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Abstract: The function of lidar requests a large scanning angle for a wide field of view and a well
calibrated collimation of the laser beam for distant sensing. Besides meeting the required functionality,
the compact form factor of the whole optical system is also highly desirable for the ease of being
installed in mobile systems. In corresponding to the currently developed phase array laser which
can achieve beam scanning without mechanical movement but still with a small scanning angle, a
compact optics consisting of only two reflective surfaces has been proposed to magnify the scanning
angle of a laser beam up to seven times while keeping the divergence of the laser beam smaller than
8 mrad for some short distance applications. The prototype has been prepared and evaluated with
the expected performance.
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1. Introduction

Lidar, acronym for light detection and ranging, is a device which sends out a laser sig-
nal and gathers information with the detection of the light bouncing back from objects [1-3].
This technology has been widely used for 3D mapping in various applications such as land
structure and archaeology. In recent years, lidar has become a key technology for advanced
driver assistance systems (ADAS) [4-7], and even for autonomous vehicles [8-10]. The
autonomous vehicle, in a broader sense, includes robots and drones.

If considering the application for vehicles, the compactness would be a major concern.
Some experimental prototypes of autonomous vehicles on the road are equipped with
a big chunk of lidar on the roof [11,12], which would be considered not adequate for
commercial applications in the long-term. The main source of the big volume is the
mechanical mechanism for scanning the laser beam to cover the full 360 degree of the
surroundings. Most recent developments go for solid state lidar which achieves laser
beam scanning without mechanical movement, mostly based on the concept of a phase
array [13-16]. However, with this kind of mechanism, the scanning angle of the laser beam
is still quite small, with a range of approximately 6 to 12 degree [17-19]. Even with the
strategy of equipping an array to cover a wider field of view, the scanning angle is still too
small to be a cost effective solution. Therefore, the magnification of the scanning angle is
an important supplementary technology.

There have been quite a few optical solutions for the magnification of a laser beam
scanning angle, including a rotation member [20] and MEMS lidar [21,22]. However, those
solutions mostly have complicated optics or a light path, which are normally associated
with a big form factor. Therefore, the exploit of those solutions for solid state lidar will
lead to a result which contradicts the main purpose of introducing a phase array scanning
mechanism for lidar.

In this paper, compact optics composed of only two reflective surfaces are proposed.
The function of the optical system is not only magnification of the scanning angle, but

Photonics 2022, 9, 59. https:/ /doi.org/10.3390/ photonics9020059

https:/ /www.mdpi.com/journal /photonics


https://doi.org/10.3390/photonics9020059
https://doi.org/10.3390/photonics9020059
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-0703-9800
https://doi.org/10.3390/photonics9020059
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics9020059?type=check_update&version=1

Photonics 2022, 9, 59

2 0f9

also keeping the collimation of the laser beam for short distance remote sensing. Further-
more, the proposed optics is not just compact due to its light path arrangement, but also
potentially viable to be integrated with the phase array laser source and becomes a highly
compact micro-opto-electro-mechanical system due to its feature of a fully reflective surface.
Section 2 of the paper describes the conceptual design, and Sections 3 and 4 present the
details of design optimization and prototype evaluation, respectively. Finally, Section 5
concludes the paper with the results.

2. Conceptual Design of Scanning Angle Magnification with Reflective Optics

When scanning a laser beam over a planar mirror, the scanning angle will remain the
same after the beam is reflected from the mirror. However, if the mirror is a convex one, the
scanning angle will become larger after being reflected. Therefore, a convex mirror can work
as the simplest optics for scanning angle magnification. The major issue with this approach
is that the laser beam itself will also experience a local convex surface which makes the
reflected beam more diverging. As the diverging beam propagates through a long distance,
the resolution of the lidar will be significantly reduced. In order to compensate for the
beam divergence while keeping the function of the scanning angle magnification from the
convex mirror, a two mirrors configuration, schematically shown in Figure 1, has been
proposed in which mirror 1 is a concave mirror and mirror 2 is a convex mirror. When a
collimated laser beam is shone on mirror 1, it will be focused by the concave surface and
becomes a converged beam that shines on mirror 2. This converged beam can be diverged
back to collimation by mirror 2 due to its convex profile. In theory, if the converged beam
from mirror 1 is perfectly focused onto mirror 2, i.e., the focal spot is infinite small, the
reflected beam from mirror 2 will not be collimated but divergent with the same angle as
the one of the converging incident beam. However, this is not possible because there is at
least the size of an airy disc for the diffraction limit case. In addition, the location of mirror
2 can be deliberately defocused to have the desired area for receiving the converging beam
from mirror 1. With the above argument, the whole working concept can be described with
Figure 1, which illustrates the light path of two extreme scanning positions. The scanning
angle will be increased, i.e., 0o, > 0, with proper design on the main curve of mirror 1
and mirror 2. In addition, as the area of mirror 1 and mirror 2 to be shone with the laser
at a specific scanning angle are nearly one to one in mapping, the local surface profile can
be dedicatedly optimized to make the desired compensation between two mirrors so that
the outgoing beam can be highly collimated. With a more general description based on
geometrical optics, the outgoing beam can have a desired diverging or converging angle
with a given diverging or converging angle of the incoming beam.

Mirror 1

Figure 1. Schematic diagram of scanning angle magnification with two reflective surfaces.
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3. Optical Simulation and Optimization

In order to make the two mirrors sit on the same substrate so that the alignment
procedure can be eliminated, the L shape arrangement of the two mirrors was exploited, as
shown in Figure 2, where the laser beam comes in from the top. The scanning angle of the
incoming beam is taken as four degree, and the desired scanning angle magnification is set
as seven times. The wavelength is taken as 1550 nm and the laser beam size is 0.5 mm. Due
to achromatic feature of the reflective surface, the scanning optics can be used for all other
wavelength, with the only concern on the difference of diffraction behavior. The incoming
laser beam is assumed to be fully collimated and the diverging angle of the outgoing beam
is expected to be smaller than 8 mrad.

input output

Mirror 1 Mirror 2

Figure 2. Schematic diagram of the L shape arrangement of the two mirror optics.

For mirror 1 which function is to focus a collimated laser beam, the parabolic surface
has been used as the basic structure. The vertex curvature R can then be expressed as
Equation (1), where d is the mechanical dimension shown in Figure 3a.

R = V/2d. 1)

input

Mirror 2

Focal

i Point
Li—
Mirror 1

d v P1 | P2

(a) (b)

Figure 3. Schematic diagram of for determining the basic curvature of two mirrors. (a) Parabolic

mirror, (b) spherical mirror.

The major function of mirror 2 is the magnification of scanning angle. A spherical
surface is used as the starting point for the first order design. In Figure 3b, Q is the focal
point of mirror 1, which has a horizontal offset u from the vertex of mirror 2. ¢; and
@ stands for the two extreme scanning angles of incoming beam measured from the
horizontal axis. With small angle approximation, the geometrical relationship expressed in
Equation (2) can be obtained.

BD = u(@y — ¢1) = ubyy,. 2)
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To formulate the relationship between 6,,; and 0;,,, the conservation of Etendue in
paraxial optics has been exploited. In Figure 3b, M'Q’ is the image of MQ formed by
mirror 2, and the geometrical relationship shown in Equation (3) can be obtained with
small angle approximation.

@ = u'60ut. (3)

Combining Equations (2) and (3), the following relationship can be obtained.

Angular magnification = Bout _ % 4)
in

The relationship between u and u’ can then be expressed with mirror imaging formula
as Equation (5).
1 1 1
=, 5
u * u f ©)
With Equations (4) and (5) and the initial parameters listed in Table 1, the basic
curvature of mirror 1 and mirror 2 becomes 4.95 mm and 0.33 mm, respectively.

Table 1. Initial design parameters.

d Bin u

3.5 mm 4 1 mm

The basic curvature of two mirrors is put into the commercial ray tracing program
ZEMAX for further optimization with the introduction of conic constant and high order
term. Multi-configuration of several incoming scanning angles with a step of 0.5 degree are
taken for optimization as listed in Table 2, and the target with high weighting is the desired
corresponding direction of the outgoing beam and the diverging angle of the beam being
smaller than 8 mrad. The data of the curves for two mirrors and the system layout with
a light path of all chosen scanning angles in optimization are listed in Table 3 and shown
in Figure 4. Both desired targets can be met for all chosen scanning angles, and the result
should be valid for all wavelengths in terms of geometrical optics because the reflective
surface is achromatic. However, by checking the focal spot size on mirror 2, it indicates a
diffraction limit situation, at least for 1550 nm, i.e., the geometrical focal spot size is smaller
than the Airy disc. This means that the area of the laser beam cover on mirror 2 is larger
than what is evaluated with geometrical optics. As a consequence, the diverging angle of
the outgoing beam predicted with geometrical optics is not correct.

Table 2. Optimized multi-configuration of the optical system.

Configuration No. 1 2 3 4 5 6 7 8 9
Input angle (°) -2 -15 -1 —-0.5 0 0.5 1 1.5 2
Scanning angle (°) —14 -10.5 -7 —-3.5 0 3.5 7 10.5 14

Table 3. Design parameters of the optical system.

Mirror No. Surface Type Radius Conic X Radius X Conic

1 Biconic Zernike —4.781 -1 —55 -1
2 Biconic Zernike —0.633 —0.357 —104.397 —264.4
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Scanning angle

Irradiance diagram

Diverging angle (mrad)

i 5 mm

Figure 4. System layout with light path of all chosen scanning angles in optimization.

The function of physical optics in ZEMAX is then taken in order to analyze the
performance of the outgoing beam, especially in a diverging angle. Figure 5 shows the
irradiance of the beam at the position of 2000 mm away for all chosen scanning angles and
its corresponding diverging angle. The diverging angle in the program is the subtended
angle of two asymptotes of the laser beam, and the result indicates that all scanning angles
meet the criteria of being smaller than 8 mrad. The beam size in the vertical direction is in
the original size of 0.5 mm.

-2° -1° 0° +1° +2°

6.28 6.28 6.28 6.28 6.28
Figure 5. Irradiance diagram of the outgoing laser beam at 2000 mm and the corresponding diverging
angle for all chosen scanning angles (A = 1550 nm).

Figure 6 shows similar irradiance diagram and corresponding diverging angle for
the case of wavelength at 625 nm. As the airy disc is smaller for shorter wavelengths,
the diverging angle of the outgoing beam with 625 nm becomes smaller than that of the
corresponding case with 1550 nm.

With the analytical result shown in Figures 5 and 6, the two mirror optics with an
optimized free form surface can be used for wavelengths from 625 nm to 1550 nm to meet
the desired function of seven times of scanning angle magnification while keeping the
diverging angle of the beam smaller than 8 mrad at all scanning angles.
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Scanning angle -2° -1° 0° +1° +2°
Irradiance diagram u u u H
Diverging angle (mrad) 6.22 6.22 6.22 6.22 6.22

Figure 6. Irradiance diagram of the outgoing laser beam at 2000 mm and corresponding diverging
angle for all chosen scanning angles (A = 625 nm).
4. Prototype and Evaluation

The prototype of the optics is made with precision diamond turning on an aluminum
substrate as shown in Figure 7. The size marked on the figure indicates its compactness.

Figure 7. Prototype of the two mirror optics for beam scanning angle magnification.

For evaluating the performance of the two mirror optics, a diode laser with a wave-
length of 625 nm has been used. Figure 8 shows the setup for experiment. The laser beam
is collimated and reduced to the size of 0.5 mm before passing through a pinhole on the
screen to hit on the first mirror. There is a ruler on the screen to measure the position of the
reflected outgoing beam as shown in Figure 9. The rotation of the two mirror optics is used
to replace the scanning of the laser beam. To check the magnification of the scanning angle,
the device is rotated from +2° to —2°, and the laser spot position on the ruler, associated
with geometry calculation, indicates that the angular magnification is 7.

For evaluating the diverging angle, a flat mirror is used to direct the outgoing beam
from the device so that the spot size at two extreme scanning angles, i.e., 2°, can measured
at the propagation distance of 200 mm and 2000 mm, as shown in Figure 10a. The result
is shown in Figure 10b. By using 1/e of peak intensity as the measure for laser beam
size and geometrical calculation, the diverging angle of the outgoing laser beam at the
scanning angle of +2° and —2° are 2.4 mrad and 2.1 mrad, respectively. Both meet the
desired performance.
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Figure 10. Irradiance of outgoing laser beam at the distance of 200 mm and 2000 mm for the scanning
angle of +2° and —2°. (a) experiment setup, (b) irradiance.
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5. Discussion

The proposed two mirror optics for scanning angle magnification has a fundamentally
different light path from that of the afocal system which most prior arts adopt [21]. The
second mirror is located at or close to the focal plane of the first mirror. The function
of scanning angle magnification is purely performed by the second mirror, whereas the
function of the first mirror is to compensate the diverging angle associated with the scanning
angle magnification on the second mirror to make the final outgoing laser beam collimated.
The amount of the associated diverging angle on the second mirror depends on the focal
spot size on it and its curvature profile, and the amount of compensation from the first
mirror depends on its curvature profile and f-number. Therefore, the curvature profile
of both mirrors becomes the major parameters for designing the whole system to meet
the required scanning angle magnification and outgoing diverging angle. Because the
associated diverging angle on the second mirror depends on the focal spot size on it, the
spot size needs to be examined correctly for evaluating the associated diverging angle.
It is found in geometrical ray tracing that the focal spot is in the case of the diffraction
limit, and therefore the whole analysis turns to the methodology based on physical optics.
Once the analysis is based on physical optics, the prediction of diverging angle needs to
follow, and the rule becomes that the smaller the focal beam waist, the larger the diverging
angle. This result is just opposite to that from the analysis based on geometrical optics.
As a consequence, the methodology to be chosen for analyzing the focal spot size and the
diverging angle depends on whether it is a diffraction limit or an aberration dominated
system. For a small diverging angle, a high precision of the fabrication process is required,
or it can easily turn into an aberration dominated system with small deviation on the
curvature. Moreover, 8 mrad of diverging angle has been chosen for this case to reduce the
disruption from the fabrication error on the curvature profile so that the working concept of
the proposed optics can be verified on the prototype based on physical optics. For the cases
where a larger scanning angle magnification and a smaller diverging angle are required,
the same concept can be applied but the support of high precision fabrication is essential.

6. Conclusions

A two mirror optical module with an approximate size of 8 mm x 2 mm has been
proposed and prototyped. Both analysis and evaluation show that the module can mag-
nify the scanning angle of an incoming laser beam up to seven times while keeping the
diverging angle of the outgoing beam smaller than 8 mrad. As both mirrors can be freeform
surfaces, there are sufficient degrees of freedom to deal with different requirements, such
as magnification ratio of canning angle, diverging/converging angle of incoming, and
outgoing laser beam. In addition, a similar concept can be expanded to two-dimensional
scanning cases.
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