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Abstract: In order to detect crop chlorophyll content in real-time, a new vehicle-mounted detector
for measuring crop canopy spectral characteristics was developed. It was designed to work as a wireless sensor
network with several optical sensor nodes and one control unit. All the optical sensor nodes were mounted
on an on-board mechanical structure so that they could collect the canopy spectral data while in mobile
condition. Each optical sensor node was designed to contain four optical channels, which allowed it work at the
wavebands of 550, 650, 766 and 850 nm. The control unit included a PDA (Personal Digital Assistant) device
with a ZigBee wireless network coordinator and a GPRS module. It was used to receive, display, store all the
data sent from optical sensor nodes and send data to the server through GPRS module. The calibration tests
verified the stability of the wireless network and the measurement precision of the sensors. Both stationary and
moving field experiments were also conducted in a winter wheat experimental field. Results showed that the
correlation between chlorophyll content and vegetation index had high significance with the highest
R2 of 0.6824. Those results showed the potential of the detector for field application. Copyright © 2014 IFSA
Publishing, S. L.
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1. Introduction
As an important part of precision agriculture,
precision nitrogen management could have great
economic and ecological benefits. Uniform
fertilization is the conventional fertilizing method
and may have a lower Nitrogen Use Efficiency
(NUE) because of the spatial variability of soil
fertility. As the core of precision agriculture
management, variable rate fertilization (VRF) can
fundamentally solve this problem. This kind
of management requires real-time detailed
information on crop nitrogen content. However,
at present the most common way to get the nitrogen
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content is by chemical analysis method in a lab,
which
is
expensive,
complicated
and
time-consuming.
On the other hand, spectral analysis has been
widely applied in evaluation of crop nutrient status.
Previous research revealed that nitrogen had a great
effect on the chlorophyll content of the crop leaves,
and could further cause a change of the spectral
reflectance of the crop canopy [1]. When the nitrogen
content was deficient, the chlorophyll level in those
plants decreased accordingly causing a decrease in
spectral reflectance in the NIR and an increase in the
visible waveband [2]. This characteristic made it
possible to use spectroscopy to estimate nitrogen
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content. Since the 1970s, many related studies have
been conducted. It was reported in [3] that it was
possible to estimate the nitrogen content in corn
plants in terms of reflectance spectra from crop
canopy. Bell et al. [4] measured the energy reflected
from a turf grass canopy in the range
350-1100 nm and found that there was an acceptable
correlation
between
Normalized
Difference
Vegetation Index (NDVI) and chlorophyll content,
and concluded that the NDVI could be used
to estimate the chlorophyll content of turf grass.
Wang et al. [5] reported that a vegetation index RVI
(730,550) was capable of monitoring the chlorophyll
content of flue-cured tobacco. With the advantages of
being non-destructive, simple and low-cost, spectral
analysis devices have become more popular.
Researchers
have
invented
many
kinds
of crop detector based on the principles mentioned
above. Sui et al. [6] developed a device
for detecting nitrogen status in cotton plants
by measuring the spectral reflectance of the cotton
canopy at four wavebands (blue, green, red, and
NIR). Xu et al. [7] developed an optical sensor after
analyzing the optical characteristics of canopy
spectral reflectance and the optical principle
of non-destructive nitrogen monitoring. Ni et al. [8]
developed a multi-spectral sensor to collect rice and
wheat growth Information at the 560, 710, 720,
810 nm. Li et al. [9] developed a new smart apparatus
based on optical principle and WSN technology to
evaluate
the
crop
growth
status.
Some laboratory or handheld spectrometers with high
accuracy have also been commercialized but most are
expensive, fragile and difficult to use for on-the-go
measurement.
Hence, it is necessary to develop a new vehiclemounted detection system for easily monitoring crop
canopy spectral characteristics. ZigBee, as a newly
developed wireless communication technology, can
organize a wireless sensor network (WSN) to make
the system more flexible. Compared to Bluetooth
or Wi-Fi, ZigBee has advantages such as an easier-touse protocol, lower power consumption, higher
reliability and lower costs which have made it more
popular for agricultural use [10]. Morais et al. [11,
12] developed a wireless communication system
based on ZigBee technology to support powdery
mildew prediction in a vineyard. They chose a
JN5121 ZigBee module to set up the network, and
used solar panels as the power supply. Ruiz-Garcia et
al. [13] used wireless nodes for monitoring storage
and transport of fruits. Zhang et al. [14] developed a
farmland monitoring system for soil moisture based
on ZigBee wireless sensor network. Park et al. [15]
used a ZigBee-based WSN connected with air
temperature and air humidity sensors to monitor the
leaf growing environment. Deng [16] also built a
ZigBee WSN system to collect the soil moisture,
environment temperature and humidity information
in field. In this paper, a system is described to work
as a ZigBee wireless sensor network with one control
unit and several optical sensor nodes. All the units
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were installed on an on-board mechanical structure so
that the detection system could measure crop spectral
characteristics on-the-go and in real time.

2.

Development of Vehicle-mounted
Crop Detector

2.1. Structure of the Vehicle-mounted Crop
Detector
The vehicle-mounted crop detector was designed
with one control unit and several optical sensor nodes.
It was shown in Fig. 1.
Ⅰ
Ⅱ

……
Ⅱ

Ⅱ

Control unit

optical sensor node

Fig. 1. Structure of the vehicle-mounted crop detector.

The control unit was a CS350 type of PDA
(Personal Digital Assistant) with an attached ZigBee
wireless
communication
module
(Cilico
Microelectronics Corp., Ltd, Xi’an, and China).
As the coordinator of the whole wireless network,
it was used to receive, display and store all the data
sent from different optical sensor nodes. Since
wireless communication was applied, the PDA could
be easily used, installed in the cab of the tractor
or hand-held by the operator. Each optical sensor was
used as a sensor node in this WSN. Each optical
sensor node consisted of an optical part and a circuit
part. The optical part contained four optical channels
at the wavebands of 550, 650, 766 and 850 nm,
respectively. Since the detection system used sunlight
as light source, besides the reflected light from crop
canopy, the sunlight intensity should also
be measured as reference. Therefore, a full function
optical sensor node had to contain eight optical
channels, upward four for the sunlight and downward
four for the reflected light. Only one optical sensor
node had to have the four upward and four downward
optical channels as the type I sensor shown in Fig. 1.

2.2. Development of the Optical Sensor Node
Fig. 2 illustrates the block diagram of sensor
node I. A silicon photodiode was used to convert the
light signal to current signal in each optical channel.
The weak signals were then amplified and
transformed to voltage signals, and subsequently read
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through A/D convertors in the microcontroller unit
(MCU). The measured data were wireless transmitted
to the co-ordinator via antenna. As introduced above,
the type-I sensor had eight analog signals, while each
type-II sensor had only four signals for the
measurement of crop reflected light. A 4:1 time
sharing analog multiplex chip was applied to share
the amplification unit and an OPA333 amplifier was
chosen which had the properties of high-precision,
low quiescent current, and low power consumption.
A JN5139 wireless module (Jennic, Co., UK) was
applied as the core element of the detector.
It provided all RF components and various
peripherals, and gave users a comprehensive solution
with high radio performance. A JN5139
microcontroller as MCU was integrated in that
module to implement IEEE802.15.4 or ZigBee
compliant systems. This microcontroller included a
4-input 12-bit A/D converter unit and was easy
to use.

from sensor nodes. Additionally, this powerful PDA
was also designed to process, display, store all the
data and send data to the server through GPRS
module. The JN5139 module communicates with the
PDA through the RS232 serial-port.
Filter

Convex lens

Photodiode
(a) Structure diagram of a
single channel

Convex lens
.

(b) Upper part of
Channels

Filter

Light paths
JN5139

Photodiode

Analog
switch
ADC

RF

amplifier

Fig. 2. Block diagram of the hardware in the sensor I.

2.3. Development of the Optical Unit
The optical unit was designed with four optical
channels, as shown in Fig. 3, in which each optical
channel had two parts – the upper part (Fig. 3b) and
lower part (Fig. 3c). The convex lenses were
mounted in the upper part, while the filters and
photodiodes were placed in the lower part. Two parts
were assembled with screws. Channels could
be easily disassembled with this design, thus, the
filters could be easily replaced when different center
wavelengths were required. The centre wavelengths
of the filters were 550, 650, 766 and 850 nm and all
the photodiodes were PIN-Si photodiode.
The changing angle of the incident sunlight might
cause an influence, so that four milky diffuse glasses
were used as the optical windows of the four upward
channels. Photos of the optical channels and the
whole sensor are shown in Fig. 4. The sensor should
be placed over the crop canopy vertically when
measuring.

2.4. Development of the Control Unit
The control unit (controller) was a modified PDA
with an attached JN5139 module and a GPRS
module. As the coordinator of the wireless network,
the controller was used to build and organize the
local area network (LAN) and to receive all the data

(c) Lower part of
Channels
Fig. 3. Parts of the optical unit.

Downward

Upward

Fig. 4. Optical unit of the type I sensor node.

2.5. Software in the Optical Sensor Node
Every optical sensor node was the end device in
this ZigBee LAN and shared the same workflow. The
flow chart of the software in the optical sensor node
is illustrated in Fig. 5. Once started, the sensor was
initialized and the data were collected automatically
with a certain sampling frequency. By setting the
address of analog switch, the sensor selected the
appropriate channel and collected data. Data
acquisition of each channel was repeated for
10 times, and then averaged. When data collections
of all the channels were completed, the data were
sent to the coordinator via the ZigBee wireless
device. Every sensor had a unique identifier, and the
sampling frequency was adjustable according to
different requirements. One Hz was recommended in
this development.
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2.6. Software in the Controller
The operating system of the PDA was Windows
CE6.0. The application was developed by using
Visual Studio 2008. The coordinator connected to the
PDA had to receive the data from optical sensor
nodes and transmit to the PDA via a serial port.
The flow chart of the data acquisition system
is illustrated in Fig. 6. Once initializing after start, the

Start

Start

Initialize

Initialize

Time up ？

No

Yes

Search and choice
network

Sensor node
to join？

Select channel
and collect data

No

Yes

No
Finish ?
Yes
Send data
No

coordinator searched for sensor nodes to join in and
received the data sent from them. The received data
were then processed, displayed and stored in the
memory disk of the PDA. A vegetation index such
as NDVI could be immediately calculated in the
PDA. Besides, the users can input the IP address,
Port and send the data to the Server. Fig. 7 shows the
interface of the software mainly included a welcome
page and a data acquisition system.

Assign network
address
Receive and
display
All finish？

All finish ？
Yes
End

Fig. 5. Flow chart of the software in sensor node.

No

Yes
Save
End

Fig. 6. The flow chart of the software in controller.

Transmission quality was evaluated at distances
of 20, 40, 60, 80 and 100 m. The result showed that
the signals of all tests could be transmitted precisely
without packet loss. It was confirmed that the
wireless network could achieve the best
communication
quality
when
the
antenna
was placed vertically and meet the requirements
of agricultural application.

3.2. Calibration of the Optical Performance
Fig. 7. The interface design of the software.

3. Results and Discussion
3.1. Test of the Wireless Performance
The wireless performance was tested at a winter
wheat experimental field located in Changping
District, Beijing. There were no obstacles between
sensors and controller in the open wheat field.
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Calibration was conducted in the campus
of China Agricultural University. It included two
experiments.
In
the
first
experiment,
an illuminometer was used to measure the sunlight
with illuminance while the detectors were used
to measure the reflected light of a standard white
panel.
This
panel
was
made
of
polytetrafluoroethylene
(Anhui
Institute
of Optics and Fine Mechanics, China) and assumed
to have 100 % of relative reflectivity.
Both illuminometer and standard white panel were
set in a horizontal plane. The tests were carried out
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every 10 minutes from 9:00 am to 3:00 pm. Data
output from illuminometer and from the light paths of
each detector were compared respectively.
The result is shown in Table 1. The minimum R2
between illuminometer and each light channel of the
sensors was 0.955. It was showed that the developed
sensor was sensitive to measure the sunlight (Upward)
and reflectance light from objects (Downward).
Table 1. Coefficient of determination between
the illuminometer and each optical channel
of the sensor nodes (R2).
Optical
channels
Upward
Downward

550
nm
0.970
0.955

650
nm
0.974
0.980

766
nm
0.978
0.978

850
nm
0.982
0.966

In the second experiment, the sensor node
was use to measure the reflected light of a MS100
reference board (Shanghai Labsphere Optical
Equipment Co., Ltd, Shanghai, China) at the vertical
distance of 20 cm. As shown in Fig. 8 (a), the
reference board included four areas with different

gray level (from G1~G4). The measured reflectivity
values were different according to the gray value of
the reference board. The reflectance data of each area
from 250 nm to 2500 nm (Shown in Fig. 8 (b)) were
given in a datasheet from the specifications of the
board. The data in Fig. 8 (b) was used to calibrate the
optical performance of the sensor nodes.
The type I of sensor with eight optical channels
(full function sensor node) was used in this
calibration. A relative reflectance at four wavelengths,
550, 650, 766 and 850 nm, was calculated by
dividing the values of downward channels by the
values of corresponding upward channels,
respectively. The tests were carried out from 11:00
am to 12:50 pm. The sensor node was use to measure
the four areas in the reference board (from G1~G4)
respectively in every 10 minutes. Correlations
between the relative reflectance data of the optical
sensor node and the reflectance data of the reference
board were analyzed. The test results are shown in
Table 2, and the best result was at 12:30 which was
shown in Fig. 9. The trend line and R2 of the
reflectivity values measured in four different bands at
12:30 are shown in Table 3. Test results showed a
high correlation for every optical channel and the
stability of sensor node.

Grey level

1.2

G1

G2

G3

G4

Reflectance

1.0
0.8
0.6
0.4
0.2
0.0
200
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1200

1700

2200

Wavelength (nm)

Fig. 8. Calibration of the optical performance with a reference board:
(a) Illustration of the calibration experiment, (b) Reflectance of the reference board.
Table 2. Correlations between the relative reflectance of the sensor node and the reflectance data of the reference board.
550 nm

650 nm

766 nm

850 nm

11:00

0.9887

0.9821

0.9843

0.9868

11:10

0.9640

0.9725

0.9872

0.9607

11:20

0.9993

0.9997

0.9800

0.9952

11:30

0.9775

0.9909

0.9624

0.9668

11:40

0.9663

0.9355

0.9986

0.9422

11:50

0.9856

0.9838

0.9718

0.9874

12:00

0.9968

0.9992

0.9598

0.9849

12:10

0.9914

0.9936

0.9958

0.9919

12:20

0.9988

0.9995

0.9903

0.9955

12:30

0.9969

0.9962

0.9968

0.9981

12:40

0.9962

0.9965

0.9833

0.9885

12:50

0.9980

0.9961

0.9944

0.9980
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Fig. 9. Correlations between the relative reflectance of the sensor node
and the reflectance data of the reference board at 12:30:
(a) At 550nm, (b) At 650nm, (c) At 766 nm (d) At 850 nm.
Table 3. The trend line and R2 of the reflectivity values at 12:30.
The trend line
y = 0.6580x + 0.1958
y = 0.4986x + 0.4498
y = 0.3713x + 0.1777
y = 0.8851x + 0.3188

3.3. Field Experiments and Analysis
Field experiments were carried out on April 13,
2011 and April 27, 2011 in a winter wheat
experimental field in Xiaotangshan Precision
Agriculture Demonstration Farm located in the
northern Beijing. The field was 100 m in length and
60 m in width. The objective of the field
experiments was to verify the validity of the
detection system. The field experiments contained
two parts, stationary experiment and moving
experiment.
The stationary experiment was conducted
on April 13, 2011. 40 sample points were selected
at random and the spectral reflectivity values
of wheat at these sample points were measured by
the detection system. Several vegetation indices
were calculated based on the spectral data of 550,
650, 766 and 850 nm. The chlorophyll content
of the wheat leaves was measured in the laboratory
by a SPAD meter, where the relative error of the
SPAD meter was less than 5 % [17, 18]. The
chlorophyll content was used to evaluate the
performance of the detection system. As shown in
Table 4, the chlorophyll content and vegetation
index had high correlation coefficients, and the
highest R2 was 0.6824. The relationship between
NDVI (550,850 nm) and chlorophyll content is
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R2
0.9969
0.9962
0.9968
0.9981

shown in Fig. 10. It was found that there was
significant linear relationship between them.
Table 4. Correlation between chlorophyll content
and vegetation index.
NDVI 650,766 (nm)
NDVI 650,850 (nm)
NDVI 550,766 (nm)
NDVI 550,850 (nm)

The trend line
y = 59.85x + 31.20
y = 54.49x + 36.06
y = 149.9x + 3.847
y = 130.3x + 17.40

R2
0.6578
0.6646
0.6464
0.6824

65

Chlorophyll content (mg/L)

550 nm
650 nm
766 nm
850 nm

y = 130.3x + 17.40
R² = 0.6824

60
55
50
45
40
35
0.15

0.2

0.25

0.3

NDVI (550,850 nm)

Fig. 10. Correlation between NDVI
and chlorophyll content.
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The moving experiment was conducted
on April 27, 2011, when the wheat was at tillering
stage with a height of approximately 20 cm.
The detection system was mounted on a two-wheel
experimental vehicle (shown in Fig. 11), and driven
manually with a constant speed of 1.5 m/s.
Only four sensor units were used in the experiment.
Generally, on a cloudless day more than 100 units
can be connected within 100 meters to form a
wireless sensor network. Since this system will be
mounted on a tractor to measure crops,
it is suggested that the number of sensor units
should be less than 20, which were placed within
30 meters of distance. The vertical distance
between the sensor nodes and wheat canopy
was also about 20 cm. The distance between two
adjacent sensor units was 70 cm and the width
of the experimental bar frame was 210 cm. Sensors
collected the data with a frequency of 1 Hz.
The data were immediately displayed on the PDA.
All the data were saved at the end of the
experiment. The latitude and longitude data were
also collected with a portable GPS receiver at the
same time. By integrating the GPS data and crop
spectral data, it was easy to plot the distribution
map of NDVI and then to obtain the distribution
map of the chlorophyll content of wheat.
The NDVI map was drawn by using Kriging
interpolation method with the software of Surfer
8.0, as shown in Fig. 12. A significant spatial
variability was observed in this map, and it shows a
potential to provide prescription for variable rate
fertilization.
The studies in this article are the first step
to complete all development of this crop detection
system. It is necessary to conduct more field
experiments under the platform-moving condition
to further evaluate the performance of the detector
and to construct its operation specifications.

Fig. 11. On-board mechanical structure design
of the detection system.

spectral characteristic of the crop canopy in this
study. It consisted of one control unit and several
optical sensor nodes. The system was designed
to work as a ZigBee wireless sensor network,
so that it could be easily and quickly installed on
the vehicle. After performance test, calibration and
field experiments, the following conclusions were
obtained.
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Fig. 12. Distribution map of NDVI of wheat.

1) The sensor nodes were compact and small
sized. Transmission quality of the sensor nodes was
evaluated at distances of 20, 40, 60, 80 and 100 m
and the signals could be transmitted precisely
without packet loss in all tests. It proved that the
detector could meet the requirement in crop field.
2) Calibration experiments showed that the
accuracy of the optical components was high
enough for application. The measured values
between the monitor and an illuminometer had a
good correlation, and the minimum R2 was 0.955.
3) The result of the stationary field experiments
showed that the detection system was capable of
monitoring
the
spectral
characteristic
of the crop canopy. The correlation between
chlorophyll
content
and
NDVI
value
was an acceptable level, with the R2 of 0.64640.6824.
4) The field experiments showed with the help
of GPS, the spatial distribution of crop nutrition
could be obtained, which was very important
for variable rate fertilization. It provided a potential
to detect crop in the field.
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