolution.

In the experiment, the scanning time of each line is adjusted
to ∼ 8.3 ms (frame time∼ 66.5 ms) and ∼ 6.3 ms (frame
time ∼ 50 ms) for the imaging speed of 15 fps and 20 fps
respectively. Finally, the MEMS controller scanning time is
synchronized with camera acquisition time to ensure required
frame rate for image reconstruction. For every scanning step,
there are two shined spots that are imaged and corresponding
pixel values are retrieved by the sensor as shown in fig.4.
Figure 4 clearly shows that the two beam spots are scanned
from two different parts of target image. The two spots are

separated by the angle 26◦, and rotate together in every
horizontal/vertical scanning direction to cover the wide FoV
region. After completion of full area scanning with required
refresh rate, the corresponding pixel values of all the image
spots are retrieved, synchronized and merged to reconstruct a
high resolution scanned image as shown in fig. 5.

B. HIGH RESOLUTION SCANNED IMAGE
As mentioned before, high resolution LiDAR imaging by
scanning or non-scanning (Flash) suffers from either low
scanning rate, due to increase of scanning steps or low SNR,
due to decrease of power density in large area. Here, the pro-
posed method along with scanning strategy can effectively
improve the imaging rate and SNR to re-construct the high
resolution image. Instead of shine the whole target area with a
single shot like in flash LiDAR, the propose scanning method
shines a part of it that corresponds to a sub-pixel size of
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sensor array. The sub-pixel size of image is useful for wide
scanning to maintain fast frame rate due to the reduction of
scanning steps and also, these can be utilized to re-construct
the high resolution image by merging all the sub-pixel image
values. Moreover, such scanning strategy ensures increase
of power density in the selective area scan, which eventu-
ally improves the SNR of re-construct image. The approach
shows the compromise between the improvement of SNR and
scanning speed. For our experiment, the total target area was
31.4159m2, whereas the proposed selective scanning strategy
uses only 0.1194m2 for each imaged area and thus, the power
to the given area is improved by around 21.2 dB, considering
that the scanning beam was slightly elliptical (n=4) with
power difference for different scan positions was negligible.

In the experiment, the effective sub-pixel size of each
image (fig.1) is close to 50 × 50 (P × P) and there are two
images at a time in CCD sensors. After completion of single
frame scanning, all the images are synchronized and merged
together to form a high resolution image of 1020 × 500
corresponds to 52◦×26◦ as shown in fig. 5. Figure 5 shows the
reconstructed image that provides a clear inside of scanned
objects for both the refresh rate of 15 fps and 20 fps. With the
increase of refresh rate from 15 fps to 20 fps, the overall image
intensity is reduced due to the decrease of photon density per
pixel.

The whole image is further processed to enhance its visual
quality with the help of techniques like thresholding, con-
trast adjustment and the resultant image is shown in fig.6.
Advanced image processing algorithms may also apply for
further improvement of image quality [23], [24]; however,
such studies are out of scope for the present work.

Based on reflectivity of target, image intensity changed
and might show a high intensity from smooth surfaces like
stainless steel and retro-reflector as indicated by dotted box
in fig.6. The measured size of each alphabet is around 15×22
cm which is scanned from 10-meter distance and the corre-
sponding processed image is highlighted separately in fig.6.
The result shows that the reconstructed image quality is
adequate to understand each of the details of target object.
For developing a high resolution image with the presence of
large size of CCD sensor at the receiver, the angular resolution
still maintains the same value over the full scanning area as
long as the scanned images are captured, retrieved and recon-
structed from independently excited pixels as propose in this
article.

V. CONCLUSION
A simplified transmitter and fast scanning strategy are intro-
duced for design of a high resolution LiDAR based on a
MEMS mirror. The proposed architecture is experimentally
demonstrated to show three fold improvement; extended opti-
cal angles reach to 52◦ × 26◦ by simultaneous scanning of
two imaged spots, high imaging rate upto 20 fps by using
sub-pixel shined image with reduce number of scanning
steps, and high resolution 1020 × 500 image reconstruction
with the help of synchronous addition of all the sub-pixel

(50× 50) values. The presented results are useful to develop
a low cost and high speed solid state LiDAR for diverse
applications. Solid state LiDAR is considered to be good
alternative for minimizing the limitations of conventional
mechanical rotation based LiDAR due to its compact size,
light weight and low power consumption. Further develop-
ment of propose methods include the image quality enhance-
ment with advance image processing algorithms as well as
and mapping the object area with depth information for 3D
view.
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