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Abstract: Hyperspectral LIDAR (HSL) is an emerging active sensing technique that can simultaneously acquire

spectral and spatial information for quantitative remote sensing applications. However, most existing HSL sys-

tems acquire spectral and spatial information point by point, which limits the acquisition of image-like hyperspec-

tral data and dense 3D point clouds. In this paper, the authors presented a hyperspectral imaging LiDAR system

based on a chip-scale single-photon avalanche diode (SPAD) array (768 X 576) and a supercontinuum laser

source (SPAD-HSL). A focus-tunable emitting system was designed to provide broadband illumination, while a

SPAD-array-based receiving system was developed to enable wavelength-selective detection using optical filters.

Based on the proposed SPAD-HSL system, hyperspectral measurements were conducted on a total of 12 leaf sam-

ples, including 5 species and various physiological states, under different detection distances and angles. The ac-

quired spectral data were subsequently compared with spectrometer measurements, demonstrating that the pro-

posed system enables active hyperspectral imaging acquisition and achieves high spectral consistency.
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Introduction
Hyperspectral LIDAR (HSL) has become one of the

prominent research directions in active remote sensing re-
cently. By integrating the three-dimensional spatial sens-
ing capability of conventional LiDAR with the fine spec-
tral discrimination capability, the HSL enables the simul-
taneous acquisition of target spatial structure and spectral
characteristics'"". This capability provides significant po-
tential for applications in ecological and environmental
monitoring, ocean and inland water observation and re-
source exploration ™. Conventional LiDAR systems typi-
cally employ a single wavelength or a limited number of
discrete laser wavelengths to retrieve target range and
backscattered intensity, enabling high-precision and
high-resolution three-dimensional measurements. How-
ever, the inherently limited spectral dimensionality sig-
nificantly constrains their capability for material discrimi-
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nation. In contrast, hyperspectral remote sensing ac-
quires rich spectral information across continuous wave-
length bands. However, these systems are predominant-
ly based on passive imaging, which limits spatial resolu-
tion and hampers the retrieval of vertical structural infor-
mation.

Multispectral laser scanning (MLS) has been ex-
plored for vegetation remote sensing applications by com-
bining multiple monochromatic laser sources at discrete
wavelengths, enabling simultaneous multi-wavelength
measurements under identical illumination geometry .
However, extending spectral coverage and resolution by
increasing the number of laser sources is impractical due
to elevated system complexity, cost, power consump-
tion, and limited scalability. As a result, most MLS sys-
tems operate at previously selected wavelengths tailored
to specific applications, providing only sparse spectral
information and failing to capture continuous spectral pro-
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files comparable to spectrometers, which restricts their
versatility in precision agriculture and vegetation bio-
chemical analysis.

To address these limitations, hyperspectral LiDAR
(HSL) systems based on supercontinuum (SC) laser
sources have been developed, offering ultra-broadband
emitting and enabling dense spectral sampling through
appropriate filtering and detection architectures '
Starting from the first demonstration of SC-based HSL,
subsequent advances have progressively increased spec-
tral channel numbers, extended spectral coverage from
the visible to the shortwave infrared, and improved spec-
tral resolution via tunable filtering techniques, i. e.,
LCTFs and AOTFs, thereby enabling the concurrent ac-
quisition of 3D structural and hyperspectral profiles for
vegetation and material characterization"""*.

However, restricted by the APD detectors, current
HSLs have the following shortcomings :

(1) Constrained by the manufacturing technology of
the APD detectors, most existing HSL systems are built
with a single-point APD detector to detect the reflected
laser echoes. As a result, only one point cloud and one
spectral band information can be acquired at a time. It is
time-consuming to collect tens of band spectral informa-
tion with millions of point clouds. Part of the HSL sys-
tems incorporates a simple two-dimensional scanning
mechanism to perform limited spatial scanning and ob-
tain point clouds over a certain area ' ; however, the per-
formance of such systems is still constrained by the limi-
tations of the scanning mechanism.

(2) Existing HSL systems generally require the con-
struction of range and incidence-angle correction mod-
els. Since the laser return intensity depends on range,
incidence angle, and surface material properties, correc-
tions for range and incidence angle are necessary. This
requirement limits the further application and broader de-
ployment of HSL systems.

With the development of SPAD manufacturing tech-
nology, large-scale imaging APD array chips have be-
come possible and their cost decreases a lot'"'"". In this
paper, a SPAD with a resolution of 768 X 576 is em-
ployed in the SPAD-HSL to replace the single APD to set
up a LiDAR with the hyperspectral imaging function.
This paper presents a hyperspectral imaging LiDAR sys-
tem based on a large-scale SPAD array. The main inno-
vative contributions are summarized as follows.

(1) For the first time, active spectral data acquisi-
tion with an imaging resolution of 512 x 384 (after crop-
ping) is achieved using a large-scale SPAD array. The
proposed system adopts a supercontinuum laser as the la-
ser source, a focus-tunable laser emitting subsystem is
installed followed by. The backscattered echo intensity is
detected by the SAPD array, enabling active hyperspec-
tral imaging, in which a filter is employed at the receiv-
ing system to perform the received spectral band selec-
tion. Compared with conventional single-point-scanning
multispectral LiDAR systems, the proposed approach
achieves spectrometer-like hyperspectral imaging while
simultaneously acquiring the point clouds in a manner

analogous to MEMS-LiDAR systems.

(2) Assessment experiments of the proposed SPAD-
HSL have been conducted and analyzed. For the first
time, multispectral imaging for vegetation was carried
out. Spectral imaging profiles are compared with those
from the hyperspectral spectrometer, the correlation of
the spectral profiles from the SPAD-HSL and the hyper-

spectral spectrometer is analyzed and presented.
1 System design

The SPAD-HSL system was designed based on the
schematic illustration in Fig. 1. A supercontinuum laser
is employed as the laser source, which is triggered by the
computer. The emitting parameters of the supercontinu-
um laser are configured via dedicated computer control
software, which allows for adjustment of the output ener-
gy percentage to precisely control the emitted optical pow-
er, thereby accommodating different detection ranges
and target reflectance characteristics. In the laser emit-
ting system, the laser beam is first collimated by a fiber
collimator to form a high-quality parallel beam. Next,
the collimated laser enters a variable-magnification pro-
jection lens, which projects the beam onto the target sur-
face. In the optical receiving system, the reflected signal
from the targets first passes through a set of interchange-
able optical filters and is then collected by the receiving
lens, which focuses the filtered light onto the SPAD array
to enable spatial imaging and spectral information acqui-
sition of the targets.

1.1 Laser emitting system

In the SPAD-HSL system, an SC-5 supercontinuum
laser (Anyang Laser, Wuhan, China) is employed as
the laser source, providing a spectral wavelength range
of 450-2400 nm and a repetition rate of 5  MHz,
with a total output power exceeding 1 w. In this study,
the laser power was set to 100% according to the manu-
facturer’ s specifications to ensure stable operation. After
collimation, the supercontinuum laser enters a projection
lens, which is designed as a variable magnification pro-
jection lens. The projection lens is a customized optical
module comprising four lens groups with a 0.5 mm en-
trance aperture, as illustrated in Fig. 2. The lens adopts
a manual focus adjustment mechanism, in which the fo-
cal state is varied by moving a variable lens group to con-
trol the laser spot size. Given its custom configuration,
the lens performance is characterized by its illumination
angle variation capability. Specifically, the minimum il-
lumination angle is 0. 3° +0.02°, while the maximum il-
lumination range reaches 50° + 2°. In addition, the
zooming time from the narrow-angle state to the wide-an-
gle state is less than 12 s, allowing the system to flexibly
adapt to targets at different distances while maintaining
stable illumination and imaging performance.

1.2 Optical receiving system

The optical receiving system was designed based on
the schematic illustration in Fig. 3, consisting of optical
filters, a receiving lens, a SPAD array (Fig. 4), and
processing circuits. For wavelength-selective detection,
a set of interchangeable optical filters (Hengyang Opti-
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cal, HNIF series) with dimensions of @ 25.4X6 mm, a
full-width at half-maximum (FWHM) of 10 nm, and a
transmittance greater than 90% is mounted in front of the
receiving lens, covering the spectral range from
580 nm to 750 nm, with a resolution of 10 nm. To fa-
cilitate filter switching, a stepper motor is used to rotate

the filter wheel, automatically switching filters upon but-
ton press. Following the optical filters, a 16 mm fixed-fo-
cus lens is employed to capture the reflected laser signals
and positioned at the front of the SAPD array. To meet
the requirements for signal reception, the lens features a
relatively short focal length and a wide field of view ex-
ceeding 23°, enabling effective measurement of the re-
flected laser signals over a broad range. According to the
manufacturer’ s datasheet, under room temperature con-
ditions, the employed SPAD array exhibits a photon de-
tection efficiency (PDE) of > 10%, ensuring sufficient
sensitivity for weak reflected signal detection. The read-
out circuitry and driving module of the SPAD array are
implemented based on a System on Chip (SOC) architec-
ture using an ARM7 processor, with a Linux-based sys-
tem running on the SOC to write to the APD registers, en-
abling the APD to operate in ranging mode.

Although certain constraints such as budget limita-
tions have influenced the system’s current configuration,
the current system configuration has successfully met the
requirements for imaging functionality validation of the
proposed SPAD-HSL system. At this stage, manual in-
tervention is still required for switching filters, and the
system operates sequentially to capture each wavelength
band. To enable real-time multi-waveband detection and
faster switching, an Acousto-Optic Tunable Filter
(AOTF) is currently being incorporated in the next re-
search phase.

2 Data Processing

2.1 Image normalization
To eliminate the influence of laboratory illumination
conditions on the grayscale response of the images, a lo-
cal white background region was randomly selected as an
intensity reference to perform relative normalization on
the original color images. First, the original color images
were converted into grayscale images according to a stan-
dard weighted formula:
I, =029 *R +0587*G+0.114*B . (1)
An s, X s, pixel region was then randomly selected
from the white background, where s, is the size of the
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white pixel region. Then the mean grayscale value of this
region i, was calculated as the reference for the corre-
sponding image frame :

ILLwhite = EL 1 gray xl’.yl . (2)

Then, the grayscale value of each pixel in the entire
image was divided by this reference value, thereby com-
pleting the white-reference-based relative normalization
of the image :

Ly (2,7)

white

2.2 HSL backscattered echo intensity extraction

A fixed s, X s, pixel region of the leaves was random-
ly selected across the 18 normalized images acquired
over the wavelength range of 580-750 nm, where s, is the
size of the pixel region. The mean grayscale value of this
region was then calculated at each wavelength, yielding
the relative backscattered echo intensity response se-
quence of the sampling pixel regions I in the visible
wavelength range

—usL _ 1 o ~
Z“)Eﬂ" W (xy)n=1,2,,18, (4)

where I,(w’m, represents the n-th normalized image, and Qn
represents the sets of pixels in the sampling pixel region,
defined as Qn ={(x, y)lxy <ax <ag+ s, yo <y <y, +
Sa }o
2.3 Correlation analysis

Under identical laser illumination conditions, a ref-
erence spectrometer was employed to measure the echo
intensities of the sampling pixel regions. The acquired
spectrometer spectrum was resampled by linear interpola-
tion to obtain echo intensities from 580 nm to 750 nm
with a 10 nm spectral resolution. Similarly, the interpo-
lated intensities were normalized using the same proce-
dure described in Step A, yielding the normalized spec-
tral intensities of the spectrometer, denoted as I™™. Fi-
nally, a correlation analysis was conducted between the
backscattered echo intensities measured by the proposed
SPAD-HSL system and the spectral intensities measured
by the spectrometer for the same pixel regions, validating
the spectral accuracy and reliability of the proposed
SPAD-HSL system. The correlation coefficient was calcu-
lated and defined as:

L (%,y) = (3)

z — HSL= SPM
R =—%=""n=1,2,-,18 . (5
/z IHSLZISPVIZ

3 Experiments

Based on the schematic described in Section 1 and
methodology described in Section 2, the SPAD-HSL sys-
tem hardware prototype (Fig. 5) was set up in the labora-
tory for system performance evaluation. The laboratory
experiments were conducted to assess the spectral consis-
tency between the proposed SPAD-HSL system and a ref-
erence spectrometer, to validate its hyperspectral imag-
ing capability. The experiment selected five groups of
leaf samples, including Ligustrum, Osmanthus, Cam-
phor, Photinia, and Gardenia. Each group contains

leaves with different physiological states, resulting in a
total of 12 leaf samples (Fig. 6). These samples were
used to provide diverse spectral responses for system per-
formance validation. The experiments were conducted in
two stages. In the first stage, the first and second groups
of leaf samples were measured at a detection distance of
0. 8 m under two detection angles, 90° and 60°. A total
of two datasets were obtained in this stage, which aimed
to evaluate the effectiveness of the system under different
physiological states and leaf species. Considering that
sample leaves are prone to rapid dehydration and physio-
logical changes, which may affect their spectral charac-
teristics, an additional three groups of leaf samples were
introduced in the second stage. Experiments were con-
ducted at two detection distances, 0.8 m and 1.6 m,
and under two detection angles, 90° and 60°. In this
stage, a total of 12 experimental datasets were collected
to further verify the system performance under varying de-
tection distances and angles.

Receiving system

Fig. 5 SPAD-HSL system hardware prototype
K5 SPAD-HSL Z 4t ffi 57
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Fig. 6 Leaf samples and their imaging effects
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3.1 Imaging effect

Hyperspectral imaging experiments were conducted
in the 580-750 nm wavelength range based on a large-
scale SPAD array. Compared with single-point scanning
approaches™ , the SPAD array enables simultaneous ac-
quisition of spectral information at multiple spatial loca-
tions, allowing for rapid and active imaging. The SPAD
array itself has a physical resolution of 768576, howev-
er, due to limitations in the processing power, the ac-
quired images are cropped and reduced to a final resolu-
tion of 512%384 pixels. This adjustment ensures an opti-
mal balance between the array’s physical resolution and
the practical processing constraints of the system.

As shown in Fig. 7, a fixed white pixel region with
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a size of s, = 20 was selected for image normalization, as
described in Section 2. 1, and pixel values were sampled
at consistent spatial locations for subsequent spectral cor-
relation analysis. For the leaf samples, the sampling re-
gion size s, was determined according to the detection dis-
tance. Specifically, under the 0.8 m detection condi-
tion, the sampling region size was set to s, = 10. Howev-
er, under the 1. 6 m detection condition, the leaf occu-
pied a smaller pixel area in the captured images due to
the increased imaging distance. To reduce the influence
of excessive exposure pixels and background interfer-
ence, the sampling region size was correspondingly re-
duced to s, =2, thereby improving the reliability and
consistency of the spectral analysis results.
3.2 Correlation analysis

Table 1 presents the correlation coefficients be-
tween the laser echo intensities extracted from selected
pixel regions of 12 leaf samples and the corresponding
measurements obtained using the spectrometer under
varying experimental conditions, including two distances
(0.8 mand 1.6 m) and two incident angles (60° and
90° ). Figure 8 illustrates the mean correlation coeffi-
cients and their standard deviations for twelve leaf sam-
ples across all experimental conditions. Notably, sam-
ples #1, #5, and #12 exhibit relatively larger standard
deviations, which can be attributed to the random selec-

tion of pixel regions for analysis and the non-uniform sur-
face characteristics of the leaves. Overall, the correla-
tion coefficients remain very high across all leaf types,
detection distances and angles, indicating that the pro-
posed SPAD-HSL system provides robust and generally
highly consistent spectral measurements.

Mean and standard deviation of correlation coefficients for leaf sample

1.05 T T T T T T T T T T T T
@ Ligustrum @ Osmanthus © Camphor

= @ Photinia @ Gardenia
5 1r () 1
o |

E 09 ¢ @ ®
§095¢ ° 1
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#1 #2 #3 #4 #5 #6 #T #8 #9 #10 #11 #12
Leaf sample

Fig. 8 Mean and standard deviation of correlation coefficients
for leaf samples
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In the first stage of the experiments, the effective-
ness of the SPAD-HSL system was evaluated across dif-
ferent physiological states and leal species based on leal
samples from Group 1 (Ligustrum) and Group 2 (Osman-
thus). As shown in Table 1 and Fig. 9, in the compari-
son between yellow and green leaves, yellow leaf sam-
ples exhibit a significantly higher correlation than the
green leaf samples. This difference is mainly attributed
to the degradation of chlorophyll and the increase in other
pigments, such as carotenoids, which results in smooth-
er spectral reflectance changes in yellow leaves. Particu-
larly in the visible to near-infrared regions, the spatial
spectral heterogeneity in yellow leaves is reduced, en-
hancing measurement consistency. In the comparison be-
tween leaf species, Ligustrum leaves show a slightly high-
er correlation than Osmanthus leaves, which may be re-
lated to the surface structure and venation pattern of the

Table 1 Correlation coefficients of leaf samples under different experimental conditions

F1 TEZEEHGTHHAIEREXRE

Correlation coefficients

Num Group Leaf sample - . . -
0.8 m, 90 0.8 m, 60 1.6m, 90 1.6m, 60
#1 green 0.9453 0.8852 / /
Ligustrum
#2 yellow 0.99717 0.996 2 / /
#3 green 0.9406 0.940 8 / /
Osmanthus
#4 yellow 0.9852 0.987 / /
#5 red 0.968 2 0.9329 0.9725 0.9823
#6 Camphor yellow 0.9585 0.9533 0.976 8 0.9911
#7 green 0.9340 0.964 5 0.965 8 0.9795
#8 red 0.9722 0.956 2 0.980 1 0.963 1
#9 Photinia yellow 0.9878 0.952 1 0.9877 0.9912
#10 green 0.9637 0.9422 0.9374 0.9702
#11 green 0.9562 0.950 6 0.965 2 0.9629
Gardenia
#12 yellow 0.956 5 0.9517 0.993 1 0.996 4
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tuations, which can be attributed to several factors inher-
ent to the SPAD-HSL system. The high sensitivity of the
SPAD array enables the detection of weak optical signals
but also makes the measurements more susceptible to

noise, resulting in deviations in the echo intensity
curves. This effect is further amplified at shorter detec-
tion distances, where the stronger received signal and
larger effective sampling regions increase the possibility

leaves. Ligustrum leaves typically have a smoother and
more uniform surface, leading to more consistent light re-

Group4: #8 Photinia red leaf Group4: #9 Photinia yellow leaf Group4: #10 Photinia green leaf
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Fig. 10  Echo intensity comparison of the same leaf sample at different distances and angles (Group 4 Photinia): (a) distance = 0.8 m, an-
gle = 90°; (b) distance = 0.8 m, angle = 60°; (c) distance = 1.6 m, angle = 90°; (d) distance = 1.6 m, angle = 60°
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of capturing heterogeneous leaf structures and back-
ground variations, thereby enhancing spectral fluctua-
tions. Despite these localized instabilities, the overall
spectral trends remain consistent, and high correlation
with spectrometer measurements is maintained across dis-
tances and angles, demonstrating the stable hyperspec-
tral imaging capability of the SPAD-HSL system under
varying experimental conditions.

3.3 Discussion

Although the similarity between the spectral profiles
obtained from the proposed SPAD-HSL system and the
spectrometer is evident, certain differences remain,
which can be attributed to the following reasons.

(1) The SPAD-array-based imaging system acquires
data from multiple pixel regions simultaneously, result-
ing in weak signal intensities for each pixel, while the op-
tical filter bandwidth further limits signal strength, in-
creasing the influence of noise on the measurement re-
sults. We believe that using optical filters with narrower
bandwidths can effectively mitigate noise and improve im-
aging performance.

(2) The SPAD array is highly sensitive and capable
of detecting extremely weak signals; however, this high
sensitivity also increases its susceptibility to noise, lead-
ing to measurement deviations and instability.

(3) The supercontinuum laser source may exhibit
an uneven energy distribution across different wave-
lengths, which affects the signal strength at various
bands and consequently impacts the spectral response of
the entire measurement system. In this study, the analy-
sis focuses on relative spectral variations, for accurate
quantitative measurements, further calibration of the
source spectrum or system response should be incorporat-
ed in future work.

(4) Although this study focuses on active hyper-
spectral acquisition, the SPAD array used is already
widely deployed in automotive LiDAR. Combined with
pulse time-of-flight (TOF) principles, it also has the po-
tential to generate 3D point clouds. Timing synchroniza-
tion and data readout are still under development, and fu-
ture work will aim to complete point cloud acquisition
and explore the capabilities of “spectral + spatial” joint
sensing for vegetation analysis and environmental model-
ing.

4 Conclusions

In this paper, a SPAD-HSL system is first proposed
and a hardware prototype is demonstrated in the laborato-
ry. Unlike conventional single-point scanning multispec-
tral LIDAR systems, the proposed system utilizes active
supercontinuum laser illumination and the parallel, high-
speed detection capability of the SPAD array to enable
active hyperspectral imaging and rapid data acquisition,
and is insensitive to detection angle variations. Twelve
leaf samples, covering five plant species and various
physiological states, were measured by the SPAD-HSL
system under laboratory conditions at multiple detection
distances and angles to evaluate spectral consistency.
Experimental results validate the accuracy and reliability

of the proposed system for active hyperspectral imaging,
marking a significant advancement in LiDAR technology
by transitioning from single-band to multi-band imaging.
This capability supports the further development of active
remote sensing technologies.
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