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Improving Backscatter Intensity Calibration
for Multispectral LiDAR

Shuo Shi, Shalei Song, Wei Gong, Lin Du, Bo Zhu, and Xin Huang, Senior Member, IEEE

Abstract—A wavelength-dependent light detection and ranging
(LiDAR) backscatter intensity calibration method was developed
to maximize the advantages of a multispectral LiDAR system. We
established a spectral ratio calibration method for multispectral
LiDAR and investigated the effective calibration procedure for the
mixed measurement of the effect of incident angle and surface
roughness. Experiment results showed that the proposed LiDAR
spectral ratio is insensitive to sensor-related factors and advan-
tageous in calibrating the effect of incidence angle and surface
roughness. As the product of the LiDAR calibration procedure
based on spectral ratio, extended vegetation indexes significantly
improve the classification accuracy.

Index Terms—Calibration, light detection and ranging (LiDAR)
spectral ratio, multispectral LiDAR, remote sensing, vegetation
index.

I. INTRODUCTION

IGHT detection and ranging (LiDAR) has been widely

used to obtain surface geometry and to perform target
characterization. LiDAR echo measurement generates a point
cloud that represents the coordinates (x, y, z) of the object and
is frequently tagged with auxiliary variables. For each point,
the intensity (I) value is also simultaneously recorded. An im-
proved automation of the classification and interpretation of
laser scanning data has thus become necessary. The use of
laser backscatter intensity data has led to improvements in
the development of automatic methods for tree species deter-
mination, canopy structure analysis [1], and fractional cover
measurement [2].

A wide range of LiDAR sensors that use multiple laser
wavelengths have been developed to further investigate the po-
tential of laser backscatter intensity. Among these new LiDAR
sensors, the concept of multispectral (or hyperspectral) LIDAR
can produce one-shot topographic and multispectral intensity
information. A number of prototypes of multispectral LiDAR
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systems, which are mainly laboratory based, have been de-
veloped [3]-[5]. The detection results of multispectral LiDAR
include point cloud and multispectral intensities: [x,y, z, [(\)],
where () is the backscattered intensity, and [ is a function of
laser wavelength A. The selected laser wavelength A leads to a
certain wavelength-dependent backscatter characteristic of the
sensed surface.

The great potential of multispectral LiDAR is based on the
differences in backscatter intensities at multiple wavelengths.
Backscatter intensity calibration is essential in studying the
characteristics of the sensed targets. Backscatter signals are
mainly affected by several factors, including instrumental and
atmospheric effects, target scattering characteristics, and mea-
surement geometry [6]—[8]. Studies have focused on correction
techniques for adjusting the intensity variations of single-
wavelength LiDAR systems and have subsequently demonstrated
the availability of such correction methods [9]-[11]. However,
calibration procedures are usually complex and restricted to
some extent, and they contain complex parameters. Calibration
for multispectral LiDAR is particularly difficult, because of the
increase in the number of wavelengths. The same is particularly
true if a single-wavelength calibration method is employed.

In the present study, we maximize the advantages of mul-
tispectral LiDAR in terms of backscatter intensity calibration.
We develop a laboratory-based prototype of a multispectral
LiDAR [5] designed for vegetation applications. This system
is designed to take measurements at four wavelengths (556,
670, 700, and 780 nm). Our study used data from this multi-
spectral LiDAR. Specifically, we aim to achieve the following
objectives:

1) to establish multispectral intensity calibration methods
based on the radar equation;

2) to evaluate the capability for improvement of a calibra-
tion method for multispectral LiDAR,;

3) to study the effect of calibration on target classification,
given the necessity of conducting further investigations
on any possible intensity influencing factors of multi-
spectral LiDAR detection.

II. PHYSICAL BACKGROUND OF MULTISPECTRAL
LIDAR CALIBRATION

A. Radar Equation

This section concisely presents the physical basis of the ra-
diometric calibration of multispectral LIDAR intensity. The ra-
dar equation, which has been applied in laser scanning, defines
received power as a function of sensor parameters. The equation
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defines the power that enters the LiDAR receiver as follows

(61, [71:

P,D?
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where the received signal power P, is a function of the trans-
mitted signal power P, the receiver aperture diameter D,.,
the range from the sensor to the target R, the laser beam
width j3;, the system transmission factor 7y, the atmospheric
transmission factor 7,41, and the target cross section o [7].

The so-called backscatter cross section o is the parameter
related to the backscattering characteristics of a target [6]. All
target parameters can be explained as follows:

4
—pA
QPS

o= 2)
where the target cross section o is a function of the scattering
solid angle of the target €2, the target reflectance p, and the target
area Ag. Reflectance is the portion reflected to the incident
radiation from the target area in the laser wavelength. This value
is averaged over the total target area.

The reflectance of target p can be obtained as follows accord-
ing to (1) and (2):

P, R4B2Q)

=\ 3)
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This function is based on the radar equation. The intensity
measured by the LiDAR system can be used to calculate the
target reflectance and to obtain the characteristics of the target.

B. Backscattering Characteristics of Multispectral LiDAR

Our study involves data from a multispectral LIDAR system
that is designed for vegetation applications [5]. The principle of
this multispectral LiDAR has been well established in the ap-
plication of object identification and observation, particularly in
the monitoring of the growth and nutrition status of vegetation.
The operation of the multispectral LiDAR system is presented
as a block diagram in Fig. 1. Four laser wavelengths (556, 670,
700, and 780 nm) are selected for the detection of leaf nitrogen
and chlorophyll content [12]. These four laser diodes are syn-
thesized into a beam. An independent laser range sensor per-
forms range measurements. The synthesized backscatter signals
are received by the Schmidt—Cassegrain telescope and divided
into four channels for photomultiplier detection. The backscat-
ter intensities and range of the objects can then be obtained
through data acquisition and the processing of the subsystem
in a computer. All the transmitting and receiving facilities of
the LiDAR system are fixed on a motorized precision stage
to ensure scanning detection and synchronous signal recep-
tion. Through laser scanning and ranging, point cloud com-
prising probe points with geometric information (z,y, z) and
intensity (I) can be obtained.

The LiDAR equation defines target reflectance as a function
of received power and sensor parameters. This equation can
also be applied for the multispectral LIDAR system. According
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Fig. 1. Block diagram of multispectral LiDAR.

to (3), wavelength-dependent reflectance can be expressed as
follows:

4 22
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where ¢ is the laser wavelength of the multispectral LiDAR.
With the increase in the number of wavelengths, additional
information about the target features can be obtained. Owing
to the advantage of multiwavelength backscatter intensities, the
calibration of the local incidence angle and surface roughness of
the target becomes easy and efficient. The practical procedure
is explained in detail in Section III.

III. METHOD

This study proposed a calibration method based on spectral
ratio with consideration of the advantage of multispectral sig-
nals. In addition, vegetation indexes that could help improve the
capability of object classification were established as products
of the calibration method.

A. LiDAR Spectral Ratio Calibration Method

The emissions of four lasers were strictly synchronized and
combined into a beam to ensure that the near and far fields of
light overlap. This procedure causes the influences of the inci-
dence angle and sensor factors within the footprint to become
similar at each laser wavelength. Thus, the calculation of spec-
tral ratios should be insensitive to sensor-related factors and be
influenced primarily by the target characteristics.

According to (4), the wavelength-dependent laser spectral
ratio is calculated as follows:

2
Pr1 P’I‘Mﬁt,\lg/\l
P2 PtM ASM nsysklnatmﬂ
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Assuming that the beams were perfectly aligned, the influ-
ence of the incidence angle, area of the target within the foot-
print, and so on, would be similar at both wavelengths. Thus,
the resulting ratio should be insensitive to these factors, which
could be removed along with the spectral ratio [13]. Thus, the
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reflectance ratio of different wavelengths can be expressed as
follows:
P Py

) Ptxznsyskgnatmxz (6)
px2 Pry,

Ptmnsysﬂnatm,\l

The spectral ratio based on multispectral LiDAR is advanta-
geous in eliminating common sensor factors that are indepen-
dent of laser wavelengths. Thus, we only need to consider the
variations of transmitted signal power P;, system transmission
factor 75y, and atmospheric transmission factor 7,tr, in calcu-
lating the LiDAR spectral ratio. All the factors of the LiDAR
spectral ratio can be attributed to the following new variable:

Ccalmv = PtMnsysMnath (7)

where C.,; is a calibration constant. We assumed that the laser
pulse power and constant atmospheric conditions were highly
stable throughout the acquisition process. Thus, we obtained
the following simplified equation:

PA1 P a1 Ccal A2
B . T ®)
Pr2 P, CC&I)\I
The LiDAR spectral ratio of the target was then decomposed
into two ratios, namely, the receiving power and the calibra-
tion constant ratios, depending on laser wavelengths and the
reflectance of the reference surface. The calibration of C,; used
in this study was developed for discrete-return multispectral
LiDAR intensity based on precalibrated in situ reference targets
within the field of view of a laser scanner [8]. In practice, the
received intensity at each laser wavelength as shown in (4) is
collected using a 99% standard white board (Labsphere Inc.)
as a reference target. The backscatter intensities are normalized
with the intensity of the Spectralon echo at the same distance.
This process produces multispectral backscattered reflectance,
which was used in the present study as a calibration parameter.
With the given reference targets, the backscattered reflec-
tance of the target followed the principle in (8). The ratio of
the calibration constant can be expressed as

Ccab\z P”'ref)\z Prefaq
c =5 : : C))
calxy Trofy,  Prefaz

The spectral ratio of the measured target can be determined
once the ratio of the calibration constant is derived by the calib-
rated target.

B. Vegetation Index Extended by Spectral Ratio

By establishing a LiDAR calibration procedure based on
spectral ratio, multispectral LIDAR offers a unique advantage in
eliminating relevant parameters required in radar equation. This
advantage helps simplify the calibration procedure and improve
calibration accuracy. In addition to the calibration method,
LiDAR spectral ratios at multiwavelengths can be employed to
establish vegetation indexes.

Since the 1960s, vegetation indexes have been widely used to
extract and model various vegetation biophysical variables by
remote sensing data [14]. Multispectral LiDAR is now consid-
ered as a new approach for measuring vegetation indexes [13],
[15]. After the calibration procedure, spectral ratio could be
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(b) (© (d)

Fig. 2. Four representative measurement targets with various degrees of sur-
face roughness: (a) green leaf of Platanus orientalis, (b) deciduous leaf of
P. orientalis, (c) soil, and (d) cement.

directly extended to all kinds of vegetation indexes for different
applications. The spectral ratios developed in the present study
can calculate many vegetation indexes for various applications
with the multispectral LIDAR.

In particular, the wavelengths at 670 and 780 nm make up
the commonly used normalized difference vegetation index
(NDVI), which is as follows [14]:

(p780 - ,0670)

NDVIjaser = .
(ps0 + pero)

(10)

The wavelengths at 556 and 780 nm make up the green
NDVI (GNDVI), whose dynamic range is wider than that of the
NDVI and whose sensitivity to chlorophyll a concentration is
five times greater than that of the NDVI [16]. Thus

(,0780 — ,0556)

GNDVIpeer = .
e (p780 + pss6)

1D

The wavelengths at 670 and 700 nm make up the simple ratio
pigment index (SRPI), which is used in the remote estimation
of the concentrations of chlorophyll a, chlorophyll b, and
carotenoids in soybean leaves [17]. Thus

700
SRPLaser = L

670

(12)

IV. EXPERIMENT AND DISCUSSION

Laboratory measurements were performed to investigate the
effectiveness of the multispectral LiDAR calibration procedure
in the mixed backscatter intensity measurement of the incidence
angle effect, as well as the surface roughness of the target.
The calibration result was evaluated through a classification
experiment.

A. Calibration of Incidence Angle and Roughness Effects

Four kinds of objects, namely, healthy leaves of Platanus ori-
entalis, deciduous leaves of P. orientalis, soil, and cement (see
Fig. 2), were selected to represent various degrees of surface
roughness. The instrument with four wavelengths was assumed
to be effective in discriminating the different objects. All oper-
ations were conducted in a darkroom to reduce the influence of
the environment factors. The multispectral laser light was hor-
izontally transmitted toward the objects at a distance of 10 m.
The measurements of the four targets were taken with an in-
cidence angle ranging from 0° to 80° to evaluate the influence
of the incidence angle.

The intensity detection results of the multispectral LiDAR
with the influence of the incidence angle are provided in Fig. 3.



1424

(a)
1.0 1 “.x.“.
= - 1.0 ‘é"-.“.' .‘:XXA'
2 ‘@ RS Oy A
5 0.8 508 ot Ty Ty v
= = nee 4 L v
= = e egha
g 0.6 —§ 0.6 i,
= S .
g 04 £ 04 e
S |Laserwavelength: 556nm vy S av :
Z,, aser wavelength: 556nm L% Laser wavelength: 670nm "als
.2 h X ol
0 20 40 60 80 0 20 40 60 80
. 0
Incidence angle (°) Incidence angle (°)
.
1.0 feoitpageta 1.0 uh‘,m“' i
2 e = S, ,
= z x
5 0.8 o el Yy ey 5 0.8 P 4, S
g bt £ e
= S =
8 0.6 " et g o6 “atana,,
= e S
£ 04 ', Eo04 =,
S Laser wavelength: 700nm . ; Laser wavelength: 780nm "sas
0.2 w02 i,
0 20 10 60 80 0 20 40 60 80
Incidence angle (°) Incidence angle (°)
[ ® Greenleaf ® Yellowleaf A Soil v Cement |
(b)
L. 1.0 :‘l!'ol.
¥y, oy Fggs
et = ¥ l‘“
iy 508 D)
g = ",
1=, b vts“
K 3 06 NS
bt} N £
Ty, 5 Sai
2 =
Green leaf f1y E 04 3 T
i Zc Deciduous leaf "‘
"y, < 02 ]
0 20 40 60 80 0 20 40 60 80
5 . o
Incidence angle (°) Incidence angle (*)
1.0 +%uan8, 1.0 120t
= wu-h...ib %‘ 82 '5!'“1";'1.4 .
Z l“'i 5 S e
3 = -~ = ul
2 08 1y £ 031 I
3 w3
2 06 L £ 06
ZE Soil Z Cement
0.4 T T T \ 04 T T T J
0 20 40 60 80 0 20 40 60 80

Incidence angle (°)

670nm A 700nm v 780nm |

Incidence angle (°)

[ m 556nm e

Fig. 3. Multispectral LiDAR intensity versus incidence angle of the four re-
presentative targets. The intensity is normalized to 1° at 0°.

Each target exhibited a distinct response according to different
laser wavelengths [see Fig. 3(a)]. The four laser wavelengths
of each target appeared to exhibit significant correlation [see
Fig. 3(b)]. This correlation indicated that the influence of the
incidence angle would be similar at both wavelengths. The re-
sults provide important evidence that the calibration procedure
based on spectral ratio eliminates the incidence angle effect of
multispectral LiDAR.

The incidence angles demonstrated similar effects at differ-
ent wavelengths. Thus, multispectral LiDAR can calibrate this
effect with LiDAR spectral ratio based on laser wavelengths.
The results of this calibration procedure at wavelengths of 670
and 780 nm are shown in Fig. 4. With the increase of the in-
cidence angle, the value of LiDAR spectral ratio showed small
fluctuations compared with the intensity (see Fig. 3). This result
revealed the effectiveness of the LiDAR calibration procedure
based on spectral ratio in calibrating the incidence angle effect.

Aside from the incidence angle effect, Fig. 3(b) shows the
variation in intensity resulting from the surface roughness of
the different objects. The green leaf and deciduous leaf both
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Fig. 5. (a) Reflectance of the four wavelengths of soils with four degrees of
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(b) Spectral ratios of the four degrees of surface roughness. The MAREs are
0.94%, 1.37%, and 0.24%.

featured a flat leaf surface and thus had similar smooth curves.
Meanwhile, the curves of soil and cement exhibited an irreg-
ularity as a result of surface roughness. To evaluate the exact
effects of surface roughness, we performed an experiment on
a specific object that involved detecting the laser backscatter
reflectance of the four different degrees of soil roughness [see
Fig. 5(a)]. The roughness increased from degree 1 to degree 4,
which means from flat to fragments with no regular shapes.
Wavelength dependence was found to be consistent regardless
of the surface roughness. The advantage of the spectral ratio
method in calibrating the effect of surface roughness is shown
in Fig. 5(b). Mean absolute relative error (MARE) was used to
indicate the exact effects of surface roughness. The MARE val-
ues of the spectral ratios were significantly smaller than that of
the single-wavelength reflectance for different degrees of sur-
face roughness.

B. Classification Using Calibrated Vegetation Indexes

The results of the calibration of the incidence angle effect
using the LiDAR calibration procedure based on spectral ratio
highlight the obvious advantage of multispectral LiDAR. To
fully understand the calibration effect, we further classified the
four representative objects shown in Fig. 2.

A scanning measurement was performed on the four objects.
As shown in Fig. 4, the calibration procedure based on spec-
tral ratio could not easily discriminate the four representative
objects, whose responses were similar to I7gg/Ig70. However,
the vegetation index, as a product of the LiDAR calibration
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Fig. 6. Classification distribution for the representative objects through the
support vector machine approach: (a) 780 nm, classification accuracy is 55.9%;
(b) NDVIja5er, (¢) GNDVIj45er, and (d) SRPIj,5er- The classification accuracy
values of the three vegetation indexes are 94%, 98%, and 90%.

procedure based on spectral ratio, could improve the classifi-
cation accuracy.

To determine whether the vegetation indexes derived from
the calibrated laser backscatter intensity are reliable for identi-
fying different objects, we compared the classification results of
the 780-nm backscatter intensity and the calibrated vegetation
indexes. We applied the support vector machine approach [18]
to conduct a supervised classification of the reflectance of all
the detection points from each object. The 780-nm signal,
which represents a traditional single-wavelength LiDAR, ex-
hibited a classification accuracy of only 55.9% [see Fig. 6(a)].

Classification was performed to demonstrate the discrimina-
tion capability of the vegetation indexes [see Fig. 6(b)—(d)].
The total classification accuracy of the three vegetation indexes
were all above 90%. Therefore, the vegetation indexes that use
different wavelengths are more effective than the traditional
single wavelength in distinguishing various objects.

V. CONCLUSION

This letter has presented a wavelength-dependent LiDAR
backscatter intensity calibration method that maximizes the
advantages of multispectral LIDAR. We established a spectral
ratio calibration method for multispectral LiDAR and investi-
gated the effective calibration procedure for the mixed mea-
surement of effects of incidence angle and surface roughness.
The LiDAR spectral ratio was insensitive to sensor factors and
advantageous in calibrating the effect of a known sensor incli-
nation angle and the effect of a typically unknown target
inclination with respect to the sensor. Moreover, the vegetation
indexes produced by the LiDAR calibration procedure im-
proved the classification accuracy.

Most calibration methods for LiDAR detection consider only
a single wavelength. The development of the spectral ratio
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method improves the calibration procedure of multispectral
LiDAR. With the development of the multispectral LiDAR
system, the approach should be further tested, and additional
calibration factors should be considered. Therefore, this study
can be regarded as a practical solution to the calibration prob-
lem of multispectral LIiDAR.
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