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Design of a New Multispectral Waveform LiDAR
Instrument to Monitor Vegetation

Zheng Niu, Zhigang Xu, Gang Sun, Wenjiang Huang, Li Wang, Mingbo Feng, Wang Li, Wenbin He, and Shuai Gao

Abstract—A multispectral full-waveform light detection and
ranging (LiDAR) instrument prototype with four wavelengths
and a supercontinuum laser as a light source was designed to
monitor the fine structure and the biochemical parameters of
vegetation. Components of the instrument included a 2-D scan-
ning platform, a supercontinuum laser source, a receiving optical
system, and a multichannel full-waveform measurement module.
The LiDAR instrument can simultaneously measure multichan-
nel-returned full-waveform laser signals. Position information in
the recorded waveform allowed us to compute the distance from
the target, whereas the intensity of the signal provided the spectral
reflectance. Performance for the measuring distance and the spec-
trum was evaluated. Experiments indicated that the instrument
has high measurement accuracy and has the ability to detect the
biochemical characteristics of vegetation via construction of the
normalized difference vegetation index and the photochemical re-
flectance index. The experiment also indicated that the instrument
has the potential to generate spectral 3-D point clouds. Therefore,
the instrument could play a significant role in detecting the ver-
tical distribution of structural and biochemical characteristics of
vegetation.

Index Terms—Biochemical, full waveform, light detection and
ranging (LiDAR), multispectral, vegetation.

I. INTRODUCTION

EGETATION ecosystems play important roles in global

climate change, carbon uptake, ecological balance, and
so on. In general, vegetation ecosystem consists of a variety
of different types of species in the vertical direction such as
high trees, low shrubs, and grass, leading to distinct vertical
stratification characteristics. In a similar manner, structure and
biochemical components present a vertical stratification distri-
bution. Vertical distribution characteristic detection is an im-
portant prerequisite for accurate assessments of energy, water,
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and nutrient flows. Although the inversion result of structural
and biochemical parameters has a high estimation accuracy for
horizontal distributions, it is difficult to obtain a vertical distri-
bution for parameters such as leaf area density and biochemical
components using passive optical remote sensing [1].

Light detection and ranging (LiDAR) has the advantage of a
high spatial resolution, an anti-interference ability, and a high
detection sensitivity. As an active remote sensing technology,
LiDAR is minimally influenced by illumination condition or
shadows. Terrestrial or airborne LiDAR instruments mainly
use monochrome lasers to recode the intensity of received
signals, as well as to provide accurate geometric information.
Traditional single-wavelength LiDAR has been widely used in
the estimations of individual tree height, biomass at the plot
level, and forest vertical structures [2]. Of late, radiometric cali-
bration techniques have significantly promoted the applications
of intensity information [3], [4]. However, intensity information
obtained for a target is influenced by many factors, including
the laser’s power, the transmitting distance, the incidence angle,
the reflectivity of the target, and the absorption of the medium.
Therefore, it is difficult to obtain biochemical components
from single-wavelength LiDAR observations. Other studies
have indicated that a combination of spectral information and
LiDAR information can improve accuracy for extracting these
parameters [5], [6].

A full-waveform LiDAR can record the entire returned laser
pulse at a reliable sampling rate, even as an emitted laser pulse
penetrates the vegetation canopy. Therefore, a waveform profile
through the depth of the canopy can be generated. Vertical
structure measurements of the forest canopy can be obtained
using a waveform analysis [7]. Radiative transfer model and
geometrical optic model simulations indicate that the changes
in forest leaf area density, leaf angle, and biochemical com-
position can be explained using variations of the waveform
(8], [9].

Currently, passive optical sensors are able to perform multi-
spectral acquisitions, whereas active commercial LiDAR sen-
sors perform measurements in a single wavelength. Both the
spectral and range information of objects can be obtained
simultaneously if multispectral LiDAR is developed. Spectral
3-D point cloud data (z,y,z, R(\)) can also be generated
using multispectral LiDAR scanning. Tan and Narayanan [10]
developed a multiwavelength airborne polarimetric LiDAR for
vegetation remote sensing. To validate the instrument’s ability
for canopy detection, backscattered polarimetric returns and
cross-polarization ratios were obtained from a small forested
area. Gong et al. [11] proposed multiwavelength vegetation
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Fig. 1. Schematic of the LiDAR instrument.

canopy LiDAR (MWCL) using continuous lasers with four
wavelengths for vegetation classification. Woodhouse et al. [12]
and Wallace et al. [13], reporting a multispectral canopy LiDAR
system based on photon counting and a tunable laser, indicated
that measurements of vegetation indices can be produced along
the laser profile. The instrument was later improved using a
supercontinuum laser source and a small conifer sample was
scanned to extract full-waveform data at four wavelengths [14].
Chen et al. [15] built a two-channel LiDAR to show its potential
application of distinguishing the normalized difference vegeta-
tion index (NDVI) for Norway spruce. Hakala et al. [16] built a
system using eight wavelength avalanche photodiode detectors
to conduct laboratory measurements and generated 3-D point
clouds with reflectance and specific vegetation indices. Pre-
vious researches have shown the great potential for obtaining
vertical distribution information for vegetation parameters.

This letter provides a new design for a four-wavelength full-
waveform LiDAR instrument prototype that can simultaneously
measure the range and spectrum of objects. Experiments were
conducted to evaluate its accuracy for range measurements and
its capability to acquire spectra.

II. DESCRIPTION OF THE SYSTEM

The multispectral waveform LiDAR system proposed in this
letter is composed of the following subsystems (see Fig. 1):
1) a 2-D scanning platform; 2) a supercontinuum pulsed laser
source; 3) a coaxial optical transmitting and receiving system
fixed to the scanning platform; 4) a full-waveform multichannel
data acquisition system; and 5) a control center. The pulsed
supercontinuum laser (NKT Photonics) with a spectral range of
450-2400 nm produces a ~1- to 2-ns pulse at a repetition rate
of 24 kHz. Broadband light emitted by the laser is collimated
(the divergence angle is less than 5 mrad) when passing through
the refracting collimator. The collimated beam is reflected twice
by two mirrors (M1 and M2) and transmitted into the optical
axis of the telescope. The mirror M1 is also used as a beam
sampler plate for transmitting a small portion of emitted light
through an optical fiber to the avalanche photon diodes (APD1)
detection sensor. The APDI1 sensor is used to collect a sample
of the emitted laser waveform and the emitted signal is used to
trigger a measurement for capturing the waveforms of both the
emitted pulse signal and the echoes.
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Fig. 2. Prototype of the multispectral waveform LiDAR instrument.

An achromatic refractor telescope (with a 400-mm focal
length and an 80-mm aperture diameter) collects the returned
laser echoes. To separate the receiving light into four channels,
a beam splitter optical fiber is placed at the focal point of the
telescope. Light then passes through the bandpass filters (F1,
F2, F3, and F4) and was split into four separate wavelengths.
Light emitted from the fiber is then imaged onto four detectors
(S1, S2, S3, and S4) through the convergence lens (L1, L2, L3,
and L4). The bandpass filters include narrowband interference
filters with center wavelengths at 531, 570, 670, and 780 nm,
and a bandwidth of 10 nm. As for the detectors, four avalanche
diode modules (MenloSystems APD, with sensitive wave-
lengths of ~400 to 1000 nm, bandwidths of 1 MHZ to 1 GHz,
and a rise time of 0.5 ns) convert the laser echo into an
electronic analog signal. Output signals of the detector are sam-
pled and recorded using a high-speed oscilloscope (Tektronix
MSO04104, 5 GHz sampling rate, 1 GHz bandwidth, and four
analog channels) and a set of high-resolution echo waveforms
is produced. A prominent feature of the receiving system is
the introduction of a Pritchard aiming system to assure that the
target is targeted accurately. A 45° mirror M3 is fixed at the
focal point of the telescope. A 2 mm hole at the center of
the mirror M3 produces a field of view (FOV) of ~4 to 5 mrad,
the FOV corresponding to the measured target. Light projected
out of the hole of the reflection mirror represents the surround-
ings of the target field. The light is then reflected by a 45° mirror
to eyepiece L5, where a black spot corresponding to the 2-mm
hole superimposes the image of the surroundings. The black
spot represents an accurate measurement position of the object,
indicating that the target is aimed 100%. The photograph of the
prototype system is provided in Fig. 2.

The prototype system is equipped with a beam splitter optical
fiber and narrow bandpass filters. Wavelength characteristics of
the system can be modified by changing the filter to adapt to dif-
ferent experiments. In the system, 531 and 570 nm can be used
to calculate the photochemical reflectance index (PRI) [17].
Wavelengths of 670 and 780 nm can be used to determine the
normalized difference vegetation index (NDVI). The prototype
system can measure both flight time and reflectance through the
postprocessing of recorded waveforms for each channel.
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Fig. 3. Ranging experiment. (a) A photograph showing the laser transmitting
through two diffuse reflectors with interdistance of 1 m. (b) Raw waveforms
obtained from the two reflectors at four wavelengths.

TABLE 1
LIDAR RANGE MEASUREMENT RESULT CALCULATED
BY THE 670 nm CHANNEL

Range Mean Max Stan'de'lrd Difference
(m) (mm) (mm) Deviation (mm)
(mm)
1 1009.4 995.3 1025.3 8.9
2 2008.7 1990.1 2022.9 10.4

III. DESCRIPTION OF THE SYSTEM

Preliminary experiments were conducted in the laboratory
of the Institute of Remote Sensing and Digital Earth from
November 2013 to March 2014. The ranging test was designed
to evaluate the capability of ranging based on the time-of-
flight method. The feasibility of simultaneous measurements
for distance and spectra was demonstrated through the spectrum
tests.

A. Ranging Experiment

Ranging accuracy and resolution are important technical
indicators for LiDAR. Two experiments were designed and
performed. The purpose of experiment one was to evaluate the
accuracy of the measured distance. Referring to the methods
provided in [10] and [15], two diffuse reflectors were placed
~10 m from the instrument. The distance between the two
reflectors was 1 and 2 m, respectively. Half of the laser spot
was separately reflected by the two reflectors; therefore, two
adjacent Gaussian pulses were formed within the returned
waveform. The distance between the two reflectors was ob-
tained by calculating the time difference between the two
Gaussian peaks.

The setup for reflectors with the ranging experiment is
provided in Fig. 3(a), and the four waveforms captured are
provided in Fig. 3(b).

The time difference of the two echo peaks (670 nm) was
measured. Distance was calculated based on the time-of-flight
method.

As shown in Table I, the average distance between laser
radar measurements was 1009.4 and 2008.7 mm, respectively.
The precision of ranging (standard deviation) was 10.4 mm.
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TABLE II
RESOLUTION OF RANGING CALCULATED
BY THE 670 nm CHANNEL

Relative Time Range calculated Error
Range (mm) difference by time-of- flight (mm)
& (ns) (mm)
500 337 506.10 6.10
400 2.70 404.73 473
300 2.00 300.10 0.10
200 136 203.56 3.56
150 0.79 119.10 -30.90

A certain bias existed between the measured and the actual
distance. Possible reasons are given in the following.

1) The sampling rate of the oscilloscope was 5 G/s with an
interval of 0.2 ns; therefore, the theoretical ranging reso-
lution was 30 mm. The maximum corresponding digitized
random measurement error was also 30 mm.

2) The flight time was calculated based on waveforms stored
within the oscilloscope, which might have errors in calcu-
lating the interval time.

3) The placement angle of the two reflectors may not be
perfectly perpendicular to the direction of light and a slight
distortion of the waveform was formed.

For multispectral LiDAR, the relative distance between two
targets can be obtained by calculating the time difference
between two echo peaks of any wavelength. With the increase
of wavelength, the echo arrival time occurred in advance.
Asynchronization was shown between different wavelengths.
The time difference of the peaks was ~0.7 ns for wavelengths
at 780 and 531 nm. Such asynchronization is mainly caused by
the inherent characteristics of the supercontinuum laser source,
indicating that each wavelength is not strictly synchronized
with slightly different timing at the beginning of transmission.
With an increase in wavelength from 480 to 800 nm, the
maximum delayed time of the pulse was ~700 ps.

The second purpose of the ranging experiment was to test the
capability for distinguishing adjacent objects. The experiment
was accomplished by keeping one reflector fixed and adjusting
the second reflector to approach the fixed reflector. When two
echo peaks were not distinguished from the waveform, the
distance was determined to be the minimum range resolution.
In this experiment, the distance between the two reflectors was
set to 500, 400, 300, 200, and 150 mm, respectively. The range
resolution calculated at 670 nm is shown in Table II.

When the distance between two reflective plates was less than
150 mm, double peaks could not be obviously observed from
the waveforms. A decomposing method could then be used to
calculate the position of the two peaks [16].

B. Spectral Experiment

The multispectral LiDAR produced a pulsed broadband laser
footprint through use of cascaded nonlinear optical interac-
tions within the optical fiber. The spectral information of the
observed object could be detected using intensity information
obtained from a set of waveform echoes. By constructing the
spectral vegetation indices and to evaluate the system’s ability
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Fig. 4. Leaves tested. (a) Leaves of Platanus. (b) Leaves of Bauhinia flowers.

for classification using LiDAR spectra, the tests were used
to monitor vegetation. In the experiment, two groups, that is,
group one (670 and 780 nm) and group two (531 and 570 nm),
were selected for calculating dual-band vegetation indices
NDVI and PRI. Six different leaf spectra, with a size of 12 cm X
12 cm of Platanus [see Fig. 4(a)] were acquired on 14 Nov,
2013. The index was labeled from 1 to 6 based on greenness.
Eight different leaf spectra, with a size of 11 cm x 11 cm, of
the Bauhinia flower [see Fig. 4(b)] were acquired on 27 March,
2014 in the city of Dongguan, China. The index was labeled
from 1 to 8 based on greenness.
The workflow of the experiment was as follows.

1) A whiteboard was placed ~10 m from the laser source.
Emitted and reflected waveforms obtained from the white-
board were measured separately as the referring wave-
form. The diameter of the footprint was ~5 cm.

2) Leaves with various levels of greenness were placed on the
board and measured separately and reflected waveforms
were measured and recorded. Each leaf was measured
ten times.

3) Because of the slight variations of emitted laser energy
(the stability of the laser pulse energy source was 0.25 dB
for the NKT SuperK Compact), the returned waveform
of the leaves was normalized according to the referring
waveform introduced in Step 1. Normalization reduced the
instability impact of the NKT SuperK Compact [15].

4) The reflectance of each leaf was used to calculate PRI
and NDVL.

Meanwhile, a spectrometer (AVASpec-2048-USB2, Avantes
Corp, Dutch) with a spectral range of ~200 to 1100 nm and a
spectral resolution of 1.4 nm at ~300 to 1100 nm was used for
measuring the reflected spectrum of the corresponding leaves.
Measurements were performed at ~14:00 (local time) on a
sunny day. For measurements, leaves were placed flat on the
ground and the fiber head was placed downward from the leaf
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Fig. 5. Comparison between vegetation indices measured by LiDAR instru-
ment and the spectrometer. (a) A comparison chart of the NDVI of the Platanus;
(b) A comparison chart of the NDVI of the Bauhinia flower; (c) A comparison
chart of the PRI of the Bauhinia flower.

at approximately 10 cm. The FOV of the optical fiber probe
was only ~25°. Therefore, the diameter of the footprint on the
observed target was ~5 cm. The area of spectrometer detection
and the footprint of the laser spot were basically the same.

Following the experiment, reflectance at four wavelengths
was extracted. Indices obtained by the spectrometer were then
compared with those obtained from the LiDAR instrument.
Experimental results of NDVI obtained for Platanus are pro-
vided in Fig. 5(a) and those obtained from Bauhinia flowers
are provided in Fig. 5(b). Results on PRI obtained for Bauhinia
flowers are provided in Fig. 5(c).

Fig. 5(a) and (b) indicates that the NDVI value obtained
from the spectrometer generally agreed well with values ob-
tained from the multispectral LiDAR instrument. The re-
lationship between them for the Platanus was as follows:
NDVIspectrometer =0.908 x NDVIpipar +0.090, R? = 0.998,
and RMSE = 0.007. For the Bauhinia flower, the relationship
was as follows: NDVIgpectrometer = 1.119 X NDVIpipar —
0.043, R?=0.983, and RMSE = 0.033. Fig. 5(c) shows
that the center wavelength and the bandwidth was important
for the comparison because of the bandwidth difference be-
tween the LiDAR instrument (10 nm) and the spectrome-
ter (1.4 nm). Therefore, the capability of this multispectral
LiDAR instrument to detect the vegetation PRI may need
further investigation. For Bauhinia flowers, the correlation be-
tween the values obtained from the two instruments was as
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follows: PRIspectrometer = 0.318 x PRILipar — 0.026, R% =
0.485, and RMSE = 0.064.

IV. DISCUSSION

Our experiments indicate that more precise time and energy
measurement systems with calibrations can improve measure-
ment accuracy. Higher bandwidth (>2 GHz) oscilloscopes can
reduce the deformation of the echo signal. Data acquisition
system with a higher time resolution can provide flight time
measurements more accurately. To achieve hyperspectral mea-
surements, a grating method could be considered as a substitute
for the current spectral filter. A Cassegrain telescope could
also improve the efficiency of the optical system, increase
the signal-to-noise ratio (SNR), and enlarge the measurement
distance. Because of the inconsistencies of the supercontin-
uum laser pulse energy and inconsistencies in the sensitivity
of the APD module, calibrations should be conducted in the
future.

When the optical portion is driven by a two-axis rotary,
the system can be configured to produce a 3-D point cloud,
where each point has both a distance and a plurality of spectral
band reflectivity information. The inversion of structural and
biochemical parameters can be developed from 2-D to 3-D.
However, both the instability of supercontinuum laser power
and the small diameter of the refracting telescope may result
in a lower receiving sensitivity and SNR. Additionally, the
oscilloscope used for the high-speed analog/digital conversion
and data collection may decrease the efficiency of the test in
outdoor environments.

In the future, we will evaluate the system for the estimation
of biochemical parameters for vegetation [18]. Our approach
should be further verified using larger data sets and be ex-
tended to more complex conditions. Hyperspectral LiDAR with
an extended distance and a wider spectral range will greatly
improve the efficiency for monitoring the vertical distribution
of vegetation parameters using remote sensing.

V. CONCLUSION

A four-wavelength multispectral LiDAR prototype system
based on a supercontinuum laser source has been proposed.
Distance and spectral experiments at the leaf scale were suc-
cessfully performed. Based on the experiments, we determined
that the multispectral LiDAR instrument could simultaneously
obtain range and spectral information. Performance for mea-
suring distance can meet the requirements for vertical stratifi-
cation and detection. Spectral information extracted from the
echo waveform helps to describe vegetation more accurately.
The instrument also has the potential to generate 3-D point
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clouds with spectral information and 3-D information related
to vegetation growth conditions.
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