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ABSTRACT Portable spectrometers can extract crop growth information in a non-destructive, rapid, and
efficient way. However, most existing instruments can only be used to collect spectral reflectance and
calculate vegetation indices. They are costly and lack crop spectral monitoring models and diagnosis models;
therefore, crop growth information cannot be directly output from these instruments. In this paper, an active
light source apparatus for crop growth monitoring and diagnosis (CGMD) was developed based on the
canopy shape characteristics and spectral monitoring mechanisms of row-cultivated crops. A modulated
light source was used in this apparatus to effectively eliminate the interference of ambient light. At the same
time, a high-pass filter was used in the apparatus to extract the canopy reflectance spectral information,
which improves the signa-noise ratio. Crop canopy vegetation indexes—the normalized difference vegetation
index (NDVI) and the ratio vegetation index (RVI)—and crop growth parameters—leaf area index (LAI),
leaf dry weight (LDW), leaf nitrogen accumulation (LNA), and leaf nitrogen content (LNC)—were obtained
in real time. The ambient light influence test and the comparison test of different test heights of the CGMD
apparatus show that it has high test stability and can effectively overcome ambient light interference within
the standard test height range. The rice and wheat experimental results demonstrated that the test results
of the CGMD apparatus and the commercial Analytical Spectral Devices field spectrometer (Malvern
Panalytical, Malvern, Worcs, UK) were consistent. Comparing the vegetation indexes and agronomic
parameters obtained from the chemical analysis, the CGMD apparatus has a good predictive ability for LAI,
LDW, LNC, and LNA.

INDEX TERMS Active light source, spectral monitoring, crop growth information, crop growth diagnosis.

I. INTRODUCTION
Implementing accurate crop production management is com-
prised of the acquisition of crop growth information, analysis
and processing of this information, and the generation of
fertilization prescriptions. Clearly, the accuracy of a crop
management system relies on the access to crop growth infor-
mation. The acquisition of traditional crop growth informa-
tion mainly depended on visual observation and destructive
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field sampling followed by indoor chemical test analysis,
which is complex and time consuming [1]–[3].

In recent years, the development of spectral monitoring
techniques has provided new approaches for obtaining crop
growth information. There are sensitive bands in the crop
canopy reflectance spectra that are closely related to crop
growth information; scientists can use the spectral charac-
teristics of these sensitive bands to dynamically monitoring
the crop growth indices and plant nutrient status [4]–[6].
In 1986, Shibayama et al. found that the vegetation index
constructed based on the sensitive bands at 620 nm and
760 nm of rice reflectance spectrum had a strong correlation
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with leaf nitrogen content (LNC) and was less affected by
rice variety [7]. In 2000, Tarpley et al. conducted the cluster
analysis using multiple spectral ratios and found that the use
of ratio of red edge band to short-wave near-infrared band to
estimate the nitrogen nutrient status of crops could achieve
high accuracy [8]. In 2010, Yao et al. constructed normal-
ized difference spectral indices (NDSIs) and ratio spectral
indices (RSIs) using the original wheat canopy hyperspectral
data and its derivative value [9]. They found that NDSIs and
RSIs could effectively indicate wheat leaf nitrogen accumu-
lation. The prior body of research shows a certain relationship
between the vegetation index of crop canopy and the con-
tent of crop nutrient elements. The acquisition of the crop
canopy reflectance spectrum can be used to calculate the
vegetation index, and then through the spectral monitoring
model between the vegetation index and agronomic parame-
ters, the accurate inversion of crop growth information can be
realized.

Based on the identification technique that uses a char-
acteristic spectrum, scientists over the world have devel-
oped some spectral monitoring apparatuses for crop growth.
Depending on the light source used, this equipment can be
divided into two categories, one is a passive device with
sunlight as the light source, and the other is an active device
with a light source of a specific band [10]–[14]. In 2004,
Moya et al. designed a device to measure chlorophyll fluores-
cence that uses sunlight as the light source and successfully
conducted measurements on a corn canopy. This experiment
showed that the passive light source device used to mea-
sure chlorophyll fluorescence could achieve long-distance
non-destructive vegetation measurement [15], [16]. In 2013,
Zhong et al. designed a smart apparatus to detect crop nutri-
ent condition, which used sunlight as the light source and
could collect the sunlight radiation information and crop
canopy reflective light information at wavebands of 550,
650, 766, and 850 nm and the spectral vegetation index was
constructed. The experiments on winter wheat showed that
the normalized vegetation index constructed at 550 nm and
760 nm could effectively predict the chlorophyll content of
winter wheat [17]. Ni et al. developed a passive light source
apparatus for crop growth monitoring and diagnosis. The
monitoring and diagnosis apparatus could collect the solar
radiation spectrum and crop reflectance spectrum informa-
tion at the wavebands of 720 nm and 810 nm. Through the
calculation of vegetation index and inverting of agronomic
parameters, the real-time and non-destructive acquisition of
growth indexes, such as crop Leaf nitrogen index (LNC) and
leaf area index (LAI), could be realized [18], [19]. Field Spec
series portable field spectrometers from Analytical Spectral
Devices (ASD) Inc. (Malvern Panalytical, Malvern, Worcs,
UK) use sunlight as the light source, and its wavelength
detecting range is 350–2500 nm. The spectral sampling inter-
val of 350–1000 nm is 1.4 nm, and the spectral resolution
is 3 nm; the sampling interval of 1000–2500 nm is 2 nm,
and the resolution is 10 nm; the field angle of the spectrom-
eter probe is 250◦. Due to their wide band range and high

accuracy, they have been widely used in crop canopy spectral
analysis [20], [21].

Compared with a passive light source device, an active
light source device has its own light source, does not rely
on solar light, can be used in all weather conditions, and
is more suitable for obtaining crop growth information in
different growth periods. In 2012, Osama Mohammed Ben
Saeed et al. designed a portable four-band active light source
sensor for measuring the ripeness of oil palm fresh fruit [11].
Narrow-band light-emitting diodes (LEDs) were used in the
sensor as the light source, there were four spectral bands (570,
670, 750, and 870 nm), and this sensor could measure in all
weather conditions. However, the existing application of the
device is only for the measurement of the ripeness of oil palm
fresh fruit, and the application range is limited [22]. In the
GreenSeeker series of spectrometers developed by NTech
Industries Inc. (USA), two independent red light (650 ±
10 nm) and near infrared light (770 ± 15 nm) LEDs are used
to obtain normalized difference vegetation index (NDVI) and
ratio vegetation index (RVI). The spectrometers have high
measurement accuracy and produce good results, but they
are expensive and there is a lack of agronomic parame-
ter models. It cannot directly output agronomic parameters,
cannot guide agricultural production, and is not conducive
to promotion and commercialization [23], [24]. Cao et al.
used the Crop Circle ACS-470 spectrometer developed by
Holland Scientific to obtain the spectral reflectance of rice
canopy. The instrument uses LED as the light source and can
simultaneously collect the spectral reflectance information
of three different bands. The vegetation index constructed
by the reflectivity can successfully establish a relationship
with the nitrogen content of rice [25]. The new-generation
product RapidSCANCS-45 from Holland Scientific Inc. also
uses LEDs as the light source, can simultaneously obtain the
spectral reflectance at the 670, 730, and 780 nm bands, and
can construct the normalized difference red edge (NDRE)
index. The instrument has a small size and simple structure,
but it can only display NDRE parameters, has a single func-
tion, and cannot output crop physiological and biochemical
parameters [26].

Compared with previous studies, contributions offered by
this article can be summarized as follows:

1) An active light source apparatus for crop growth
monitoring and diagnosis (CGMD) that is able to
detect the growth information of wheat and rice crops
under any weather or light conditions in a non-
destructive, rapid, and efficient way was developed
in this study. Some commercial devices, such as the
GreenSeeker Handheld and RapidSCAN CS-45, also
performed well during the testing, yet they are pro-
tected by intellectual property rights, expensive, and
difficult for secondary development. In this study,
the design idea, structure, key circuits, and soft-
ware functions of the CGMD apparatus are described
in detail, laying a good foundation for further
studies.
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2) In this study, a method for ambient light filtering
was developed by integrating light source modulation
and high-pass filters. By modulating the light source,
the emergent light of the proposed instrument was con-
trolled at a certain frequency to differentiate it from
the ambient light. High-pass filters and other func-
tional circuits were used to collect the characteris-
tic spectrum and filter the spectral band in ambient
light with the same characteristics. Field tests sug-
gested that the influence of sunlight-dominant ambient
light could be effectively eliminated by the proposed
method.

3) The portable spectrometers currently on the market
can only measure the spectral reflectance of the crop
canopy and calculate the vegetation index, but they
do not provide specific spectral monitoring models for
real-time accurate prediction of crop growth parame-
ters. Due to limited functions, they are not applicable
to agricultural production in practice. In this study,
a crop spectral monitoring model was built based on
field tests on rice and wheat. The model, together with
a fertilization diagnosis model, enabled the proposed
instrument to output crop growth parameters and diag-
nosis results in a quick and intuitive way, making it
more friendly to agricultural technicians than current
instruments.

The remainder of this paper is organized as follows. Section II
introduces the measuring principle of the CGMD apparatus
and the selection of the characteristic wavelength band of
the light source. The overall structure of CGMD apparatus as
well as the structure and specific design of the built-in light
source system and the light sensing system are presented in
Section III. Section IV explains the design of the field experi-
ments, the tested instruments, the test methods, Data analysis
methods and results. Section V discusses the significance of
this work and the problems that occurred in the experiment.
In the end, section VI concludes this article.

II. MEASURING PRINCIPLE OF THE ACTIVE LIGHT
SOURCE APPARATUS FOR CROP GROWTH MONITORING
AND DIAGNOSIS
The different nitrogen nutrient elements in crops will cause
changes in the spectral reflectance of the crop canopy
at specific bands. As shown in Fig. 1, under differ-
ent nitrogen fertilizer treatments, the spectral reflectance
of the wheat canopy is significantly different between
460–730 nm and 760–1210 nm. Among them, the spectral
reflectance of 460–730 nm exhibited a negative correlation
with the amount of nitrogen fertilizer applied, the reflectance
under N5 treatment was the lowest, and the reflectance under
N1 treatment was the highest. The spectral reflectance from
760–1210 nm was positively correlated with the amount of
nitrogen fertilizer applied, the highest and the lowest values
were found under the N5 treatment and N1 treatment, respec-
tively, and 710–760 nm was the distinct transition region.

FIGURE 1. Multi-spectral reflectance of the wheat canopy under different
nitrogen application levels (N1: 0 kg/hm2, N2: 75 kg/hm2, N3:
150 kg/hm2, N4: 225 kg/hm2, N5: 300 kg/hm2) [27].

FIGURE 2. The measurement principle of the active light source
apparatus for crop growth monitoring and diagnosis (CGMD).

Based on this principle, the proposed CGMD apparatus
could generate emergent light at a certain band on crop
canopy using the built-in light source system and receive
the reflected light from crop canopy using the light sensing
system. The vegetation index constructed by the spectral
reflectance of a particular band was calculated by analyz-
ing the spectral reflectance information, thereby performing
effective extraction of crop growth information together with
the spectral monitoring model. The test principle is shown
in Fig. 2. According to existing research results, agronomic
parameters such as LAI, LNA, and leaf dryweight (LDW) can
characterize crop growth status well. The spectral reflectance
values of a wheat canopy near 550 nm, 600–700 nm, and
720 nmwill change as LNA changes. The spectral reflectance
values of 580–700 nm and 770–900 nm exhibited a cor-
relation with LDW. Meanwhile, the changes in the spec-
tral reflectance around 460–680 nm and 810 nm had a
high correlation with LAI [28]–[30]. Taking into account
the sensitive bands of the three agronomic parameters, this
paper selected the 730 nm and 810 nm bands as the char-
acteristic bands to indicate the nitrogen content of rice and
wheat.
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FIGURE 3. The overall structure of the CGMD apparatus.

III. DESIGN OF ACTIVE LIGHT SOURCE APPARATUS FOR
CROP GROWTH MONITORING AND DIAGNOSIS
Fig. 3 shows that the CGMD apparatus consists of the built-
in light source system, light sensing system, and hardware
circuits. It adopts the single-point static test mode, and the
operator needs to stably hold the apparatus above the crop
canopy to take a measurement. The operation and control of
the CGMDapparatus are realized bymechanical keys, the test
speed is very fast, and the whole process only takes 1–2 s.

A. DESIGN OF THE BUILT-IN LIGHT SOURCE SYSTEM
The built-in light source system consisted of the light source,
emergent light path, and collimating lens. LED lights served
as the light source. The irradiance of sunlight on the ground
at noon on a clear day was taken as the reference. Two LED
lights were used to provide luminescence at each spectral
band to ensure spot intensity. Considering the small change
in illumination intensity and the low changing frequency of
sunlight in a short time, spectral modulation technology was
used to modulate the spectral signal emitted by the LED
light source within a certain frequency, thereby distinguish-
ing the ambient light signal from the spectral signal of the
proposed instrument. When the emergent light path of the
built-in light source system was designed, factors such as
the number and location of LED lights, power of LED light
sources, and appropriate testing distance had been fully taken
into account in order to accurately control spot intensity
and ensure the proper intensity of the reflection spectrum.
In terms of the design of the collimating lens, an elliptic spot
that fitted the characteristics of crop cultivation and com-
pletely covered the crop canopy was determined by analyzing
the variations in the canopy diameters of different crop vari-
eties through the growth period. In addition, a light-shaping
diffuser (LSD) film was used to ensure both the uniformity
and the shape stability of the emergent light spot. The struc-
ture of the built-in light source system is shown in Fig. 4.

1) DESIGN OF THE LIGHT SOURCE
The light source of the CGMD apparatus can be an LED,
laser, or xenon lamp. Among them, an LED light source has
a small size and low heat dissipation requirements, and is
low cost, easy to control, and better able to meet the design
needs of portable apparatuses. In this paper, LED lights were

FIGURE 4. Structure of the built-in light source system.

FIGURE 5. Waveform of sunlight and the modulated light source.

selected as the light source. The half-value angle of the exiting
light was about 10 degrees, and the radiation power was
45 mW.

Because ambient light, which is dominated by sunlight,
also contains characteristic band information, when the LED
light source is used directly for testing, the presence or
absence of sunlight, sunlight intensity, and sunlight incidence
angle changes will influence the test results. Sunlight has a
stable light intensity in a short period of time, the frequency of
light intensity changes is very small, and the frequency band
is located in the low-frequency region. Through a spectral
modulation technique, the spectral signals at the wavelengths
of 730 nm and 810 nm emitted by the LED light source
are modulated to a certain frequency, which can allow the
light sensing system of the apparatus to differentiate the
730 nm and 810 nm spectral signals in sunlight and active
light source by frequency. The modulation of the spectral
signal refers to the process of changing one or several char-
acteristic parameters of the optical carrier. By modulating the
optical signal, it not only has the advantages of filtering out
interference from the background signal and improving the
signal-noise ratio, but also converts the direct current (DC)
radiation signal to alternating current (AC) signal, which is
more favorable for the communication and transmission as
well as the anti-interference performance of spectral signals.
The schematic diagram of the sunlight and modulated light
waveforms is shown in Fig. 5.

2) DESIGN OF THE LIGHT PATH
Rice and wheat were the main test subjects for the CMGD
apparatus, and they are row crops, meaning that they grow in
continuous rows. An image of this type of crop has a soil and
water layer background between the rows. To eliminate the
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FIGURE 6. Changes in the canopy diameter of the rice and wheat
cultivars. (a) Wheat (V1: Yangmai-12; V2: Aikang-14), (b). Rice (V1:
Wuxiangjing-14; V2: Liangyoupei-9).

interference of the inter-row background on the test as much
as possible, the light spot of the light source should meet the
agronomic requirements of crop cultivation. We calculated
the results of changes in the canopy diameter of the main
rice and wheat varieties in Jiangsu, China with the growth
period. To determine the light spot size, wemeasured changes
in the canopy diameter of the main rice and wheat varieties
in Jiangsu, China with the growth period, and the results are
shown in Fig. 6.

Fig. 6 shows that the canopy width of wheat during the
whole growing season ranged from 12–31 cm, and the canopy
width of rice varied from 11–28 cm. In the early growth stage,
the canopy diameter of rice and wheat is small, and the leaves
are small and sparse, which cannot completely cover the field
background between rows. When the light illuminates the
background, it will easily affect the measurement. During
the middle and late growth stages, the crop leaves become
larger and denser; they can better occlude the background
and reduce its impact during the test. To improve the test
accuracy of the CGMD apparatus in the whole crop growth
period, the lateral diameter of the light spot formed by the
light source should be slightly less than the canopy width,
and the longitudinal diameter of the light spot should cover
at least two plants to reduce the effect of the individual plant
difference on the measurement. Therefore, the minor axis
length of the light spot was set to 10 cm, and the major axis
length was set to 30 cm. The shape of the light spot is shown
in Fig. 7.

FIGURE 7. Shape of the light spot created by the built-in light source
system.

FIGURE 8. Distribution of solar irradiance.

After the light from the light source passes through the
optical path system, an elliptical light spot needs to be
formed. The illumination spot has a certain radiation intensity
and is uniform and soft. Existing passive spectrometers, such
as the ASD FieldSpec, which use sunlight as the light source,
can stably measure spectral reflectance changes of the crop
canopy. Thus, the solar radiation intensity can be used as an
effective reference value for active light source instruments.
Figure 8 shows the irradiance distribution of sunlight on the
ground measured at noon on a clear day without clouds or
fog with the CL-200F spectral luminance meter (Jingmai
Instrument Inc., Henan, China). The results show that the
irradiance of the sunlight at the 730 nm band was slightly
larger than that at the 810 nm band and the intensity was
about 1 W/m2. In order to ensure that the crop canopy can
generate a sufficiently strong reflectance spectral signal for
subsequent processing, the irradiance of the light source to
the crop canopy should be maintained at 1 W/m2.

According to the selected LED parameters, the radiation
power P was 45 mW, and the calculation of irradiance E is
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FIGURE 9. LED array distribution.

FIGURE 10. Diagram of the ellipse made by the emitted light.

shown in Equation (1),

E =
dP
dA

(1)

where dA is the unit area of the illuminated surface and dP
is the radiation flux received per unit area. The area of the
ellipse formed from illumination spot can be calculated by
Equation (2):

A = π∗a∗b (2)

where A is the area of the ellipse, a is the semi-major axis
length of the ellipse, and b is the semi-minor axis length of
the ellipse.

According to the suitable measurement height of 60 cm
(determined by the height and the test habits of the tester),
a was 15 cm and b was 5 cm. After the values were substituted
into the equation, the radiation intensity at a distance of 60 cm
from the light source was calculated to be 0.478 W/m2.
Therefore, at least two LEDs were required as the light source
for each of two wavelength bands of 730 nm and 810 nm.
At the same time, in order to allow the light emitted by the
LEDs in different wavelength bands coincide in the canopy
and illuminate the same area, the LEDs were arranged in a
crisscross pattern, as shown in Fig. 9.

When the above-mentioned LED array is used for light
emission, the shape of the formed light spot is rectangular.
However, the targeted shape should be elliptical, as shown in
Fig. 10.

In this figure, h is the distance between the diffuser and the
target surface, a is the short semi-axis of the illumination spot,

b is the long semi-axis of the illumination spot, α is the angle
of the exiting light in the direction of the short semi-axis, and
β is the angle of the exiting light in the direction of the long
semi-axis. The angle of exiting light, the spot size, and the
height h satisfies the following relationship:

tanα =
b
h

(3)

tanβ =
a
h

(4)

The dimensions of the illumination spot were substituted
into the equation (3) and (4), and the values of α and β were
calculated to be 9.50◦ and 26.60◦, respectively.

3) DESIGN OF THE COLLIMATING LENS
When using LED light sources to directly illuminate the
crop canopy, the intensity of the rectangular spot formed was
strong at the center and weak at the edges, and the light
intensity distribution was uneven. Therefore, an optical colli-
mation device, such as a cylindrical mirror or a diffuser, must
be added in front of the LED, so that not only do the size and
shape of the spot meet the design requirements, but also the
irradiance is uniform throughout the spot. A cylindrical lens
is an aspheric lens and is inexpensive, but it is large and heavy,
so it is not suitable for the portability of the apparatus. A light
shaping diffuser (LSD) is a micro-lens structure formed on
the surface of the film by holographic technique. After the
light passes through the film, the light diffuses uniformly
according to the diffusion angle, and the formed illumination
spot is softer and more uniform. Furthermore, LSDs are small
and lightweight; therefore, an LSD diffuser was used for
beam collimation.

According to the previous calculation of the light spot size,
an LSD of 10◦ × 30◦ was selected. This study used Tracepro
software (Lambda Research Corporation of Littleton, Mas-
sachusetts, USA) to model the built-in light source system.
Tracepro is the first optical design and simulation software
that uses the ACIS three-dimensional solid modeling kernel
as the benchmark and possesses the functions of optical anal-
ysis, photometric analysis, and illumination system analysis.
Furthermore, it can perform optical analysis in combination
with actual solid models, has powerful functions, and is easy
to operate. A test plate was placed at a distance of 60 cm from
the LSD through Tracepro software to trace the light, and the
irradiance distribution results were obtained by simulation,
as shown in Fig. 11.

The results showed that the designed built-in light source
system could obtain a 30 cm × 10 cm oval spot at a verti-
cal distance of 60 cm, and the irradiance value was above
1W/m2. The uniformity of the spot was calculated to be 85%
by using Equation (5) for calculating the illumination opti-
cal uniformity, and the requirements of spectral information
collection were met.

U =
Emax − Emin

Emax + Emin
∗ 100% (5)
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FIGURE 11. Irradiance distribution of the built-in light source system.

where U is the uniformity, Emax is the maximum value of
the illumination spot intensity in the target area, and Emin
is the minimum light intensity value of the illumination spot
in the target area.

To verify the actual size and uniformity of the spot,
the imaging results of the built-in light source system illumi-
nating on a standard reflecting board in the darkroom were
obtained using an industrial camera. The test platform is
shown in Fig. 12; the light source is 60 cm away from the
standard reflecting board (Size: 29.7 cm × 21 cm, Reflectiv-
ity: 80%).

The test results of the built-in light source system are
presented in Fig. 13. To show the shape and size of the
spot more clearly, the brightness of the original image was
increased by 40%. The major axis of the spot was slightly
larger than the length of the reflecting board while its minor
axis was lightly smaller than the length of the reflecting
board, i.e., the spot was an ellipse. After the invalid areas that
had a low reflectance at the edge were removed, the size of
the ellipse was about 28 cm × 12 cm, which was close to
the simulation results. Spot uniformity was calculated using
Equation (5) by reading the gray value shown by the stan-
dard reflecting board. The actual spot uniformity was about
95%, which was higher than the simulation results, indicating
that the built-in light source system generally performed as
intended.

B. DESIGN OF THE LIGHT SENSING SYSTEM
The function of the light sensing system is to receive the infor-
mation of the crop canopy reflectance spectrum. The surface
of the crop canopy can be approximately treated as a Lamber-
tian surface [18]. After the LED light source illuminates to the
crop canopy, diffuse reflection occurs. In order to ensure that
the collected signal has sufficient strength, reduced light flux
loss, and reduced noise interference, the light sensing system

FIGURE 12. Optical test platform.

FIGURE 13. Test results of the lighting system.

consisted a photodetector and a condenser lens. Fig. 14 is a
schematic diagram of a light sensing system.

1) SELECTION OF THE PHOTOELECTRIC DETECTOR
Photodetectors mainly include photocells, photodiodes, pho-
totransistors, and photoresistors. Compared with other pho-
todetectors, photodiodes have the advantages of high sen-
sitivity, short response time, wide spectral response, and
wide range of test light intensity. The MID-A841 photodiode
(Unity Opto Technology Co. Ltd., Taiwan, China) selected
by this paper has high spectral responsivity at the 730 nm and
815 nm bands. The typical value of spectral responsivity is
0.18 (Amp/Watt)

2) DESIGN OF THE CONDENSER LENS
The function of the condenser lens is to collect the diffusely
reflected light obtained after the light emitted by the built-in
light source system is reflected by the crop canopy. The
commonly used condenser lens is large and heavy, so it is
not convenient for use in portable apparatuses. Fresnel lenses
are prepared based on convex lenses, the parts that have no
effect on the change in lens curvature are excavated, and
only the parts that can show effective refraction are retained.
Therefore, Fresnel lenses are small, lightweight, and easy to
integrate.

Fresnel lens have a concentric ring structure, each ring
zone retains the curvature characteristics of the original lens,
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FIGURE 14. Schematic diagram of the light sensing system.

FIGURE 15. Schematic diagram of photodetector installation.

FIGURE 16. Photo of actual structure (asynchronous collection for the
photodiode).

and the focusing performance is unchanged. The key of
its design is to calculate the angle between the concentric
grooves and the vertical direction by determining the focal
length, thus completing the manufacturing process [31]–[33].
The light sensing system collects the crop canopy reflectance
spectrum. In order to better obtain the condensing effect,
the photodetector was located on the focal plane of the
lens. During the assembly of the apparatus, in order to
ensure that the thickness of the apparatus is not too large,
the photodetector and the LED are soldered on the same
circuit board with the same height, as shown in Fig. 15 and
Fig. 16.

For the Fresnel lens, its focus length was determined to be
15 mm by the apparatus size, its diameter was 30 mm, and its
thickness was 2 mm. The design schematic diagram is shown
in Fig. 17.

FIGURE 17. Schematic diagram of the flat Fresnel lens design.

In Fig. 17, F represents the left focal point of the Fresnel
lens; F’ represents the right focus of Fresnel lens; f and f’
represent the left and right focal lengths, respectively; uj is the
angle between the incident light and the lens centerline, and
u’j is the angle between the exiting light and the lens center
line angle; d0 is the width of Fresnel lens; rj is the distance
from the incident point of the light to the lens centerline; r’j
is the distance from the exiting point of the light to the lens
centerline; θj is the incident angle of the light, and θ ’j is the
refraction angle of incident light; ϕj is the exiting angle, and
ϕ’j is the refraction angle of the exiting light; αj is the angle
between the concentric grooves and the vertical direction.

According to the knowledge of plane geometry,

θj = αj + µj, αj = θ
′
j , ϕ
′
j = µ

′
j (6)

tguj =
rj
f
⇒ uj = arctg

(
rj
f

)
(7)

The light entered on the surface of the ring zone of the lens,
and the law of refraction gives:

sinθj = n sin θ ′j (8)

The simultaneous equations (6), (7), and (8) could give:

sin
[
αj + arc

(
rj
f

)]
= n sin

(
αj − φj

)
(9)

The following equation could be deduced from the figure:

tgφ′j = tgu′j =
r ′j
f ′
=
rj − d0tgφj

f ′
(10)

The light exited the lens surface, and the law of light
refraction could give:

nsinφj = sinφ′j (11)

The simultaneous equations (9), (10), and (11) give:

n sin
{
αj − arcsin

(
1
n
sin
[
αj + arc(

rj
f
)
])}

= sin

arctg
rj−d0tg

{
αj − arcsin( 1n sin[αj + arctg(

rj
f )])

}
f ′


(12)
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FIGURE 18. Fresnel lens model.

FIGURE 19. Schematic diagram of ray tracing of parallel light source
through Fresnel lens.

According to the settings, n= 1.5, rj = 15mm, f= 15mm,
f’ = −15 mm, and d0 = 2 mm were substituted into the
equation, and the angle αj between the concentric grooves
and the vertical direction was calculated to be 7.80◦.
In order to verify the performance of the designed Fres-

nel lens, the Fresnel lens parameter values were input into
the optical simulation software Tracepro, and a Fresnel lens
model was established, as shown in Fig. 18. A parallel light
source was set in Tracepro and vertically illuminated the
Fresnel lens. The ray tracing result is shown in Fig. 19: The
parallel beams passed the Fresnel lens and were focused on a
point 15 mm from the lens. The Fresnel lens met the design
requirements.

C. HARDWARE CIRCUIT
The hardware circuit of the monitoring and diagnosis appa-
ratus mainly included a signal conditioning circuit mod-
ule, an ATmega32 microprocessor, a constant-current source
drive module, a temperature and humidity sensor mod-
ule, a keyboard input module, and a liquid crystal dis-
play (LCD) module. Among them, the signal conditioning
circuit module was used to collect and process the infor-
mation of crop-canopy reflectance spectrum. According to
the analog-digital convert ability of the selected micropro-
cessor, the test resolution of the instrument is about 0.001.
The constant-current source drive module was used to con-
trol the time-sharing lighting up of LED light source. The
microprocessor module was used to realize the spectral
vegetation index calculation, model coupling, and inverting

FIGURE 20. Overall design of the hardware circuit.

of agronomic parameters. The keyboard input module was
used for switching the instrument function interface and user
input. The liquid crystal display module was used to dis-
play real-timemeasurement results and diagnosis results. The
hardware circuit structure of the CGMD apparatus is shown
in Fig. 20.

1) DESIGN OF THE SIGNAL CONDITIONING CIRCUIT
The signal conditioning circuit was used to perform photo-
electric conversion, filtering, shaping, and appropriate ampli-
fication of the reflectance spectral signal output by the
photodetector; it mainly included an I-V conversion cir-
cuit, a high-pass filter circuit, and a peak detection circuit.
In order to identify the modulated light generated by the
constant-current drive module, a high-pass filter was used
to extract the signal and filter out the low-frequency solar
spectrum signal after the current-voltage conversion was real-
ized on the I-V conversion circuit. However, the effective
signal extracted by this circuit also contained high-frequency
electromagnetic noise. Therefore, after the high-pass filter,
a multiple feedback active band pass filter with a center
frequency of 1 kHz was used as a peak detection circuit
to filter the high-frequency noise. In addition, the multi-
ple feedback band-pass filters and the inverting proportional
adder were combined, and the resistance parameters were
adjusted, enabling the circuit to fulfill voltage conversion, and
filtering simultaneously. The waveform of the output volage
was shifted above the time axis. Thus, the circuit had a strong
anti-interference capacity.

2) DESIGN OF THE CONSTANT-CURRENT DRIVE MODULE
LED has similar volt-ampere characteristics as the diode. The
light intensity is proportional to the forward current. In order
to ensure the stability of the light intensity, the DD312 con-
stant current source chip (Dianjing Technology Co., Ltd.,
Taiwan, China) is selected to drive the LED because of its
high precision and high integration. The chip can also accept a
control signal with a maximum frequency of 1KHz to realize
the light source modulation function. In the field testing of
the CGMD apparatus, a large difference was observed on
ambient light between sunny day and cloudy day conditions.
In order to eliminate the influence of ambient light, the
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FIGURE 21. Schematic diagram of modulation signal generation.

frequency modulation signal was used to control the LED
light source to emit modulated light with a frequency
of 1 kHz. Compared with sunlight, this modulated light had a
high frequency and could be effectively extracted by a filter
circuit. The LED light source modulation signal was gener-
ated by the pulse width modulation (PWM) module of the
microprocessor, and was output to the analog switch through
the I/O port to control the lighting up LEDs at the 730 nm and
810 nm bands. In a short period of time, the physiological
state and spatial distribution of crop canopy did not change
greatly. Therefore, time-sharing lighting was used to obtain
the reflectance spectrum values of the two bands of the crop
canopy. The power consumption in the time-sharing mode
was only half of that when LEDswere on continuously, which
greatly reduces the power consumption of the system. The
modulated signal generation diagram is shown in Fig. 21.

3) DESIGN OF THE SOFTWARE SYSTEM
The software system consisted of three modules: program
initialization, I/O interface resource control, and the appli-
cation program. The program initialization module was
used for microprocessor self-test and initialization, keyboard
input module, and LCD initialization. The I/O interface
resource-control module was used to control the key-pressing
measurement, function switching, LED lighting control, and
LCD display. The application program module was used for
collecting the information of crop canopy reflectance spec-
trum, preprocessing spectral information, calculating crop
canopy reflectance, and coupling vegetation index with crop
growth model. The entire software system adopted the mod-
ular design, which was easy to debug, transfer, and upgrade.

The CGMD apparatus was equipped with three function
keys: measurement, monitoring, and diagnosis. In the mea-
surement mode, the microprocessor generated PWM signals
that were output to the analog switch through the I/O inter-
face. It controlled the time-sharing lighting up of LEDs at
730 nm and 810 nm. The exiting light illuminated on the
crop canopy, and the photodetector received the reflectance
spectrum information simultaneously. In monitoring mode,
the microprocessor calculated the measured canopy spectral
reflectance value, RVI value, and NDVI value, was cou-
pled with crop growth monitoring model to invert growth
indices, such as LNA, LDW, and LAI, and displayed them
on the LCD. In diagnostics mode, the user could input the

FIGURE 22. Aerial photograph of the wheat experiment setup.

nutrient index model parameters, including target yield of
the test area, amount of nitrogen absorbed by 100 kilograms
of grains, and RVI value of high-yield areas through the
keyboard to diagnose the fertilization situation at the current
test site [34], [35]. The diagnosis results were displayed on
the LCD in real time.

IV. EXPERIMENT AND ANALYSIS OF RESULTS
A. DESIGN OF FIELD EXPERIMENT
The designed wheat field experiments were conducted at
Rugao base in Nantong City, Jiangsu Province fromMarch to
May 2017. Two wheat varieties, i.e., V1 (Ningmai-13), and
V2 (Huaimai-33) were set up in the experimental field. Three
nitrogen fertilizer levels—N0 (0), N1 (180 kg/hm2), and N2
(270 kg/hm2)—were selected, the ratio of base fertilizer to
top dressing is 5:5, and two planting row spacings, i.e., D1
(25 cm) and D2 (40 cm) were used. Three repetitions were
conducted, and there were a total of 36 plots, each with an
area of 5 m× 6 m. Each plot is planted independently and did
not interfere with each other. In addition, phosphate fertilizer
was applied at a rate of 120 kg/hm2, potassium fertilizer was
applied at a rate of 135 kg/hm2, and both fertilizers were
applied one time along with the base fertilizer. The remaining
field management measurements were carried out by profes-
sional agricultural technicians. The aerial photograph of the
experiment setup is shown in Fig. 22.

The designed rice field experiments were also conducted
at Rugao base in Nantong City, Jiangsu Province from
July to September 2017. The experimental varieties were
V1 (Huaidao-5) and V2 (Wuyunjing-27). The nitrogen fer-
tilizer levels used were N0 (0), N1 (180 kg/hm2), and N2
(360 kg/hm2), the ratio of base fertilizer to top dressing is
4:6. The planting row spacings selected were D1 (30 cm) and
D2 (50 cm). Three repetitions were conducted, and there was
a total of 36 plots, each with an area of 5 m × 6 m. Each
plot is planted independently and does not interfere with each
other. The phosphate and potassium fertilizer application
rates were the same as those used in the wheat experiment.
The remaining field management measures were carried out
by professional agricultural technicians.

B. EXPERIMENTAL EQUIPMENT
1) ACTIVE LIGHT SOURCE APPARATUS FOR CROP GROWTH
MONITORING AND DIAGNOSIS
The hardware system of the CGMD apparatus designed in
this paper was assembled, and the software program was
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downloaded to complete the overall assembling of the moni-
toring and diagnosis apparatus to conduct field experiments.

2) ASD HANDHELD 2 FIELD SPECTROMETER
The ASD FieldSpec HandHeld 2 spectrometer (Malvern Pan-
alytical, Malvern, Worcs, UK) can be used for the reflection-
spectrum acquisition of different objects such as crops,
marine organisms, and minerals. The device has the advan-
tages of portability, simple operation, and accurate results.
It has a test wavelength range of 325–1075 nm, wavelength
accuracy of±1 nm, spectral resolution of less than 3 nm, and
test field-of-view is 25◦.

3) LAI-2200C PLANT CANOPY ANALYZER
The LAI-2200C plant canopy analyzer (LI-CORBiosciences,
Lincoln, NE, USA) uses a ‘‘fisheye’’ optical sensor (vertical
field-of-view, 148◦; horizontal field-of-view, 360◦) to mea-
sure the transmitted light at five angles above and below
the vegetation canopy, and uses the radiation transfer model
of the vegetation canopy to calculate the canopy structure
parameters, such as LAI, mean leaf inclination angle, void
ratio, and aggregation index. The LAI-2200C is based on
the mature LAI-2000 technique platform and has a built-in
GPS module. It can integrate GPS information and perform
scattered light correction, making the LAI-2200C suitable for
the measurement under any weather conditions.

C. MEASUREMENT METHOD
1) VERIFICATION OF THE INFLUENCE OF AMBIENT LIGHT
ON APPARATUS PERFORMANCE
The tests were carried out in 12 planting areas with different
nitrogen treatments (N0, N1, and N2), varieties (V1 and V2),
and planting densities (D1 and D2) on clear and cloudless
days during the tillering stage, the stem elongation, and
the booting stage of wheat. One measurement point was
randomly selected and located in each planting area. Each
point was measured for three times, with the mean taken as
the measured value. Based on the change in solar altitude,
the CGMD apparatus was used to measure the NDVI and
the RVI of the wheat canopy at the same location in each
planting area at 10:00 a.m., 13:00, and 16:00 in the after-
noon. The instrument was mounted in a fixed position 60 cm
above the canopy, which was determined using a measur-
ing tape. Whether ambient light intensity would impact the
performance of the proposed instrument was identified by
comparing and analyzing the test results.

2) COMPARISON OF MEASUREMENTS TAKEN AT DIFFERENT
HEIGHTS
The tests were performed during the tillering stage, stem
elongation, and booting stage of wheat and rice. The CGMD
apparatus was held by hand at 40, 50, 60, and 70 cm (deter-
mined using the measuring tape) above crop canopy to obtain
the NDVI and RVI results of the crop canopy in 12 planting
areas with different nitrogen treatments (N0, N1 and N2),
varieties (V1 and V2), and planting densities (D1 and D2).

One measuring point was determined in each planting area.
Each point was measured three times, with the mean taken as
the measured value. Instrument stability at different heights
was validated by comparing and analyzing the test results.

3) SPECTRAL DATA MEASUREMENT OF DIFFERENT
INSTRUMENTS
Crop canopy spectra of different nitrogen application levels
in different growth periods (tillering, stem elongation, and
booting) of the two crops were measured using the CGMD
apparatus. The NDVI and RVI results of total 36 planting
areas were obtained. Each planting area was measured at
three different points. Each point was measured for three
times, with the mean taken as the measured value. Finally,
a total number of 144 results were collected. The ASD Field-
Spec HandHeld 2 portable spectrometer, widely recognized
commercial instrument for crop spectrum monitoring [15],
was used to measure the characteristic spectral reflectance
and reflection spectrum of crop canopy simultaneously dur-
ing the tests. NDVI and RVI results were calculated based on
the characteristic spectral reflectance. Three different points
at each planting area was measured; each point was measured
three times. Measurement results were then compared and
analyzed.

4) DETERMINATION OF AGRONOMIC PARAMETERS
The agronomic experiment and the spectroscopic apparatus
test were carried out simultaneously. The wheat sampling
method was to collect 20 single stems of each plot, and the
organs were separated indoors. The rice sampling method
was to select representative three holes for each plot. After
sampling, according to the development of plant organs,
the sample plants were separated into leaves, stem sheaths,
and ears, and the LAI-2200C plant canopy analyzer was used
to measure the leaf area index of each plot. The obtained
samples were fixed at 105◦C for 30 min and baked at 80◦C
to constant weight, followed by weighing, and then the dry
matter mass of each organ per unit field area was calculated.
After the sample was crushed, the LNC was determined by
the Kjeldahl method.

D. DATA ANALYSIS
For the ambient light influence verification test and the com-
parison test of different heights of the CGMD apparatus,
the standard deviation, and the coefficient of variation (CV)
were used to evaluate the stability of the results. For the veg-
etation index test results and agronomic parameter results of
the CGMD apparatus, the spectral monitoring models based
on the correlation spectral vegetation index were established
through linear and nonlinear regression analysis. The model
was comprehensively evaluated using the coefficient of deter-
mination (R2), root mean square error (RMSE), and ratio of
performance to deviation (RPD).

The RPD was calculated as follows:

RPD =
Sd
SEP

(13)
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where Sd is the standard deviation of the sample, and SEP is
the standard error of prediction.

When RPD < 1.4, the model prediction effect is poor;
when 1.4 ≤ RPD < 2, the model is better and can be used
for result prediction; when 2.0 ≤ RPD < 2.5, the model
prediction accuracy is high and can be used for quantitative
prediction [36].

E. RESULTS
1) TEST RESULTS OF THE INFLUENCE OF AMBIENT LIGHT
ON INSTRUMENT PERFORMANCE
The NDVI and RVI results of crop canopy measured by
CGMD apparatus at different measuring times during differ-
ent growth periods of wheat are shown in Fig. 23; as shown,
CGMD apparatus had consistent test results at different test
times on the same test day. A high discrimination between
planting areas with different nitrogen treatments was also
observed. At different test times, the maximum standard devi-
ation of NDVI was 0.027 and the maximum CV was 9.03%;
the maximum standard deviation of RVI was 0.126 and CV
was 6.04%. Moreover, the proposed instrument appeared
with high stability under the sunlight of different intensities
and was able to overcome the interference of ambient light
with test performance.

2) TEST RESULTS OF THE INFLUENCE OF HEIGHT ON
INSTRUMENT PERFORMANCE
The NDVI results obtained by CGMD apparatus at different
heights above the wheat and rice canopies are shown in
Fig. 24. According to the results of wheat, the test results
at the height of 70 cm during the booting stage of wheat
fluctuated. By contrast, the test results obtained at various
heights during the rest two stages showed little difference
and changed consistently. The maximum standard deviation
of different test results was 0.05; the maximum CV was
16.6%. When the test results at the height of 70 cm were
excluded, the maximum standard deviation dropped by 0.023
and the maximum CV by 8.03%. As for the test results of
rice, there was noticeable difference between the test results
at the height of 70 cm and those at the other heights in all
growth periods tested, especially the tillering stage. Such
difference diminished during the stem elongation and the
booting stage. The standard deviation of the test results was
0.054; the maximum CV was 18.3%. When the test results at
the height of 70 cm were eliminated, the maximum standard
deviation declined by 0.023 and the maximum CV declined
by 6.99%. It can thus be inferred that the proposed instrument
had a high stability within the given range of height. However,
it performed unstably when the test height exceeded that
range, which was particularly significant in the case of rice.

3) TEST RESULTS OF THE CONSISTENCY BETWEEN
DIFFERENT INSTRUMENTS
To verify the measurement accuracy of CGMD apparatus,
the commercial ASD Fieldspec HandHeld2 spectrometer was
used for synchronous testing. The NDVI and RVI obtained

FIGURE 23. Comparison between the test results of CGMD apparatus at
different time points. (a). RVI results. (b). NDVI results.

FIGURE 24. NDVI results measured using CGMD apparatus at different
heights above the wheat and rice canopies. (a). Wheat. (b). Rice.

from the same spectral band test were used for linear regres-
sion analysis. CGMD apparatus is pre-written with a vegeta-
tion index calculationmodel, which can directly output NDVI
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FIGURE 25. NDVI results measured using CGMD apparatus at different
heights above the wheat and rice canopies. (a). Wheat. (b). Rice.

and RVI. The vegetation index results of ASD Fieldspec
HandHeld 2 were calculated by extracting the reflectance of
the corresponding spectral band. The results are shown in
Fig. 25.

According to the results in Fig. 25, the determination coef-
ficient (R2) values of NDVI and RVI obtained by the two
instruments for wheat test were 0.716 and 0.7314, respec-
tively, and the RMSE were 0.043 and 0.14, respectively.
Similarly, for rice, the R2 values of NDVI and RVI obtained
by the two instruments were 0.8186 and 0.8421, respectively,
and the RMSE were 0.40 and 0.12, respectively. The test
results between CGMD apparatus and ASD for rice and
wheat have high consistency. The CGMD apparatus designed
in this paper can accurately obtain the canopy vegetation
index of rice and wheat.

4) ESTABLISHMENT OF THE SPECTRAL MONITORING
MODEL
In the spectral model building test, regression analysis of the
NDVI and RVI results (obtained using CGMD apparatus),
the LAI (obtained using LAI-2200C) and the LDW, LNC, and
LNA (obtained by the agronomic test) in all growth periods
of wheat and rice was made. The spectral monitoring model
for the relationship between vegetation index and agronomic
parameters was built and written into the proposed instrument

to realize the real-time inversion of agronomic parameters
(Fig. 26).

As shown in Fig. 26, the relationship between the NDVI
measured by CGMD apparatus and the LAI of wheat was
more in line with the exponential model variation. There-
fore, regression analysis of these two parameters was made
using the exponential model, whereas the models for the rela-
tions between the other agronomic parameters and vegetation
index were built by means of linear regression. According to
the regression results, the R2 values of the fitting between
NDVI and the LAI, LDW, LNC, and LNA of wheat mea-
sured by the CGMD apparatus were 0.7877, 0.673, 0.6105,
and 0.6647, respectively; the respective RMSEs were 0.86,
59.90, 0.76 and 2.87. By contrast, the R2 values of the fitting
between RVI and the agronomic parameters of wheat (LAI,
LDW, LNC, and LNA) were 0.7881, 0.6944, 0.5973, and
0.6818, respectively; the respective RMSEs were 0.86, 51.87,
0.78, and 2.80. For rice, the R2 values of the fitting between
NDVI and LAI, LDW, LNC, and LNA were 0.7098, 0.6742,
0.3835 and 0.7247, respectively; the respective RMSEs were
1.18, 65.85, 0.25 and 2.73. In comparison, the R2 values of
the fitting between RVI and the agronomic parameters of rice
(LAI, LDW, LNC, and LNA) were 0.6908, 0.6787, 0.3766,
and 0.7489, respectively; the respective RMSEs were 1.25,
66.06, 0.25 and 2.60. It can be seen from the RPD calculation
results that the RPD values of the prediction models for
the LAI, LDW, and LNA of wheat and rice built based on
the NDVI and RVI measured by the CFMD402 were larger
than 1.4, indicating that the models performed favorably in
prediction. In addition, the RPD of the prediction model for
wheat LNC was also about 1.4, which suggested that it could
be used for wheat LNC prediction. However, the RPD of
the prediction model for rice LNC was small. Specifically,
the RPD values the model for rice LNC predicted by NDVI
and RVI were as small as 1.06 and 1.08, respectively, which
demonstrated that the model for rice prediction performed
poorly.

V. DISCUSSION
According to the results on the non-destructive acquisition
of reflection spectrum in this study, crop growth informa-
tion could be acquired using the proposed method in a
rapid, real-time, and non-destructive way. Monitoring crop
growth using ground spectrometers has also become a major
means of agricultural information acquisition. Compared
with vehicle-mounted spectrometers and remote sensing
spectrometers, handheld ground object spectrometers are
smaller, lighter, and easier to use. They are available on
demand and can provide field management with decision-
making information in real time. So far, instruments, such
as ASD FieldSpec, Greenseeker, and Rapid Scan, have been
applied in practice and obtained favorable results [37]–[40].
However, these instruments are mostly designed for commer-
cial purposes. Intellectual property protection has not only
pushed up the prices but also made it hard for secondary
development based on these products due to non-public
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FIGURE 26. Establishment of the spectral monitoring model based on CGMD apparatus. (a). LAI prediction model. (b). LDW prediction model. (c). LNC
prediction model. (d). LNA prediction model.

technical details. In addition, the indicators these commercial
spectrometersmeasure are spectral reflectance and vegetation

index, and they cannot present the agronomic parameters of
crops and nitrogen nutrition diagnosis results in real time
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for lack of accurate spectral monitoring models. For these
reasons, an active light source apparatus for crop growth
monitoring and diagnosis was developed in this study by
analyzing the cultivation characteristics of row crops based
on the long-term experience in wheat and rice reflectance
spectrum test. More importantly, all the technical details
regarding the proposed instrument have been made public,
including the design idea, instrument structure, main software
and hardware functions, and test methods. To better promote
it among agricultural technicians and apply it to agricultural
production, the tests on wheat and rice with different nitrogen
treatments were designed to develop a crop canopy spectral
monitoring model for real-time acquisition and direct display
of wheat and rice growth parameters. Apart from the test
results mentioned in this study, agronomic tests were con-
tinued to optimize the model, improve model performance,
enhance test accuracy, and strengthenmodel universality after
the proposed instrument was developed.

Spot size design was simulated using Tracepro and val-
idated by tests. There was slight difference between the
measured spot size and simulation result, but it basically
complied with the design requirements. Also, the spot unifor-
mity was superior to the simulation result. To test the actual
performance of the proposed instrument, the ambient light
influence test and the height comparison test were designed
and conducted. According to the results of the ambient light
influence test, the proposed instrument was less affected by
ambient light and showed high stability at different times. The
maximum CV of NDVI and RVI were as small as 9.03% and
6.04%, respectively. In the test on the influence of height, the
proposed instrument worked stably in wheat and rice testing
within the standard test height of 60 cm. It fluctuated little in
wheat testing when the test height reached over the standard
range, but greater fluctuations were observed in rice testing
throughout all growth periods. One possible reason was that
the spots generated by the built-in light source system were
smaller and the radiation intensity of the spot per unit area
was stronger when the test height was less than 60 cm. In this
case, the spots could still cover crop canopy well in all growth
periods. However, the spot area was larger than the designed
standard area when test height was over 60 cm, which made
it easier for light to spread to the field from the edge of crop
canopy. Considering that the reflection of water layer is much
stronger than that of soil, the test result was more susceptible
to interference.

The spectral model building test suggested that NDVI
and RVI obtained by CGMD apparatus performed poorly in
predicting the LNC of rice. Specifically, the RPD values were
only 1.06 and 1.08, respectively. There was difference in the
rest of the agronomic parameters of rice between the planting
areas with low and high nitrogen treatments, but LNC did
not show this type of difference. A possible explanation
was that the problems that arose during the indoor tests and
analysis had resulted in poor data discrimination, which will
be validated in subsequent tests.

VI. CONCLUSION
1) In this study, a double-band active light source appa-

ratus for crop growth monitoring and diagnosis was
developed. A method to filter the interference signal
of ambient light while collecting the valid reflection
signal from the light source by means of light source
modulation and high-pass filtering was put forward.
High-frequency electromagnetic noise was further fil-
tered using active band-pass filters, thereby enhancing
the signal-noise ratio and the measurement accuracy of
the instrument. Also, the built-in light source system
that is able to generate uniform elliptic spots at the
vertical height of 60 cm was designed based on the
cultivation characteristics of wheat and rice. According
to the Lambertian reflection characteristics of a crop
canopy, a Fresnel lens with a focal length of 15 mm,
diameter of 30 mm, thickness of 2 mm, and an angle
of 7.8◦ between the sawtooth and the vertical direction
was designed to collect the diffuse reflection light from
crop canopy.

2) Both the built-in light source system and the light
sensing system were designed based on single-point
statistic test using the CGMD apparatus. Therefore,
there is still room for improvement in the test method.
After building the high-accuracy spectral monitoring
model, the luminescent property and effect of light
source in the dynamic environment would be analyzed,
based on which the built-in light source system and
the light sensing system that are capable of dynamic
monitoring can be designed. Additionally, functions
like handheld scanning, vehicle-mounted testing, and
low-altitude remote sensing testing can be added to
strengthen instrument performance, diversify its moni-
toring methods, and satisfy the test demands of differ-
ent users and field scales.

3) According to the vegetation indices of wheat canopy
obtained at different times within one test day, the com-
bination of light source modulation and the filter circuit
can favorably isolate ambient light; the results tested at
different times are stable with small standard deviations
and variation coefficients. The test results obtained at
different heights suggest that the proposed instrument
works stably within the prescribed range of height.
When the test was conducted at a larger height, large
fluctuations in the test results were obtained and sig-
nificant increases in standard deviation and CV were
observed. It indicates that it is necessary to take the
applicable height range of the instrument into full con-
sideration when designing the light source of the active
light source spectrometer.

4) The results of wheat and rice throughout the growth
periods indicated that the spectral monitoring model
built in this study perform well in predicting the LAI,
LDW, and LNA of wheat and rice. The RPD val-
ues were larger than 1.4 in all cases. To summarize,
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the spectral monitoring model built based on this agro-
nomic test allows real-time, quick, and accurate acqui-
sition of wheat and rice growth information.
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