DE GRUYTER

Nanophotonics 2025; aop a

Research Article

Kelan Chen, Jitao Ji, Xueyun Li, Zhiyuan Lin, Zhizhang Wang, Jiacheng Sun, Jian Li, Chunyu Huang,
Pan Dai, Jitao Cao, Xiangfei Chen, Shining Zhu and Tao Li*

Frequency modulated continuous wave LIDAR
with expanded field-of-view based on
polarization-splitting metasurface

https://doi.org/10.1515/nanoph-2025-0183
Received April 15, 2025; accepted July 15, 2025;
published online July 28, 2025

Abstract: Frequency modulated continuous wave (FMCW)
light detection and ranging (LiDAR) has recently become
a research hotspot in the fields of autonomous driving
and intelligent perception due to its high-precision rang-
ing and velocity measurement capabilities. However, the
existing LiDAR systems are usually challenged in expanding
the field-of-view (FOV), which often comes at the expense
of beam quality and degrades the detection accuracy and
signal-to-noise ratio. On the other hand, the complexity
of data processing algorithms may introduce significant
measurement inaccuracies, potentially leading to substan-
tial deviations in the final results. These two constraints
limit the performance of LiDAR in complex scenarios. To
address these issues, this paper proposes a new architec-
ture for FMCW LiDAR that employs a geometric metasur-
face as a polarization splitter for expanded FOV of beam
steering. With the combination of mechanical scanning
mirror and metasurface, the scanning FOV has been suc-
cessfully enlarged from 64° X 20° to 64° X 40°. Simul-
taneously, millimeter-level precision was achieved in dis-
tance measurement, along with an average relative error of
9 mm/s in velocity measurement, which confirms stable and

*Corresponding author: Tao Li, National Laboratory of Solid State
Microstructures, Key Laboratory of Intelligent Optical Sensing and Manip-
ulation, Jiangsu Key Laboratory of Artificial Functional Materials, College
of Engineering and Applied Sciences, Collaborative Innovation Center of
Advanced Microstructures, Nanjing University, Nanjing, 210093, China,
E-mail: taoli@nju.edu.cn. https://orcid.org/0000-0003-0049-471X

Kelan Chen, Jitao Ji, Xueyun Li, Zhiyuan Lin, Zhizhang Wang, Jiacheng
Sun, Jian Li, Chunyu Huang, Pan Dai, Jitao Cao, Xiangfei Chen and
Shining Zhu, National Laboratory of Solid State Microstructures, Key Lab-
oratory of Intelligent Optical Sensing and Manipulation, Jiangsu Key Labo-
ratory of Artificial Functional Materials, College of Engineering and Applied
Sciences, Collaborative Innovation Center of Advanced Microstructures,
Nanjing University, Nanjing, 210093, China

precise system performance. This approach not only broad-
ens the scanning range but also preserves the measurement
accuracy of FMCW technology. This paper innovatively com-
bines polarization beam-splitting metasurface with FMCW
technology to achieve high-precision measurement over a
wide field of view, providing a promising new technical
pathway for the technological evolution of future LiDAR
systems.

Keywords: frequency-modulated continuous wave LiDAR;
polarization beam-splitting metasurface; field of view
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1 Introduction

LiDAR has emerged as a pivotal high-precision sensing tech-
nology, leveraging its high-resolution 3D imaging capabil-
ities, excellent resistance to interference, and all-weather
operability to achieve widespread adoption across domains
such as autonomous driving, environmental monitoring,
precise positioning, and mapping [1]-[5]. Traditional time-
of-flight (ToF) LiDAR systems, despite their technological
maturity and widespread adoption, still face several limita-
tions, including susceptibility to ambient light interference,
dependence of ranging accuracy on the pulse width of the
laser, and the inability to directly measure target velocity,
which requires multi-frame point cloud data analysis for
estimation, thereby increasing computational load [6]-[9].
In contrast, FMCW LiDAR systems not only achieve higher
measurement accuracy compared to traditional TOF ones
but also enable simultaneous distance and velocity detec-
tion through coherent beat frequency technology, signifi-
cantly enhancing resistance to ambient light interference
[10]-[12].

The scanning module, serving as the fundamental com-
ponent in LiDAR-based 3D environmental perception sys-
tems, demonstrates dynamic coupling properties in its FOV
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that critically govern the integrity of target information
retrieval [13], [14]. Current industrial-grade LiDAR systems
primarily rely on macroscopic mechanical scanning to
achieve 360° FOV coverage but are constrained by their
large size, high cost, and short lifespan. Current scanning
technologies face inherent limitations in achieving wide
FOV coverage. Micro-electro-mechanical systems (MEMS)
are typically constrained to FOVs below 25° X 15° [15],
while optical phased arrays (OPAs) can reach 60° FOV but
face significant manufacturing challenges [16], [17]. Liquid
crystal modulators exhibit even narrower FOVs (<20°) [18],
[19], and acousto-optic deflectors (AODs) are fundamen-
tally limited to maximum 2° FOV [20], [21]. These inher-
ent limitations in the FOV highlight the persistent chal-
lenge of developing scanning systems that can integrate
wide-angle coverage with the requirements of practical
implementation.

Recently, new breakthroughs in technology have been
made based on metasurfaces, which provide powerful
manipulation on light-field through subwavelength nanos-
tructures in an ultra-thin framework [22]-[26]. Metasur-
faces, having shown transformative applications in achro-
matic lenses [27], holographic imaging [28], and optical neu-
ral networks [29], would possibly provide a distinctive tech-
nological pathway for LiDAR systems. A study has been
reported that through the integration of dielectric meta-
surfaces with liquid crystal modulation, the FOV of the
spatial light modulator (SLM) was successfully enhanced
to 22°, significantly surpassing the mere 0.7° FOV of con-
ventional SLMs [30]. A research presents a high-efficiency
metasurface-based optical beam scanning system with
a complex quasi-three-dimensional subwavelength struc-
ture, which achieves a 144° X 144° FOV [31]. A team
employed metasurfaces to expand the field of view of
AOD from narrow 2° to 150°, enabling high-speed, wide-
FOV TOF LiDAR [32]. While these works have significantly
improved the FOV, their metasurface structures require
complex fabrication processes, and the ToF-based struc-
tured light approach shows limited accuracy in dynamic
scenarios.

In this work, we propose a novel FMCW LiDAR sys-
tem. By using the phase gradient method, we design a
polarization-splitting metasurface and integrate it with a
scanning galvanometer to obtain dual-polarization beams,
thereby significantly expanding the imaging FOV. This
approach not only improves the imaging FOV performance
but also maintains high-precision ranging and velocity mea-
surement capabilities, paving the way for the development
of the next-generation LiDAR technology.
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2 Principle and design

Figure 1a shows the scheme of the FMCW LiDAR system
based on a polarization beam-splitting metasurface. The
proposed system leverages the unique polarization heam-
splitting properties of the metasurface to achieve an effec-
tive expansion of the scanning FOV. The specific working
principle is described as follows. Firstly, the laser output
is converted into linearly polarized light by using a lin-
ear polarizer. Then, the linearly polarized light is modu-
lated into either left-handed polarization (LCP) or right-
handed circular polarization (RCP) states via a quarter-
wave plate. When these beams with different polarization
pass through the metasurface, they undergo predefined
angular deflections with angular deviations of +10°, as
shown in Figure 1b. The deflected beams are then directed
by a beam splitter toward a two-dimensional galvanome-
ter system, enabling target scanning. The two polarization
states, after modulation by the galvanometer system, are
respectively mapped to two distinct regions of the tar-
get scene. The blue field of view corresponds to LCP inci-
dence, while the red field of view is associated with RCP
incidence. The reflected echo signals from the target are
received by the photodetector along the path through the
beam splitter (BS). By synergistically combining polariza-
tion state modulation with metasurface-induced deflection,
and integrating a rail displacement mechanism, the system
achieves panoramic imaging over a significantly expanded
FOV. The complete FMCW system and specific components
used see Section 1 of the Supplementary materials. Differ-
ent from traditional ToF LiDAR, which obtains the dis-
tance of target objects by measuring time, the proposed
method uses infrared light with a frequency that changes
linearly with time for direct coherent detection. The intrin-
sic light emitted by the source and the light scattered back
from the object are subjected to beat-frequency mixing.
As illustrated in Figure 1c(i) by the FMCW ranging princi-
ple, the distance L between the laser source that gener-
ates the modulated signal and the target can be written

as T
L =0T )
2B

where f), is the measured beat-frequency, c is the speed of
light in a vacuum, and T is the modulation period of the tri-
angular wave signal. The FMCW scheme is demonstrated to
have a significant advantage over ToF method, as it enables
the simultaneous measurement of a distance and veloc-
ity. For a moving object, a Doppler frequency shift fyqypier
will be introduced during the measurement process due to
the relative motion between the object and the observer
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Figure 1: Schematic diagrams of a polarization beam-splitting metasurface-based FMCW LiDAR. (a) Spatial optical path design of metasurface-
integrated LiDAR. (b) Metasurface-enabled functionalities for FMCW LiDAR. (c) Dual-mode detection principle of FMCW LiDAR. (i) Principle of ranging.

(ii) Doppler velocimetry principle.

as shown in Figure 1c(ii). Two distinct beat frequency sig-
nals are generated during the test, and the relationship
between these two signals is expressed in equation (2), cor-
responding to the frequency modulation induced by both
the object’s motion and system’s inherent frequency sweep.
From this, the distance and velocity information of moving
object can be directly obtained, as shown in equation (3).

J ﬁ)l = fb - fdoppler

(2)
=1+ fdoppler
(U — fdoppler A — (sz - fbl) A
- 2 4 &)
I = (foot fn) - €

( 2y
Here, the central wavelength A of the DFB laser used
for frequency sweeping is 1,545.6 nm. The frequency mod-
ulation slope y is defined as the ratio of the actual
modulation bandwidth to half of the tuning period. By
calculating the sum and difference of two peaks and com-
bining the actual tuning slope obtained after performing
nonlinear correction on the DFB laser in the experiment,
the distance and velocity of a moving object can be accu-
rately determined. The frequency sweep was modulated at
10 kHz, with the wavelength tuning range or the modulation
bandwidth, approximately 12 GHz which is mentioned at
Section 2 of the Supplementary materials.

The polarization beam splitting metasurface was fab-
ricated using silicon dioxide (SiO,) as the substrate mate-
rial, with crystalline silicon (Si) employed for the nanopillar

structures, according to the operational requirements of the
wavelength used in the experimental setup. Based on the
Pancharatnam-Berry phase, a phase-gradient metasurface
was designed to impart a 10° deflection angle to the incident
light, enabling this polarization-division detection scheme.
The refracted light follows the generalized Snell’s law as
following equation (4):

A d® _ A dpX)

27 dx ~ & dx

n, sin@, —n; sin6, = (@]
Where n; and n, are the refractive indices of the medium
before and after traversing the metasurface. 6; and
0, are the incident and refraction angles, respectively.
%represents the phase gradient of the metasurface.
According to the required deflection angle, the phase distri-
bution of the metasurface is as following equation (5):

® = “Zsin(0) - x,0 =10°

7 @)

The polarization conversion principle of the proposed
metasurface is illustrated in Figure 2a—c; when LCP is inci-
dent on the metasurface, it is converted into RCP and
deflected to the left at 10°, while the unconverted light con-
tinues to transmit straight through. Conversely, when RCP is
incident, it is converted into LCP and deflected in the oppo-
site direction at the required angle. For mixed-polarization
incident light, the output combines the behaviors of both
LCP and RCP incident, resulting in a superposition of the
effects seen in Figure 2a and b. Using finite-difference time-
domain (FDTD) simulations and particle swarm optimiza-
tion, we determined the optimal structural parameters for
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Figure 2: Design principles and experimental characterization of polarization beam splitter based on metasurface. (a-c) Working principle of
polarization state conversion. (d) Optical image of the polarization beam-splitting metasurface sample, with a 1-mm-diameter silicon-based
metasurface optical micrograph under 10X objective lens shown in the upper right inset. (e) Electron microscopy characterization of the metasurface.

(f) Far-field imaging of polarization conversion.

the nanopillars: a length of 361.2 nm, width of 242.96 nm,
and height of 1,200 nm. This configuration achieves a trans-
mittance of 94 % and a polarization conversion efficiency of
99 %. The simulation of the entire metasurface shows that
the transmittance and polarization conversion efficiency
are 82 % and 97 %, respectively. Based on these parameters,
a circular metasurface with a diameter of 1 mm was fabri-
cated on a 2 mm-thick silicon wafer as shown in Figure 2d,
where the upper-right corner shows a magnified view of
the metasurface under a 10X microscope objective. Before
integrating the metasurface into the full system, we qual-
itatively tested its polarization conversion performance,
which is shown in Section 3 of the Supplementary materials.
The polarization conversion efficiency and transmittance of
the metasurface were measured to be 72.5% and 60.8 %,
respectively, which shows certain discrepancies from the
theoretical simulation that may be attributed to calibration
test deviations and processing errors Section 2 of the Sup-
plementary materials. A representative scanning electron
microscopy (SEM) image of the fabricated metasurface’s
boundary region is presented in Figure 2f. Well-defined
nanostructures with smooth sidewall profiles are observed,
and no structural deformation or collapse is detected. These
morphological characteristics are confirmed to satisfy the
fabrication fidelity requirements for consistent optical per-
formance. The far-field intensity profile of the transmitted
beam through the metasurface was captured by an infrared
CCD camera in Figure 2e. Systematic experimental measure-
ments confirmed that deflection angles of the converted

polarization states showed excellent agreement with theo-
retical predictions.

3 Results

The experimental imaging setup comprised three polyvinyl
chloride (PVC) letter structures forming the acronym “NJU,”
arranged with a specific spatial configuration. To mitigate
background light interference, a black plastic substrate was
positioned behind the target objects. This configuration is
schematically illustrated in Figure 3a. The scanning system
employs a Thorlabs GVS102 two-axis galvanometer scanner
in 0.5 V/° mode with a step size of 0.1V. For FOV imaging
with different polarization states, a unified galvanometer
scanning range is employed, with a bipolar driving voltage
ranging from —6 V to +10 V applied to the horizontal axis
and a symmetric voltage sweep maintained between —2.5V
and +2.5V on the vertical axis. This corresponds to a hor-
izontal FOV of —24° to 40° and a vertical FOV of —10° to
+10°, where the positive/negative definition of the voltage
directly aligns with the sign convention of the angles. To
calibrate the system stability before testing, the Allan devi-
ation of the system was measured, as shown in Section 5 of
the Supplementary materials. The ranging image acquired
through direct laser scanning without metasurface modula-
tion using the specified galvanometer parameters is shown
in Figure 3b. In this image, the outlines of the three-letter
NJU pattern cannot be clearly identified. Different color
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Figure 3: FMCW LiDAR scanning FOV of imaging based on polarization-splitting metasurface. (a) Experimental imaging scene “NJU,” where three
letters are arranged in a staggered configuration. (b) Scanning results without metasurface polarization multiplexing, showing the FOV of 64° x 20°.
(c) Stitching result of LCP and RCP states by scanning in both polarization states, where the total imaging field of view is expanded to 64° X 40°,

doubles the case without metasurface.

values represent the actual distance between the gal-
vanometer and the object, while color gradients reflect sub-
tle changes in the relative position. The red triangle in
the figure represents the reference point for the FOV of
the light that has not been modulated by the metasurface
when the galvanometer voltages are all at 0 V. To facilitate
experimental convenience, the metasurface was configured
for horizontal beam splitting, followed by a two-mirror gal-
vanometer system to convert it into vertical beam splitting,
effectively expanding the vertical field of view. Figure 3c
demonstrates the combined FOV from scanning with both
LCP and RCP, where the stitched field of view measuring 64°
horizontally by 40° vertically successfully reconstructs the
complete three-dimensional morphology of the NJU letter
pattern while accurately characterizing their spatial rela-
tionships, with errors measured to be on the millimeter
scale. By the way, the FOV switching is achieved by adjust-
ing the galvanometer to center the heam after polarization
state conversion, coupled with slight adjustments to the
BS position and horizontal translation of the galvanometer
along a slide rail. During polarization state conversion, a
rigid breadboard is used to ensure the synchronous dis-
placement of the galvanometer and the object, thus main-
taining the consistency of the imaging FOV. By integrat-
ing the polarization-splitting metasurface, it overcomes the

mechanical scanning limits of galvanometers, doubling the
effective FOV. The metasurface designed in this system pro-
vides a limited deflection angle of 10°, which is intended
to verify the feasibility of the beam-splitting scheme for
field-of-view expansion. Large-angle deflection can be eas-
ily achieved using the existing design method, and greater
angular expansion can be realized through collaboration
with the galvanometer.

The velocimetry setup integrated into the proposed
LiDAR system is demonstrated in Figure 4a. The velocimetry
device is composed of an electric motor and a white rotating
disk with a radius of 2.50 cm. The motor driving unit is con-
trolled through computer serial communication to adjust
the disk rotation speed. In the experiment, the laser beam
can irradiate any region above or below the blue dot on
the extension line of the rotation axis to measure the radial
velocity of the disk. It was incident on the disk at sina =
9/25 for radial, where the velocity is given by the following
equation (6):

v, = or sin « (6

where w is the rotational speed, r is the radius of the disk,
and a is the angle between any point and the blue dot in the
Figure 4a.

During disk rotation at 100 rad/min, the beat frequency
is split into two distinct peaks with a frequency difference of
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Figure 4: FMCW LiDAR velocimetry system setup and results. (a) Speed measurement setup: Electric motor with a white rotating disk. (b) Experimental
velocity FFT spectrum: Two correlated peaks induced by Doppler shift. (c) Measured velocity values at different disk rotation speeds. (d) Relative error

between theoretical and actual disk speeds.

0.3108 MHz due to the Doppler shift effect, as illustrated in
Figure 4b. These peaks are processed to derive both velocity
and distance information of the rotating disk. Experimental
measurements were performed at uniformly distributed
rotation speeds ranging from 100 to 300 rad/min, with a step
size of 20 rad/min corresponding to a velocity interval of
2 cm/s for velocity testing. As shown in Figure 4c, the blue
velocity curve demonstrated near-ideal linear congruence
with the theoretical velocity distribution of the disk at the
rotational speed marked in red, validating the reliability
and accuracy of the results. The experiment can test veloc-

ities in the cm/s range, and the mean deviation between

the experimental and theoretical velocities is only 9 mm/s.
Further, the mean relative velocity error remains helow 4 %
when operating at velocity interval of 2 cm/s as presented in
Figure 4d.

Considering systematic errors, testing errors, etc., this
discrepancy is considered reasonably acceptable given cal-
ibration inaccuracies and experimental limitations. Ver-
ifying the system has practical applicability in speed
measurement.

4 Discussion and conclusion

In conclusion, the article innovatively develops an FMCW
LiDAR system based on polarization-splitting metasurface.

The system ensures measurement accuracy through an
FMCW coherent detection architecture. Meanwhile, the
polarization-splitting metasurface splits the beam into dual
polarization states for FOV stitching, achieving a twofold
FOV expansion compared to conventional galvanometer
systems. This solution provides new insights for the devel-
opment of integrated high-precision LiDAR systems, demon-
strating significant application value in autonomous driv-
ing and industrial inspection fields. Combining the advan-
tages of wide FOV and high precision measurement, the
system pioneers new directions for next-generation LiDAR
technology.

However, there is still room for further improvement
in future research. First, in terms of hardware imple-
mentation, the performance of system is constrained by
data acquisition and processing capabilities. In subsequent
developments, the imaging rate can be further enhanced
by adopting high-speed acquisition cards and FPGA/ASIC
chips. Second, customizable imaging of target areas can be
achieved through the collaborative coordination between
metasurface deflection angles and galvanometer scanning
angles, as well as the setting of galvanometer scanning pre-
cision. Additionally, it is expected that the volume of the
metasurface-based FMCW LiDAR can be further reduced to
achieve system miniaturization through on-chip integrated
optical phased arrays and the future integration scheme in
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Section 4 of the Supplementary materials. The experimental
architecture proposed in this paper provides a novel solu-
tion for future large FOV and high-precision LiDAR systems.
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