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ABSTRACT ARTICLE HISTORY
Traditional Light Detection and Rangings (LiDARs) can quickly col- Received 17 July 2020
lect high-accuracy of three-dimensional (3D) point cloud data at Accepted 31 December 2020
a designated wavelength (i.e., cannot obtain hyperspectral data),

while the passive hyperspectral imager can collect rich spectral data

of ground objects, but are lack of 3D spatial data. This paper

presents one innovative study on the design of airborne-oriented

supercontinuum laser hyperspectral (SCLaHS) LiDAR with 50 bands

covering 400 nm to 900 nm at a spectral resolution of 10 nm and

ground sampling distance (GSD) of 0.5 m. The major innovations

include (1) development of the high-power narrow-pulse super-

continuum laser source covering 400 nm to 900 nm with 50

bands using multi-core microstructure fibre, all-polarization main-

taining fibre and ultra-long cavity structure, (2) a miniaturized aber-

ration correction holographic concave grating spectroscopic and

streak tube technique are developed for 50 bands laser echoes
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detection at high spectral-spatial-temporal resolution and dynamic
airborne platform, and (3) the algorithm theoretic basis for SCLaHS
LiDAR point cloud data 3D geodetic coordination calculation,
including in-flight airborne calibration algorithm. The initial experi-
mental results demonstrated that the designed SCLaHS LiDAR is
doable, and a prototype of the (SCLaHS) LiDAR intends to be
implemented.

1. Background

The Ministry of Science and Technology (MOST) of China in 2018 made an announcement,
entitled ‘All-day active hyperspectral Light Detection and Ranging (LiDAR) imaging tech-
nology’. This Research Announcement is the MOST of China umbrella solicitation, entitled
‘National Key Research and Development Plan at Earth Observation and Navigation'. The
purpose of this Call for Proposal (CFP) is to develop an airborne-oriented supercontinuum
laser hyperspectral LiDAR (hereafter called ‘SCLaHS LiDAR') system for observation of the
three-dimensional (3D) structure and the spectral information of the targeted grounds, to
advance China’s hyperspectral LiDAR imaging technology, even to lead laser hyperspec-
tral remote sensing imaging and its applications in China and even international
community.

The SCLaHS LiDAR system is specified as an airborne-oriented supercontinuum laser
light source-based ranging and hyperspectral full-wave synchronous imaging at spectral
range of 400 nm to 900 nm at a spectral resolution of 10 nm, and with a ground sampling
distance (GSD) of 0.5 m, i.e., the target’s laser hyperspectral echo spectral and 3D ranging
data are synchronously collected. The specifications of the prototype of SCLaHS
LiDAR are:

Spectral range: 400 nm to 900 nm,

The spectral resolution: = 10 nm,

Number of bands: = 50,

Quantization for laser echo: 12 bits,

Detection distance: = 500 m,

Field of view: > 30°,

Size of the laser footprint: < 0.1 mrad,

Ground sample distances: < 1 mrad,

Ranging resolution: < millimetre level, and

Average spectral power density: > 15 mW nm™".

For the reasons above, a research team, consisting of five research groups (GPs), from
universities, the Chinese Academy of Sciences, and the Aerospace Science and
Technology Corporation, was organized. The team members with various research back-
grounds at China’s top research affiliations in the fields of sensor development, data
processing, and remote sensing applications get together to resolve the key techniques.
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2. Review of relevant work

Traditional LiDARs can quickly obtain high-accuracy of three-dimensional (3D) point cloud
data of ground objects, but are often limited to a specific wavelength (i.e., cannot obtain
hyperspectral data). Although the existing hyperspectral imagers can obtain rich spectral
information of ground objects, but are lack of 3D spatial information of ground objects.
Therefore, the multi-spectral LiDAR in the most current years has considered as a novel
remotely sensing technology that uses active laser light sources to simultaneously acquire
3D spatial data and spectral information. This cutting-edge technique has attracted many
scientists in remote sensing community (e.g., Zhou and Zhou 2018; Swatantran et al. 2011;
Suomalainen et al. 2011). Per the number of bands, they can be categorized into:

(1) 2 bands LiDAR: Rall and Knox (2004) first proposed a 2 bands LiDAR at the bands of
660 nm and 780 nm to detect objects, respectively. The LiDAR instrument was horizontally
operated for measure from a laboratory’s rooftop from a stand of deciduous trees far away
several hundred metres. The laser power is 30 mW and 70 mW, which correspond to
660 nm and 780 nm bands, respectively. Single photon counting module (SPCM) is
adopted to detect the laser signals returned from the trees. Kaasalainen, Lindroos, and
Hyyppa (2007) reported a supercontinuum laser light source (SCLLS) with a spectral range
from 600 nm to 2000 nm at an average out-put power of 100 mW. Such a type of SCLLS
generated by a nonlinear optical fibre make it possible for hyperspectral LiDAR to be
manufactured. Chen et al. (2010) presented a multiple spectral LiDAR with 2 bands at
600 nm and 800 nm, respectively. The two APD detectors are used to detect the waveform
returned from the target away from 20 metres. This type of LiDAR instrument has been
used in the laboratory for research. Douglas et al. (2012) presented a Dual-wavelength
echidna LiDAR for ground-based forest scanning. Gaulton et al. (2013) presented the
potential of dual-wavelength laser scanning for estimating vegetation moisture content.

(2) 3 bands LiDAR: Guerrero-Rascado, Ruiz, and Alados-Arboledas (2008) presented a 3
bands LiDAR with the wavelengths of 1064, 532, 355 nm to measure vertical profiles of
different aerosol properties, respectively. The LiDAR used one APD detector to detect the
echoes at wavelength of 1064 nm and two PMT detectors to detect the echoes from other
two wavelengths. The detection mode is both analogue and photon counting. Wirth et al.
(2009) presented a LiDAR with high-power laser source at three wavelengths of 935, 1064,
and 532 nm. Their detectors adopted are two APDs for 1064 nm and 935 nm, one PMT for
532 nm. Nishizawa, Sugimoto, and Matsui (2011) developed a 4 bands LiDAR, in which an
iodine absorption filter was used for 532 nm, a Fabry-Perot etalon is used for 355 nm. One
APD detector is used for 1064 nm, and two PMT detectors are used for 532 nm, 355 nm,
respectively. Yang et al. (2013) developed a wide-spectral LiDAR for simultaneous detec-
tion of multiple toxic gases. The detection errors were analysed and compared through
selecting three different near-infrared wavelength bands data ranging from 900 through
1000 nm. The experimental results demonstrated that the three chemical poisons mixed
could be identified, and the change trend of the gas concentration can be well tracked.
Teledyne Optech (Vaughan, ON, Canada) in 2014 developed the world’s first commercial
airborne multispectral LiDAR sensor, named ‘Optech Titan’. The Optech Titan incorporates
3 independent laser wavelengths (532, 1064, and 1550 nm (0.5/1.0/1.5 microns)) into
a single sensor design, with a ground sampling rate of 300 kHz per beam (Teledyne
Optech - Titan Brochure and Specifications 2015). Muller et al. (2014) reported their
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development on the second generation of high spectral resolution LiDAR. It was operated
at laser wavelengths of 355, 532, and 1064 nm and was used for measuring the profiles of
particle backscatter coefficients and linear particle depolarization ratios at spectral bands
of 355,532, and 1064 nm, and particle volume extinction coefficients at spectral bands of
355 and 532 nm. Rao et al. (2018) developed a prototype of three-bands LiDAR, in which
a solid-state laser was applied as a light source. The laser emitting and receiving sub-
systems are coaxial. The two PMT detectors are used to receive the signals returned at
355 nm and 532 nm bands, and one APD detector at 1064 nm band. The converted
electrical signals are collected by an oscilloscope.

(3) 4 bands LiDAR: Morsdorf et al. (2009) presented a simulated LiDAR instrument with 4
bands of 531, 550, 670, and 780 nm, respectively. The instrument was designated on
airborne-based platform with a flight height of 500 m. Wei et al. (2012) presented
a laboratory-based prototype of multispectral LiDAR with 4 bands at a central wavelength
of 555, 670, 700, and 780 nm, respectively. Four PMT detectors are used to receive the
returned signals at waveforms at 7 m away. Li et al. (2014) and Niu et al. (2015) presented
a laboratory-based LiDAR instrument with 4 bands at 531, 570, 670, and 780 nm. Four APD
detectors forming an array to receive the signals returned at waveform of approximative
10 m away.

(4) 8 bands LiDAR: Hakala et al. (2012) firstly used super continuum laser and with 8
channels for potential development of LiDAR. Nevalainen et al. (2014) reported a SCLLS
for potential development of LIDAR, whose spectral bands cover from 400 nm to 2200 nm
with two 8 bands at 554.8 nm, 623.5 nm, 691.1 nm, 725.5 nm, 760.3 nm, 795.5 nm,
899.0 nm, 1000.4 nm (or 545.0 nm, 641.2 nm, 675.0 nm, 711.0 nm, 741.5 nm, 778.0 nm,
978.0 nm and 1292.4 nm), respectively. The measurements were designated in both
indoor and outdoor conditions at about 7 m away. Puttonen et al. (2015), Puttonen
et al. (2016)) presented a prototype of from 420 nm to 2100 nm and at the central
wavelength of 545.5 nm, 641.2 nm, 675.0 nm, 711.0 nm, 741.5 nm, 778.4 nm, and
978.0 nm. The average output power of laser light source is 41 mW. The LiDAR was
validated and tested outdoor and indoor through detecting man-made targets at about
15 m away.

(5) 16 and 32 bands LiDAR: Hakala et al. (2012) reported a prototype of multi-
wavelength LiDAR at a spectral range of 480 nm to 2200 nm and spectral sampling
interval of 34 nm. A 1 x 16 APD array detector was used to convert the spectrally
separated laser light to analog voltages. The maximum effective range to be operated
is about 20 metres in laboratory circumstance. The average output power of laser light
source is 100 mW. Lin, Yingying, and Zhu (2014) and Du et al. (2016) presented their
research result on a prototype of multispectral LiDAR with 32 bands. An APD array
detector was used to convert the spectrally separated laser light to electrical signal. The
multispectral LiDAR was validated at a rice field through placing in the front of the LiDAR
away from 4.0 m. Sun et al. (2014) presented a laboratory-based prototype of the
hyperspectral full waveform LiDAR with 32 wavelengths at a spectral range of 409 nm
thru 914 nm. The LiDAR instrument was tested away from 7 m for monitoring the 3D
structures of and the biochemical parameters of vegetation. A 32 element line PMT array
detector was used to convert the spectrally separated laser light signals to electrical
signals. Chen et al. (2018) designed a 17 channel HSL for ore classification.
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(6) Chen et al. (2019)and Shao et al. (2019) reported, respectively, a prototype of
spectral resolution hyperspectral LiDAR system at a spectral range of 500 nm to
1000 nm and spectral sampling interval of 10 nm or 5 nm which can achieve 51 or 91
spectral channels with time division multiplexing, but the HLS is not parallel measure-
ment. It is use for coal/rock classification, vegetation red edge detection, angle effect of
leaf reflectance, and assess its feasibility in agriculture application.

Although a few efforts have been made and a few advances have been achieved on
multi/hyperspectral LiDAR study and development, the limits of these LiDAR instruments
expose: (1) laboratory-based scientific experiment instruments without considering the
airborne platform outdoor environment; (2) the most number of bands with 32 bands of
parallel measurement; (3) usually the smallest spectral resolution with 20 nm, and (4)
ground borne-based (i.e., NOT airborne-based) instrument with a limited distance, such as
maximum 20 m. Since the applications of AIRBORNE-oriented hyperspectral LiDAR with
supercontinuum spectral bands (e.g., 10 nm spectral interval) in geoscience, agriculture
(Hu et al. 2020; Li et al. 2019; Jiang et al. 2019), forestry and other fields have played an
irreplaceable roles relative to either traditional LiDAR point cloud data or passive hyper-
spectral imagery, such as 3D chemical composition (chlorophyll content), 3D physiologi-
cal and biochemical parameters along vertical profiles of vegetation (Morsy, Shaker, and
El-Rabbany 2017; Sun et al. 2017; Nevalainen et al. 2014; Schlemmer et al. 2013; Clevers
and Gitelson 2013), this paper therefore presents the advances on airborne-based super-
continuum laser hyperspectral (SCLaHS) LiDAR with 50 bands covering 400 nm to 900 nm
at a spectral resolution of 10 nm. This paper provides readers with a whole picture in the
design of the SCLaHS LiDAR system and part of implementation in experiments.

3. Design of SCLaHS LiDAR system

The architecture of a SCLaHS LiDAR is depicted in Figure 1, which consists of four key parts
below:

(1) Supercontinuum laser source with 50 bands covering from 400 nm to 900 nm at
a 10 nm spectral interval,

(2) Large co-axis/co-aperture transceiver optical-mechanical subsystem,

(3) High spatial-spectral-temporal resolution full-waveform laser hyperspectral echoes
rapid detection, and

(4) In-flight calibration and validation of the prototype of SCLaHS LiDAR onboard
airborne.

3.1. Supercontinuum laser source with spectrum coverage at 400 nm to 900 nm

3.1.1. Pulse dynamics regulation and control of the picosecond fibre laser oscillation
In order to produce a supercontinuum laser source, picosecond fibre laser oscillator is
used to provide seed source for the entire all-fibre picosecond laser system and the
scheme is shown in Figure 2. The laser oscillator is essential for the picosecond laser
system since the output of which entirely relies on the pulse quality, stability and other
properties of the laser oscillator. For this reason, this RG 1 firstly design the laser cavity by
solving the non-linear Schrédinger equation. By doing this, the dynamics of pulse evolu-
tion in the fibre picosecond seed source is resolved, and the output characteristics of the



3736 (&) G.ZHOUETAL.

Full waveform hyperspectral data

On-board master
control and storage

Synchronization
control

Data
storage

optical unit

Hyperspectral Supercontinuum
lidar detection = laser
Receiving Emission

optical unit

s

POS data

Co-aperture
optical-mechanical unit

(i

Stable platform

Y

Figure 1. Architecture of a SCLaHS LiDAR.
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Figure 2. Supercontinuum laser seed source through fibre picosecond laser oscillator. SESAM:
semiconductor saturable absorber; FBG: fibre Bragg grating; ISO: isolator; WDM: wavelength division
multiplexer; AOM: acoustic optical modulator; SG: signal generator; PD: photo detector.
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parameters, such as power, pulse width, time jitter, power stability, etc., are evaluated.
Accordingly, other parameters such as fibre length, filter bandwidth, and SESAM (semi-
conductor saturable absorber mirrors) modulation depth in the laser seed source are
determined. Moreover, a noise source is introduced into the simulation model to explore
the dynamics of nonlinear coupling of various noise sources in the resonant cavity. Based
on the results of numerical simulation, proper design of the laser factors, such as
nonlinearity, dispersion, and dissipation of the adjustable picosecond laser seed source,
results in a non-linear attractor, which largely suppresses the amplification of quantum
noise, effectively improves the stability of the laser, and increases the signal-to-noise (SN)
ratio of laser seed source.

3.1.2. Optimal design of high-power picosecond laser amplifier and pulse picker
The design for the high-power picosecond laser amplifier system is shown in Figure 2. To meet
the requirement of high-average power and energy for the input pulse of the main amplifier,
this research designs a pulse preamplification system for the picosecond laser oscillator. The
main function of the preamplifier is to amplify the laser output average power with high
signal-to-noise ratio, meanwhile, a high pulse quality and high beam quality during amplifica-
tion process is maintained. Because core doped active fibre with a large diameter can
effectively increase the single-mode area, and high doping concentration can shorten the
fibre length and reduce the nonlinear accumulation effect, this paper establishes mathema-
tical model for simulation of the pre-amplification system on the basis of the actual dynamics
of pulse propagation in the gain fibre by solving nonlinear Schrédinger equation. In combina-
tion with experiments, the core diameter, length, and doping concentration of the fibre in the
pre-amplification are optimized in order to effectively reduce pulse distortion and spectrum
modulation caused by nonlinear effects and overcomes the drift of the centre wavelength to
the long wave direction caused by stimulated Raman scattering.

In addition, to meet the requirement of high-energy picosecond laser system, this paper
proposes using a pulse picker to discretely adjust the repetition rate of the laser system
between 20 kHz to 10 MHz. The proposed pulse picker is performed by using an acousto-
optic modulator (AOM) with polarization-maintaining fibre pigtails. Considering the high
insertion loss of the acousto-optic modulator, a two-stage amplifier is designed. The
acousto-optic modulator is located between the two-stage amplifiers, as shown in Figure 3.

3.1.3. Optimal design of multicore nonlinear photonic crystal fibre
The output power of a single nonlinear optical fibre is limited by the core size. Moreover,
the expansion of the nonlinear spectrum is usually happened at the long waves under the
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Figure 3. High power picosecond fibre chirped pulse amplification system.
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pump of picosecond laser within 1 m band. These factors largely limit the generation of
spectrum ranging from 400 nm to 900 nm and lead to low efficiency of super-continuum
conversion. As a result, it is difficult to generate a high-power super-continuum laser light
source covering 400 nm to 900 nm. For this reason, this paper proposed a novel method,
which uses a highly nonlinear fibre with special dispersion curve and zero dispersion
wavelength.

Both the computer simulation and the experimental verification of the nonlinear pulse
propagation dynamics will simultaneously be used to solve the problem of low efficiency
of super-continuum generation in the visible band. Furthermore, the visible band is
extended to achieve 400 nm to 900 nm. To this end, a high-nonlinearity optical fibre
with a multi-core structure is selected and investigated (see Figure 4). A study on
manipulating the nonlinear process that impacts the evolution of the in-phase super
mode generation is conducted. The investigated results are finally used for implementa-
tion of a high-power supercontinuum laser with the in-phase super mode generation.
Figure 5 is the final experimental results.

3.1.4. Optical-mechanical-electrical integration for high-power supercontinuum
laser
To the end of a high-power supercontinuum laser source covering band of 400 nm to
900 nm long-term stable operation, the optical-mechanical-electric integration is pro-
posed. The major steps include

Step 1: This paper first proposes an entire super-continuum laser source consisting of
several submodular, such as the oscillator, preamplifier, pulse picker, and laser pump,
which are independently investigated, and manufactured to facilitate the replacement
and maintenance. The picosecond laser seed source is independently controlled using
a consistent temperature at approximately 25°. In accordance with the requirement of
isolating the vibration, a support structure is designed to guarantee the long-term
stability operation. A user-friendly interactive panel interface is also designed to make
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Figure 4. A highly nonlinear photonic crystal fibre end with seven-core structure and its output beam
distributions at near- and far-observations. (a) Measured near field beam distribution with beam
profiler; (b) Measured far field beam distribution with beam profiler; (c) Photo of near field beam
distribution; (d) Photo of far field beam distribution.
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Figure 5. Experimental result of high-power supercontinuum laser at 400 nm to 900 nm.

users easy to start up laser, setup the parameters, such as repetition frequency, and
alarming of laser operation stability.

Step 2: This paper proposes selecting a high light-transmittance adhesive, which much
matches the refractive index of the fibre ceramic ferrule, to tightly bond SESAM and fibre
ceramic ferrule. This type of high light-transmittance adhesive can effectively reduce the
interface reflection at the bonding interface without losing laser energy. Therefore, the
SESAM and polarization-maintaining (PM) fibre cables can be effectively merged.

Step 3: This paper presents a low-loss welding method used specifically for polarization -
maintaining (PM) fibres with different sizes of core diameters and an optimal fibre taper
method: The two types of methods can (1) enhance the quality of mode matching to avoid
the degradation of transmitted laser quality, and to avoid the depolarization of transmission
pulses; (2) reduce the spurious echo at the spliced point to avoid crosstalk to the mode-
locking stability of the oscillator; (3) rationally optimize the active and passive heat conduc-
tion structures of the welding point to increase the maximum optical power at the spliced
point and to avoid effectively laser beam distortion caused by the thermal lens effect.

Finally, a prototype of supercontinuum laser light source covering a spectral range of
400 nm to 900 nm at a spectral resolution of 10 nm is generated (see Figure 6). The
characteristics of the laser light includes pulse width < 2 ns, average power > 5 w, the
repetition frequency at 20 kHz to 10 MHz, continuous working time for 4000 hours; optical
spectrum coverage at 400 nm to 900 nm, average optical spectral power density >
15 mW nm™".
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Figure 6. Optical-mechanical-electrical integration for high-power fibre laser and supercontinuum
generation system.

3.2. Large co-aperture optical-mechanical subsystem

3.2.1. Large co-aperture transceiver optical subsystem

The laser emission system is designed to implement the collimation and expansion of the
output beam, to reduce the divergence angle of the beam, and to enhance the radiation
intensity of the far-field laser beam. Especially, the designed large co-aperture laser
receiving system is used to detect the weak signals returned from the ground objects.

The subsystem uses a double-sided (back-to-back) mirror pendulum scanning system
to achieve a more than 30° field of view (FOV) observation. The full waveform synchro-
nous detection of the echo signal is implemented through the co-axis/co-aperture of the
laser transmitter and receiving optical subsystem as well as the echo detection subsystem
(Figure 7).

The large aperture transceiver optical system carries out the synchronous observation
and detection of 50 bands laser hyperspectral echo signals. The laser hyperspectral
emitting uses a back-to-back mirror to scan an entire cycle as a period. The cross-flight
direction scanning combines the moving platform to achieve strip-by-strip observation in
parallel mode. The parallel strip data has no overlap. The high-precision aperture of the
transceiver optical subsystem is designed with a vertical optical axis. A 45° folding mirror
is placed on the optical path to make the transmitter and transceiver optical axis parallel.
Through precise adjustment of a reasonable aperture ratio of the folding mirror and the
transceiver optical system, an optical system with higher than 0.2 mrad co-registration
accuracy is reached, as shown in Figure 7.

Since the imaging spectral range is specified at 400 nm to 900 nm with the require-
ment of colour aberration-free, the optical subsystem of laser transceiver is proposed to
adopt a reflective optical system structure. To meet the requirements of large aperture,
meanwhile miniaturization of the instrument size, an off-axis two-mirror high-order
aspheric surface system structure is proposed, and F # with 1.5 in the optical system is
designed and implemented. In addition, according to the relationship of the relative
aperture square inversely proportional to the detection energy, the signal-to-noise ratio
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Figure 8. Design of the emission optical subsystem.

(SNR) of the entire system can thereby be greatly improved. The position of diaphragm is
optimized to achieve an optimal relationship between the configuration of the image side
image telecentric and the optical connection. With the design above, the focal length of
the transmitting optical system is 62.5 mm, and the aperture diameter is 30 mm, and the
laser point interval is less than Tmrad. The designed result is shown in Figure 8.
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In addition, the receiving optical subsystem is designed as follows. Microcrystalline
materials with low linear expansion, which has a good stability under various environ-
ments, is used as the mirror embryo. The 5 axis CNC (computer numerical control) milling,
magnetorheological polishing, ion beam shaping and other manufacture techniques are
used to manufacture the off-axis aspheric surface telescopes. With the design above, the
focal length of the receiving optical system is 150 mm and the aperture is 100 mm. The
details of relationship between range and FOV can be referenced to the Zhou et al. (2015).
The modulation transfer function (MTF) > 0.8 (@ 16.7 | p mm™') can be achieved (Figure 9).

In order to manufacture the convex hyperboloid, which is one of the most primary
mirror in this subsystem, back sphere zero compensation calibration and auto-collimation
method are used to detect whether the optical path is interference. For the secondary
mirror, which is the conic aspheric mirrors, the zero-compensation method is used to
calibrate and compensate the accuracy of the mirror shape. The optimal convergence
algorithm based on aberration compensation is applied in the installation of quantitative
automatic system with fixed degrees of freedom. The entire installation structure of the
receiving optical subsystem is shown in Figure 7.

3.2.2. Double-side mirror scanning system

The SCLaHS LiDAR is designed to use a rotating point scanning mode to collect point
cloud data. The FOV is designated at 30°, and the scanning resolution is better than 1
mrad, which is controlled through a scanning control unit. The rotation speed of the
scanning mirror is related to the flight direction of the airborne platform, in order to
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Figure 9. The MTF result of the telescope.
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ensure to collect a uniform distribution of 3D point cloud data. The effects of the scanning
angle can be referenced to the Qin et al. (2017a and 2017b).

The SCLaHS LiDAR scanning subsystem consists of double-sided mirror, driving motor,
rotational shaft, photoelectric encoder, base, and control unit, etc. which are shown in
Figure 10. The scanning mirror is designed with a double-sided symmetrical structure,
which has a good stationary balance. Beryllium aluminium alloy is used to reduce the
inertia. moment of the mirror body, and increase the rigidity of the mirror body. The
surface of the mirror body is designed as a triangle. The ratio of the diameter-to-thickness
is 8:1. The surface of the mirror body is painted and polished using nickel. Finally,
a double-sided mirror with an aperture of 180 mm and a surface accuracy of better
than 1/30 A (A = 632.8 nm) is implemented. This scanning subsystem designed in this
paper ensures a high-stability of scanning and a high-quality of mirror surface shape.

A torque motor is used to drive the scanning subsystem, which is closed-loop con-
trolled by a high-precision 16-bit absolute photoelectric encoder. A10 kHz high-frequency
readout is used to coordinate the calculation and the closed-loop feedback control of 3D
point cloud data. In accordance with the entire system’s requirements for positioning
accuracy, fast tracking ability, and scanning speed stability, the three closed-loop propor-
tional-integral-derivative (PID) control methods, including the outer ring, positioning ring,
speed ring, and inner current ring, are adopted. The experimented tests demonstrated
that the uniform speed of the pointing mirror has been achieved the accuracy of over
approximately 1% rotational fluctuation.

3.3. High-resolution full-waveform laser hyperspectral echo rapid detection

3.3.1. Holographic concave grating for hyperspectral imaging

Due to very weak laser hyperspectral echoes during imaging at day and night, as well as
a moving platform, this paper presents miniaturizing the aberration correction holo-
graphic concave grating spectroscopy to generate hyperspectral spectrometry at real-



3744 (&) G.ZHOU ET AL.

(@)

Figure 11. Holographic concave grating spectroscopic design (a) and implementation (b).

time. To this end, one of the most important units is the holographic concave grating
spectroscopic (see Figure 11). With considering the large aperture, wide spectral band
covering 400 nm to 900 nm, and high spectral resolution at 10 nm, this paper integrates
both the correction lens and aberration correction holographic concave grating.
A compact grating dispersion spectroscopic structure is designed through decentring
and off-axis method. In addition, the fibres-coupled method is proposed for effective data
transmission to ensure that incident light can be efficiently transmitted to the pinholes slit
through the fibre (see Figure 12).

Due to the adoption of large aperture design, it can be imagined that the lens
aberration is significant. For this reason, this paper presents the spectral line bending
and colour distortion of prism correction to correct lens aberrations. This design can
effectively ensure imaging quality within the spectral range. Meanwhile, the holographic
grating stray light remains low, which can effectively control stray light. Under the
condition of meeting the signal-to-noise ratio of the spectrum requirement, the diffractive
order and the reticle density of the grating are optimized, and the high diffraction
efficiency in the range of the working band is obtained by using the blazing method.
With the design above, the spectral resolution can meet the requirements at 10 nm
interval. Moreover, a miniaturization and compact hyperspectral imaging subsystem can
be reached through optimizing the optical mirror spacing and the apex curvature radius
of each mirror.

3.3.2. Rapid detection of full-waveform laser hyperspectral echoes

Because of extremely high spectral resolution of 10 nm with 50 bands and high-spatial
sampling resolution of 2 mm, it is a very challenging task to implement the real-time
detection of laser hyperspectral echoes. For this reason, this paper presents application of
the streak camera, whose basic working processes are as follow (see Figure 13).

(1) A linear slit is set up in the front of the photocathode of the detector, which is
equivalent to a linear detector. The direction of the slit is the same as the spectral intensity
distribution of the grating does. When laser light pulse signals with different distributions
in space, time and intensity pass through the slit and the incident optical system, and then
are imaged, finally arrive at the photocathode. Afterwards, the light pulse signal acts with
the photocathode each other to generate electrons. Since the time of reaching detector
for each of echo signals at different distances (from the different target) is different, the
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photocathode has different scanning voltages when passing through the deflection
system. As a result, linear stripes are generated in the direction perpendicular to the slit.
Therefore, a series of linear stripe images are generated in the direction of the slit, which is
called line array imaging.

(2) The electron pulse passes through a pair of deflectors, and a fast scanning bias
voltage is acted on the deflector. The electrons, which pass through the deflector at
different times, are deflected to different positions in space. The laser hyperspectral echo
signals at 50 bands covering 400 nm to 900 nm at a spectral resolution of 10 nm are
reflected by the ground target, and are converted into electrical signal by streak tube.

(3) The electrons deflected are multiplied and amplified when they pass through the
microchannel plate, then bombard the fluorescent screen to generate light signal.

(4) The light pulses at different temporal times are ordered on the fluorescent screen
from top to bottom. The vertical direction on the fluorescent screen represents the time
information of the pulse, the brightness of the signal represents the intensity of the pulse,
and the horizontal direction represents the horizontal position of the pulse. The echo
signals of the target at different distance correspond to the linear stripes at different
positions on the fluorescent screen (see Figure 14).

(5) Through the inner scanning module in the detector, the laser pulse sequence
signals are converted into image information spatially arranged along the scanning
direction. With the characteristics of the correlation between spatial position and scan-
ning speed, the time information can be calculated. Through large-slope linear scanning
technology, high-temporal resolution detection with high stability are generated. It can
be estimated that the temporal-resolution accuracy can reach better than 10 ps, which
meets the mm-level distance accuracy requirements.

Figure 14. The initial experiment result using streak camera.
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The key techniques for real-time detection of the hypercontinuum laser hyperspectral
echoes from ground objects are:

(1) Single-photon weak signal detection: A micro-channel board is used to detect the
single-photon weak signal. The micro-channel board is composed of millions of electron
multiplier tubes, and each electron multiplier tube is coated with secondary electron
emission material with a gain of up to 107, and can detect single electron. When the
microchannel plate is placed inside the detector, each of electron is multiplied, which can
detect extremely weak light signals (see Figure 15).

(2) Large spectral range detection: while increasing the input light energy threshold,
the light noise level will have to be reduced as much as possible. For this reason, high-
sensitivity photocathode, ultra-high vacuum transfer cathode and low-noise microchan-
nel board can achieve better than 10,000: 1 dynamic range.

(3) Solar light deflection: In order to avoid to receive sunlight components and increase
the detection signal-to-noise ratio, a natural light sampling gate is set in each detection
channel, and the natural light noise is removed by an algorithm during the signal
processing. The details of algorithm can be referenced to Zhou and Zhou (2018).

(4) 3D image recording: On the fluorescent screen, the transverse direction represents
the wavelength information, and the longitudinal position corresponds to different dis-
tances. The ground target is three-dimensionally imaged by LiDAR scanning operation.
With the application of streak tube, the time resolution of streak tube can reach 10
picoseconds, which corresponds to the distance accuracy of approximately 1.5 mm. Full-
waveform laser echo inversion method: The laser echo is split using the grating 50 beams
from 400 nm to 900 nm to form 50 channel detection. Each channel forms a laser pulse
image. The inversion generates a full-wave length laser pulse sequence in the time
domain, combined with the hyperspectral. The information generates point-by-point
hyperspectral full-waveform point cloud data with record of 12 bits (Figure 16). The
details of similar experimental test can be referenced to the Zhou et al. (2015) and Hu
et al. (2017).
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Figure 15. (a) Ultra-high sensitivity photocathode preparation technology, and (b) high-gain low-
noise multiplication layer deposition technology at(i)Non-coating, (ii)resistance coating, (iii) emission
coating, and (iv)conductive coating.
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Figure 16. (a) Microchannel board gain simulation, and (b) micro channel plate photo.

With such an innovative development in use of the array electron multiplier detector
and the miniaturized, high-resolution holographic grating spectroscopic, a large field of
view, high frame rate, high spatial/temporal resolution, and long-range detection cap-
abilities can be achieved.

3.4. Assembly for the prototype of SCLaHS LiDAR

3.4.1. Multi-sensors synchronous control and reference datum

The Global Positioning System (GPS) in the SCLaHS LiDAR contains a high-frequency
clock, which is controlled through the central control unit. The generated high-
frequency clock is used as the reference datum of the entire system of SCLaHS LiDAR.
The entire system is cooperatively operated through synchronous trigger control circuit.
The working sequence of multiple sensors is shown in Figure 17.

In addition, this paper uses the high-frequency of frame CCD camera-assisted image
geometric correction to improve the efficiency of airborne observation data. To minimize
the time-domain dispersion effect of the received radiation caused by the flutter of the
load system, vibration isolation unit with passive low-pass filtering and stabilization
platform with active boresight stabilization are combined to control the stabilization of
entire observation (Figure 18).
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Figure 17. Timing series of multi-sensor operation.
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3.4.2. Assembly for the prototype of SCLaHS LiDAR
A prototype of SCLaHS LiDAR consists of several modules. An effective integration of each
module on a stable and reliable platform into a compact, lightweight and high structural
rigidity is important. For this reason, the transceiver sub-system uses the flexible and
bendable optical fibres to couple the laser and the detection sub-system to achieve a high
compactness and flexible module. In addition, the laser light source is also compacted in
a lightweight small module. Finally, a prototype of SCLaHS LiDAR can be assembled (see
Figure 19), which can reach the following specifications.

(1) The optical specification of the prototype AHL:

Spectral range: 400 nm to 900 nm,

The spectral resolution: = 10 nm,

Number of bands: = 50,

Frame rate: > 200 fps,

The number of quantization for laser full waveform echo: 12 bits,

F#=1.5 and

MTF > 0.7.
(2) The geometric specification of the prototype AHL:

Detection distance: = 500 m,
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Figure 19. The 3D layout of the SCLaHS LiDAR.
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Field of view: > 30°,
The size of the laser footprint: < 0.1 mrad,
The laser dot spacing: < Tmrad,
Ranging resolution: < millimetre level,
Co-registration accuracy of transmitting-receiving: < 1/5 pixel, and
The Line of Sight (LOS) stabilization accuracy: < 0.1 mrad.
(3) The picosecond laser seed source specification of the prototype AHL:
The pulse width: < 2 ns,
Average output: > 5 W,
Repetition frequency: 20 kHz to 10 MHz,
Continuous operation period: 4,000 hours, and
The average spectral power density at the 400 nm to 900 nm: = 15 mW nm™".

3.4.3. In-flight airborne geometric and radiation Calibrations

To evaluate the technical parameters of, and verify the reliability and accuracy of the
SCLaHS LiDAR prototype’s system, airborne-based in-flight calibration and application
demonstration intends to be conducted. A test field located in Songshan, Henan
Provience, China is proposed as a candidate of the field experiments. Airborne platforms
(airplane or helicopter) are used to carry out the in-flight calibration. Meanwhile, the
corresponding actual ground observation data are obtained and are provide by the
Songshan, Henan Province, China. The major work include as follows:

(1) Geometrical calibration of the SCLaHS LiDAR: Airborne-based in-flight calibration
and verification is proposed for at least 3 times in total, in which 2 times should be
deployed at daytime and 1 time at night-time. Geometrical calibration techniques based
on geometric error sources and error propagation law are developed. A high-accuracy of
model for system error correction is developed. Geometrical calibration model, including
IMU off-angle and the GPS offset measurement is developed to solve the unknown
parameters (see Figure 20).

(2) Radiation calibration method: The active hyperspectral radiation calibration model
based on atmospheric characteristics, target scattering characteristics, incident angle and
distance and other factors is developed. Meanwhile, the attenuation of a few factors such
as transmission distance, incident angle, and emission energy difference, and the influ-
ence of a few factors, such as solar radiation measurement, typical target surface reflec-
tance measurement will be considered for the radiation calibration of the SCLaHS LiDAR
(see Figure 20).

(3) Development of algorithm theoretical basis: Algorithm theoretical base for the full-
waveform laser hyperspectral echo rapid detection and the point cloud data processing
will be developed. Application demonstration on SCLaHS LiDAR'’s unique role in forest
physiological and biochemical parameters along its vertical layered profile during the day-
night alternation will also be developed (see Figure 21). The details can be referenced to
the Qin et al. (2018) and Luo et al. (2019).

4. Conclusions

This paper presents innovative techniques in development of a prototype of the LSLaHS
LiDAR. The major breakthroughs are as follows.



INTERNATIONAL JOURNAL OF REMOTE SENSING . 3751

L

Power supply
and cabinet

HSL

(d)

Figure 20. In-flight airborne calibration of the SCLaHS LiDAR, (a) Calibrator settings, (b) Calibration
effect diagram, (c) Laboratory radiation calibration, and(d) Calibration field.
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Figure 21. a) Application demonstration for SCLaHS onboard airborne, (b) typical application demon-
stration of the SCLaHS LiDAR at multiple spectral imaging, (c)fitted backscattered reflectance wave-
forms (Courtesy of the full waveform of LiDAR is from Hakala et al. 2012).

(1) Supercontinuum spectral coherent beam combination using multi-core microstruc-
ture fibre: In order to provide a 400 nm to 900 nm supercontinuum laser source at 10 nm
spectral resolution, an all-polarization maintaining fibre and an ultra-long cavity structure
are utilized to generate the high-power narrow-pulse laser. It can not only generate laser
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spectrum at 400 nm to 900 nm efficiently, but also ensure high-power laser pulses output
through combing the multi-core structure and the highly nonlinear photonic crystal
structure generated by the enhancing visible light band. These innovations include
physical mechanisms related to nonlinear dynamics, ultra-narrow pulse laser design,
and the optimization of nonlinear photonic crystal fibre structures makes the SCLaHS
LiDAR compacted.

(2) The SCLaHS imaging at a high temporal resolution: a miniaturized aberration
correction holographic concave grating spectroscopic is presented for a large dynamic
range spectral detection, and streak tube technique is used for 50 bands laser echoes
detection at high spectral-spatial-temporal resolution and dynamic airborne platform to
reduce detection errors caused by such as geometric aberrations (e.g., lens curvature,
astigmatism), and time dispersion. To meet the fast detection of the returned SCLaHS
signals at a high-temporal resolution, this paper presented high-accuracy, large-slope,
high-linear scanning technique. To detect very weak signal returned from the ground
objects, this paper presented electronic multiplication method through microchannel
plates.

In a word, the innovative contributions from this paper consists of (1) investigating the
hypercontinuum laser hyperspectral RTM, including its spatial and spectral synchronous
imaging; (2) developing the supercontinuum laser sources covering 400 nm to 900 nm at
a spectral resolution of 10 nm; (3) developing large co-aperture optical-mechanical
system for full-wave synchronous observation; (4) rapidly detecting full-waveform laser
hyperspectral echoes at very high spectral-spatial-temporal resolutions.
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