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Sensors for light detection and ranging (LiDAR) play a pivotal role in autonomous transportation for
three-dimensional (3D) environment perception and real-time mapping. However, due to limited field of
view (FOV) and high cost, there is growing demand for a cost-effective approach with a large FOV in
LiDAR sensors. In this study, we propose a combination of a wide-angle lens, an image-side telecentric
lens, and a coupling lens to focus received laser beams with a 180° FOV and a spot size of tens of mi-
crometers. The wide-angle-lens module is initially designed based on the transfer equation of the chief
ray, to compress the field angles to desired values. Subsequently, the telecentric lens module is designed
so that the chief rays are parallel to the optical axis in the image space, using Gaussian brackets. Finally,
a coupling-lens module is employed to focus the light beam to a spot size of tens of micrometers. The
resulting receiving-lens module operates at a wavelength of 1550 nm, with a 180° FOV, a spot diameter
of 78 um, and a total track length of 400 mm. The proposed system effectively enhances the receiving

FOV and efficiency, thus boosting the overall performance and practicality of LIDAR systems.
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L. INTRODUCTION

Light detection and ranging (LiDAR) technology has
recently drawn significant interest for automated vehicles,
due to its accurate determination of an object’s distance and
velocity information [1-6]. Traditionally, LiDAR sensors
utilize a mechanical rotator to scan the environment with
a wide field of view (FOV) [3]. However, the mechanical
rotary body is bulky and costly; Therefore, there is growing
demand for miniaturized LiDAR sensors with much lower
costs [3, 7]. Solid-state LIDAR sensor technologies, which
have no need for moving parts, are attracting attention for
compact LiDAR systems [8, 9]. Solid-state LiDARs are

typically categorized into three types, according to their
scanning method: Flash-based LiDAR, microelectrome-
chanical system (MEMS)-based LiDAR, and optical phased
array (OPA)-based LiDAR [3]. Flash-based and MEMS-
based LiDAR use a diffusion lens to spread light in space,
resulting in a smaller FOV and shorter detection distance
due to the limited optical power of the light source [10].
In addition, the imaging optics of these two sensor types
inevitably require the high cost of single-photon avalanche
detector (SPAD) arrays for detection of the diffused light,
hindering their widespread application in actual autono-
mous driving tests [3, 11]. OPA-based LiDAR relies on the
principle of an optical phased array, which requires high
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driving voltages and imposes technical limitations on the
FOV [9, 12].

Various design methods have been proposed to expand
the imaging FOV and obtain high light concentration, such
as using fisheye lenses and microlens arrays. Choi et al. [10]
introduced an optical system with an FOV of approximately
170° that sequentially scans a beam from a high-power la-
ser, using a compact beam steering system integrating a lig-
uid lens and a fisheye lens. Li et al. [13] proposed a large-
surface, four-quadrant (In,Ga)As-APD detector featuring a
2 x 2 array structure, which is built upon a small photosen-
sitive panel detector with a unit diameter of 0.5 mm. Li e?
al. [14] suggested combining an image-side telecentric lens
with a microlens array to convert echo laser beams from
different FOVs into parallel beams, which are then focused
onto a small-area element detector with a limited FOV of
40°. Despite technological advancements to date, the strat-
egy for obtaining wide FOV reception with small-area ele-
ment detectors remains unresolved.

To overcome these limitations, we present a combina-
tion of a wide-angle lens, an image-side telecentric lens,
and coupling lens to concentrate the received laser beams
with a wide FOV of 180°, and with a spot size of tens of
micrometers. The wide-angle-lens module is first designed
according to the transfer equation of the chief ray to com-
press the field angles to the desired values, and then the
telecentric lens module is designed in such a way that the
chief rays are parallel to the optical axis in image space,
using Gaussian brackets. Finally, we apply a coupling-lens
module to focus the light beam with a spot size of tens of
micrometers. As a result, we obtain a receiving-lens mod-
ule with an operating wavelength of 1550 nm, a FOV of
180°, a spot diameter of 78 pum, and a total track length of
400 mm. Given that current LiDAR applications require
higher detection efficiency, longer detection distances, and
larger FOV, the proposed system effectively enhances the
receiving FOV and improves receiving efficiency, thereby
enhancing the overall performance and practicality of a Li-
DAR system.

I1. DESIGN OF RECEIVING-LENS MODULE
WITH WIDE FOV AND INTENSE LIGHT
CONCENTRATION

The schematic diagram of the proposed receiving-lens
module with wide FOV and intense light concentration,
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FIG. 1. Schematic representation of the receiving-lens module
with wide field of view (FOV) and intense light concentration.

consisting of wide-angle lenses, telecentric lenses, and cou-
pling lenses, is shown in Fig. 1. The wide-angle-lens mod-
ule is initially designed based on the chief ray’s transfer
equation, to compress the field angles to the required val-
ues. Next, the telecentric lens module is configured to en-
sure that the chief rays are parallel to the optical axis in the
image space, using Gaussian brackets. Finally, a coupling-
lens module is utilized to focus the light beam to a spot size
of tens of micrometers.

2.1. Wide-angle Lens

The wide-angle lens is designed to meet the necessary
compression ratio of the field angle, and the lens’s trans-
verse dimensions [15, 16]. Figure 2(a) illustrates the tra-
jectory of a primary ray with initial field angle w,, which
impacts the initial negative-meniscus lens (with curvature
radii r, and r,) and the second negative-meniscus lens (with
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FIG. 2. Design of the wide-angle lens using the chief-ray’s
transfer equation: (a) Optics illustration displaying the path
of a principal ray traversing two negative-meniscus lenses
characterized by curvature radii »; and field angle w, for i =1,
2, 3, 4. (b) Correlation plots depicting the compression ratio of
the field angle w, in relation to the ratio of the lens curvature
radii 7,/r,. The refractive index of the lens is held constant at
= 1.507 and parameter £, is varied across five values, ranging
from 0.5 to 0.9 at a 2w, value of 180°. (c¢) Correlation plots
depicting the compression ratio of field angle @, in relation to
the ratio of the lens curvature radii r,/r;. The refractive index
of the lens is held constant at n = 1.612 and parameter &, is
varied across five values ranging from 0.7 to 0.9.
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curvature radii 7y and r,). The field angles observed at the
image space of the two optical surfaces are denoted as w,
and w,, while the angles of incidence and refraction at these
points are indicated by «; and 3, (i = 1, 2, 3, 4), respectively.
The terms /, and £, represent the distances from the optical
axis to the points where the chief ray intersects the optical
surfaces. These distances carry a positive value if located
above the optical axis, and a negative value otherwise. The
refractive indices of the media through which the rays pass
is denoted as n,.

From Snell’s Law, the parameters of the chief ray can be
calculated as follows:

n;sina;q = Nyyq8infiq (fori = 1,2,3,4). (1)

From the transfer equation, the parameters of the chief
ray at the (i + 1)" optical surface can be calculated as fol-
lows [16]:
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Assuming the lens surfaces in the wide-angle lenses are
spherical, the ratio of the curvature radius of the first lens
among the wide-angle lenses can be obtained as
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The ratio of the curvature radius of the second lens in the
wide-angle lenses can be obtained as
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Figures 2(b) and 2(c) show the correlation plots depict-
ing the compression ratio of the field angle (v, and w,) in
relation to the ratio of the lens curvature radii (r,/r, and r,/
73, respectively). In the first lens design, the refractive index
of the lens is held constant at n, = 1.507 and parameter &, (=
sin 0,) is varied across five values ranging from 0.5 to 0.9
at a 2w, value of 180°. In the second lens design, the refrac-
tive index of the lens is 1.612 and parameter &, (= sin 0,) is
varied across five values ranging from 0.7 to 0.9 at a 2w,
value of 80°. Setting w, = 40° and w, = 15°, we determine
the design parameters of the wide-angle lenses.

Figure 3 displays the simulation results for the wide-
angle lens module using LightTools, and for the field angle
w, according to the incident angle. As the incident angle in-
creases, the field angle also increases, so when the incident
angle is 90° the field angle is 19.5 + 2.83°.

2.2. Telecentric Lens

To render the chief ray emitted from the wide-angle
lenses parallel to the optical axis, we design an image-side
telecentric lens module composed of four thin lenses in air,
using Gaussian brackets [17-20].

For a telecentric lens consisting of four lenses, the
Gaussian brackets can be expressed as follows:

a = |d3, —P3, dZt —P2, dl' _(pll
B= |d3, —®3,da, — @2, dll

Y = |=@4, ds, —@3,d3, =92, d1, —¢4
6= |_§04; d3' — @3, d2t — @2, d1|

i 7

where ¢; (i = 1, 2, 3, 4) denotes the optical power of lens i,
and d; (i = 1, 2, 3, 4) corresponds to the distance between
lens 7 and lens (/ + 1). We can also obtain the optical power
(p), the front focal length (FFL), and the back focal length
(BFL) of the whole system as follows:

@ = —y,FFL = g BFL = =", ®)

Our goal is to make the chief ray parallel to the opti-
cal axis, so we determine the optical power for each lens
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FIG. 3. Ray tracing visualization of a wide-angle lens: (a) Simulation results for the wide-angle lens module (from LightTools). (b)

Field angle according to the incident angle.
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and the distance between the lenses when the BFL is at its @, are the optical powers of the individual lenses of the tele-
maximum. Figure 4(a) shows the scheme of the image-side centric system, and d,, d,, d; are the axial distances between
telecentric system consisting of four thin lenses. ¢, ¢,, ¢s, individual lenses. With the help of MATLAB, the nonlinear
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FIG. 4. Modeling of the image-side telecentric lens system: (a) Scheme of the image-side telecentric system consisting of four thin
lenses. (b) Evolution of the 1/BFL value as the iterations increase. (¢) Simulation results for the wide-angle lenses and the telecentric
lenses (from LightTools). (d) Telecentricity according to the incident angle.
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FIG. 5. Simulation-based analysis of the receiving-lens module: (a) Simulation results for the receiving-lens module (from
LightTools). (b) Irradiance distribution over the target plane. (c) Irradiation profile along the horizontal and vertical directions.
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TABLE 1. Parameters for the receiving-lens module

No. Conic Constant Curvature Spacing (mm) Material
1 0 0.0055874 2 H-K51(1.507145)
2 0 0.047500 13.4789 -
3 0 0.0039048 2 H-F51(1.612465)
4 0 0.064721 62.51 -
5 0 0.0039048 8 H-LaK7A(1.68897)
6 0 —0.024415 11.73 -
7 0.065208 0.010283 10.173 H-ZF1A(1.61969)
8 —0.65996 —0.008209 66.674 -
9 —0.23825 —0.056066 9.7129 H-ZF62(1.86668)
10 -1.92035x 10 —0.030057 17.6471 -
11 5.352548 0.008838 15.513 H-ZF62(1.86668)
12 —197.23804 —0.002958 2.487 -
13 —0.99060 0.010289 12.961 H-ZF62(1.86668)
14 —0.98649 —0.010381 85.449 -
15 —0.99542 0.011709 23.926 H-ZF62(1.86668)
16 —0.99381 —0.014753 5.304 -
17 —0.98905 0.015730 18.031 H-ZF62(1.86668)
18 —1.0000 —0.01000 - -
programming function fimincon (which is based on the qua- in Table 1.
si-Newton updating method) is used to find the solution for
a given constraint. Figure 4(b) shows the evolution of the III. CONCLUSIONS

1/BFL value as the iteration increases. The iteration count
stops after 20, when the BFL value is about 4.5 x 10'. At
that time, we select optical powers and axial distances ¢,,
0,y 93, 04, dy, d,, dy of the individual lenses of the telecentric
system and calculate the lens parameters (curvature radius
and thickness). Figure 4(c) shows the simulation results
for the wide-angle lenses and the telecentric lenses, from
LightTools. Figure 4(d) shows the telecentricity according
to the incident angle. The chief rays’ angles of arrival are
maintained within 2.5° along the entire field, indicating that
the proposed system is under the telecentric condition.

2.3. Coupling Lens

Finally, the coupling lenses are designed, and the receiv-
ing-lens module is examined via LightTools. In the simula-
tion, we employ disk sources with a radiometric power of 1
W, a radius of 0.6 mm, and incident angles of 0°, 30°, 60°,
and 90°. Figure 5(a) shows the simulation results for the
receiving-lens module with total track length of 400 mm.
Figure 5(b) displays the irradiance distribution over the tar-
get plane. Figure 5(c) presents the irradiance profile along
the horizontal and vertical directions, which are indicated
by the white dashed lines in the inset of Fig. 5(b). The full
width at half maximum (FWHM) is about 49 um along the
horizontal direction, and about 78 pum along the vertical
direction.

The parameters for the receiving-lens module are given

In this paper, we have designed and simulated a receiv-
ing-lens module consisting of a wide-angle lens, an image-
side telecentric lens, and a coupling lens to concentrate the
received laser beams, with a wide FOV of 180° and with a
spot diameter of tens of micrometers. Through a series of
rigorous design processes, we have achieved a receiving-
lens module with an operating wavelength of 1550 nm, a
FOV of 180°, a spot diameter of 78 um, and a total track
length of 400 mm. Given the current demands of LiDAR
applications for higher detection efficiency, longer detec-
tion distances, and larger FOV, the proposed system signifi-
cantly enhances the receiving FOV and improves receiving
efficiency, thereby boosting the overall performance and
practicality of a LIDAR system. This study represents a pre-
liminary research effort aimed at concentrating light with
an ultrawide angle exceeding 180° into a spot size on the
order of tens of micrometers, through the use of a combined
fisheye and telecentric lens configuration. The current pro-
totype incorporates a total of nine lenses, which introduces
considerable challenges related to tolerance management,
manufacturability, and the feasibility of mass production.
To make this system practically viable, our future work
will focus on optimizing the optical design, by reducing the
number of lens elements and enhancing the ease of fabrica-
tion, assembly, and alignment.
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