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Abstract
To improve the monitoring accuracy of the crop nitrogen sensor, this paper
systematically investigated the optical system parameters affecting the monitoring
accuracy of the monitor by analyzing principle of the sensor and the optical system design
scheme, and designed a scheme of calibrating optical system parameters which included
calibration of single photocell, multi-element combination and integrated optical system.
Besides, the parameters calibration of optical system was further conducted by laboratory
experiment. The data of rice field experiments were used to validate the effectiveness of
the parameter calibration scheme of the optical system. The results indicate that the
determination coefficient between normalized difference vegetation index (NDVI) and
nitrogen content of rice leaves increases to 0.734 from originally 0.651. That is, the
monitoring performance improves significantly after performing system calibration.
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1. Introduction
Crop nitrogen sensor rapidly monitors the status of crop nitrogen nutrition in real-time
and provides the implementation of precisely managing crop production with technology
support [1]. At present, the monitoring theory of crop nitrogen with non-destructive
method, and development of relating devices have been further put forward based on
reflectance spectra. American CROPSCAN Company developed the multispectral
radiometer for monitoring the reflectance spectra of crop canopy [2]. German Yara
Company designed the crop nitrogen content sensor, N-Sensor. A variable rate
fertilization group in America prepared the normalized difference vegetation index
(NDVI) sensor, Greenseeker [3-4]. American Holland Scientific Company developed a
plant canopy spectrometer, Crop Circle ACS-470 [5]. And Japanese TOPCON Company
prepared a crop nitrogen content sensor, CropSpec, based on modulated laser [6]. In
China, Wang Xiu et al., from Beijing research center for information technology in
Agriculture designed a normalized difference vegetation index (NDVI) measuring
instrument for managing wheat in field [7-9]. Xia Hui from Anhui institute of optics and
fine mechanics developed a dual-wavelength optical sensor to monitor plant nitrogen
content based on spectral remote sensing technology [10]. Li Xiuhua et al., from China
agricultural university designed a crop canopy analysis instrument based on spectroscopy
theory by improving the optical channel and data transmission of the spectroscopy
instrument for diagnosing crop growth [11].
The optical system is one of the key components in the crop nitrogen sensor. Its
accuracy affects the whole instrument’s performance. On one hand, various photoelectric
detectors and the differences and attenuations of the performance about each element’s
*
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lead to detection errors [12], on the other hand, due to material’s particularity, invisible
abrasion is likely to happen to optical elements. In addition, monitoring errors possibly
occur due to the uncertain factors in assembling process [13]. Presently, standard
whiteboard is generally used to calibrate the optical system of the sensor before
measurement; however, the abrasion of the standard whiteboard after using for a period of
time and the complex calibration operation also affect the measurement accuracy of
instrument. However, so far, seldom studies have been made on perfect calibration about
optical system of the crop nitrogen sensor.
Aiming at the actual demands for crop nitrogen sensor [14] in field uses, this paper
investigated the performance parameters affecting the measurement accuracy of optical
system and its corresponding calibration method. Furthermore, the parameter calibration
of the optical system was carried out, which provided technological support for improving
measurement accuracy.

2. The Optical System of Crop Nitrogen Sensor
Crop nitrogen sensor uses sunlight as passive light source. It calculates the canopy
spectral reflectance by detecting the incident sunlight and crop canopy reflected light.
Then the relation model of spectrum parameter and crop nitrogen is used to calculate the
crop nitrogen index. The optical system consists of upward optical sensor and the
downward optical sensor, as shown in Figure 1.
Upward optical sensor

Downward optical sensor

Figure 1. Optical System of the Crop Nitrogen Sensor
Upward optical sensor is designed to receive solar radiation, including that of the
diffuser, band-pass filter, lens and detector. When the sunlight with a radiation flux
density ω radiates on the upward optical sensor at an incidence angle θ, light shoots on
the photosensitive surface of the silicon photocell by passing through the diffuser and
optical filter, and the output photocurrent ISCU of photocell is [15]

ISCU= S×Hupward = S×β×Ω light×cosθ

(1)

Where S refers to light responsivity of the photocell in upward optical sensor, A/W;
Hupward refers to illumination value received by the photocell of upward optical sensor,
W/cm2;
Β refers to attenuation coefficient of upward optical sensor;
Ω light denotes the radiation flux density, W/cm2.
Downward optical sensor is applied to receive canopy reflected light information,
including information of window mirror, band-pass filter, lens and detector. When
sunlight with radiation flux density ω irradiates on the crop canopy at an incidence angle
, crop canopy is an approximate Lambert reflector. The reflected light shoots on the
photosensitive surface of the silicon photocell in downward optical sensor by passing
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through window mirror, band-pass filter and photographic lens. The output ISCD of silicon
photocell is [15]

ISCD = S’×Hdownward = S’×β’×N×Ψ

(2)

Where S’ refers to light responsivity of the photocell of downward optical sensor, A/W;
Hdownward is illumination value fitting for the photocell of downward optical sensor;
β’ refers to attenuation coefficient of downward optical sensor;
N is crop canopy radiance, W•sr-1•cm-2;
Ψ denotes field solid angle of downward optical sensor, sr;
Crop canopy approximates to Lambert reflector, on which the hemisphere reflectivity ρ
can be calculated by using formula (3) [16-17]
ρ=π× B /E

(3)

In the formula, B refers to reflection radiance of diffuse reflectors, W.sr-1.cm-2; and E is
solar incident irradiance, W/cm2.
Therefore, ω in formula (1) and N in formula (2) are equivalent to E and B in formula
(3) respectively. By substituting formulae (1) and (2) into formula (3), we obtain
ρ=π× N /Ω light =[(π× ISCD)/ (S’×β’×Ψ)] /[ ISCU/( S×β×cosθ)]

(4)

Let K=(π×cosθ)/ Ψ, and L=( S×β)/(S’×β’), the crop canopy reflectance ρ is
ρ=K×L×ISCD / ISCU

(5)

π is a constan, ψ is associated with the field angle and the measuring distance of the
optical system; and cosθ is related with solar altitude. Those parameters can be obtained
by calculation. Absolute values of the parameters in coefficient L, which are associated
with elements properties of the instrument and optical system structure, cannot be obtain
by calculation. They are usually acquired by using standard whiteboard calibration [18].
However, the standard whiteboard tends to be worn after using a period and the complex
calibration has to be carried out in each measurement, the measurement accuracy of the
sensor is therefore affected. It is necessary to calibrate L in different optical systems of
same sensor and different sensors before using instruments. Besides, to ensure that the
relations of output and input for optical system do not vary with L, optical system of the
sensor also needs to be calibrated with L.

3. Optical System Calibration
3.1. Calibration Theory of Optical System
L calibration for optical system includes calibration for the responsivity of each
component in optical system and the calibration for attenuation coefficient of optical
system for light. Photocell presents different responsivities for incident lights with varied
wavelengths, and the responsivity increases with the increase of the wavelength of
incident light. Photocell shows larger responsivity and is more sensitive for incident light
more than 800 nm in wavelength. So spectrum responsivity of each element in optical
system needs to be adjusted to a same standard before the calibration of elements, so that
the responsivity differences arising from the performance differences of each component
or attenuation can be eliminated.
The attenuation coefficient of optical system changes with the transmissive wavelength
of the band-pass filter. As the band-pass filter has certain bandwidth, the integral
responsivity obtained by integral computation for the spectral responsivity within the
tranmissive wavelength accurately reflects the attenuation of the optical system for light.
The optical system shows a highest responsivity around the core wavelength, where the
conversion efficiency for light accounts for more than 80% of the total wave bands. To
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guarantee the computation accuracy and improve computation efficiency, half-wave width
is applied in calculation of the integral responsivity of the optical system. By measuring
and calculating the integral responsivity of the optical system, the attenuation coefficient
of the overall optical system for light was obtained. In other words, the monitoring errors
caused by the structural differences of the optical system and the parameter differences of
the components are eliminated, and the monitoring accuracy is therefore improved.
3.2. Methods for Measuring the Responsivity Parameters of Optical System
If the irradiances E(λ) of the standard detector and measured photocell for an incident
light with certain wavelength λ are same, their spectral responsivities can be calculated
using formulae (6) and (7) respectively.
R  s( )  IS /  S  IS / S S  E ( )

(6)

R  t( )  It /  t  It / S t  E ( )

(7)

Where RΦs(λ) and RΦt(λ) are the spectral responsivities of the standard detector and
measured photoelectric components respectively, A/W;
Is and It are the currents generated by the standard detector and measured photocell, A;
Φs and Φt are the radiation fluxes of the standard detector and measured photocell
respectively, W;
Ss and St are the effective photosensitive areas of the standard detector and the
measured photocell, cm2.
As the radiation flux Φt of the measured photocell cannot be acquired accurately, the
spectral responsivity of the measured photoelectric components is obtained by comparing
formula (6) with formula (7), as shown in formula (8)
R  t( ) 

R  s( )  It  S s
Is  S t

(8)

After obtaining the spectral responsivities of the measured photoelectric components in
each wave band, the corresponding integral responsivity is obtained by performing
integral computation for the spectral responsivities in required wavelength scope.

4. Calibration Experiments and Results Analysis
4.1. Calibration Experiments
There are four wave bands, 546, 660, 710 and 810nm [19-23] in the optical system of
the crop nitrogen sensor. Correspondingly, there are four upward and four downward
optical sensors with the filters of the above wave bands. The eight optical sensors were
numbered as follow: the upward and downward optical sensors equipped with filters of
546nm are marked No.1 and No.2 optical sensors; that with filters of 660nm are marked
No.3 and No.4; that with filters of 710nm are marked No.5 and No.6; and that with filters
of 810nm are marked No.7 and No.8.
According to the principles for measuring the responsivity parameter of optical system,
a set of responsivity measuring instrument was designed, as displayed in Figure 2. The
components of the eight optical sensors were installed on sample holders, which were
placed in the sample room. After chopping by an optical chopper and splitting by a
monochromator, the light source entered in the sample room and shot on the components
of optical systems. After being scanned by a spectrometer which was controlled by
software, the photocurrents generated by the sample and the standard detector were
collected using a lock-in amplifier and processed by inputting them in computer;
afterward, the absolute value of the spectral responsivity of the sample was acquired by
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comparing with that of the standard detector.

(a) Equipment for Measuring Spectral Response
(b) Sensor Components
1. Sample Holder 2. Standard Detector 3. Sample Room 4. Chopper and Monochromator
5. Computer 6. Phase Locked Amplifier

Figure 2. Test Equipment for Calibration
To cover the spectral scope of the sensor, the accurately measured spectral responsivity
parameter in the range of 500-900 nm was used. To begin with, the spectral responsivity
of different silicon photocells were detected. Based on the detection results, the photocells
with basically same output of spectral responsivity were discovered and those with
different spectral responsivities were changed or their welded surfaces were adjusted. In
this way, the responsivity parameters of the photocells used in the instrument were
controlled to a same standard. Then the spectral responsivities of different filters, lens and
window mirrors (or diffusers) were measured, and the components with inconsistent
spectral responsivities were cleaned or replaced to eliminate the measuring errors caused
by their abrasion and performance degradation. Finally, the spectral responsivity of the
overall optical system was measured and the calibration coefficient was calculated
according to the measured result. By calibrating the optical system, the errors caused by
the structural difference of the optical sensors and the uncertain factors in assembling
process were removed.
4.2. Results Analysis
The eight silicon photocells were marked with a, b, c, d, e, f, g and h, and the spectral
responsivity curves of them were measured in the range of 500-900 nm, as displayed in
Figure 3_a. It demonstrates that the output curve of photocell is abnormally low in the
range of 500-800 nm; in the range of 800-900 nm, the output curve of photocell b is lower
than others, the output curves of photocells e and h are higher than others, while the
deviations about the output curves of other photocells are within ±5%. Therefore, the four
silicon photocells, a, b, e and h, with abnormal output curves, were changed and their
welded surfaces were adjusted to eliminate significant difference among the spectral
responsivity curves of all the silicon photocells, as illustrated in Figure 3b. Regarding the
remaining output differences, they were calibrated in the final computation of calibration.
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Figure 3. Spectral Responsivity of Photocell
A set of photocell panel with adjusted welded surfaces was used randomly. Eight lens
marked with a, b, c, d, e, f, g and h were cleaned. The filters that 546 nm in wavelength
were assembled on lens a and b, the filters of 660 nm were assembled on lens c and d, the
filters of 710 nm were assembled on lens e and f, and the filters of 810 nm were
assembled on lens g and h. The spectral responsivity curves of the photocells with
different band-pass filters and lens were measured, as shown in Figure 4.
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Figure 4. Spectral Responsivity of Calibrated Photocell Assembling
Different Filters and Lens

Spectral
responsivity/A﹒W-1

Figure 4 indicates that the peak wave of the spectral responsivity of different filters was
majorly discovered at the characteristic wavelengths of the filters, and the other wave
bands show different attenuations for light. In contrast, the attenuations of filters with
same wavelength are basically same. If the lens or filters were stained or improperly
assembled, their measured spectral responsivities were different. So, the lens or filters
with inconsistent spectral responsivities have to be cleaned, changed or adjusted to
guarantee the conformity of the spectral responsivities of different lens and filters in their
corresponding characteristic bands.
Four diffusers and four window mirrors were numbered as a, b, c and d, and installed
on the silicon photocells used in the above experiments, respectively. The spectral
responsivity curves of silicon photocells with different window mirrors (or diffusers) were
measured, as stated in Figure 5.
diffuser a
diffuser b
diffuser c
diffuser d
window mirror a
window mirror b
window mirror c
window mirror d

Wavelength/nm
Figure 5. Spectral Responsiveness of Calibrated Photocell Assembling
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Different Window Mirrors (Or Diffusers)
Figure 5 illustrates that all the spectral responsivity curves of the diffusers (or window
mirrors) were basically consistent; the diffusers present distinct attenuation effect; and the
window mirrors exhibit small attenuation for light. Deviation of spectral responsivities
was measured if the window mirrors or diffusers were stained or improperly assembled.
In the situation, the window mirrors or diffusers with inconsistent spectral responsivities
have to be cleaned, changed or adjusted to eliminate the errors resulted from the
performance attenuation of different window mirrors or diffusers or the errors in
assembling process.
Following the order of the number, the photocells, lens, filters and window mirrors (or
diffusers) were assembled, and the overall spectral responsivity of the eight optical
sensors were measured, as demonstrated in Figure 6.
Spectral responsivity/A﹒W-1

No.1
No.2
No.3
No.4
No.5
No.6
No.7

No.8

Wavelength/n
m
Figure 6. Spectral Responsitivity
of the Optical System

In Figure 6, the peak waves of all the spectral responsivities of the optical sensors
containing filters in different wave lengths were observed at the core wavelengths; and the
attenuations of the upward and downward optical sensors that contain filters in same wave
length are different owing to the different performances of window mirrors and diffusers.
Based on the spectral responsivities measured in Figure 6, the peak waves and halfwave widths of each optical sensor were calculated, as well as the integral responsivity of
half-wave width, as displayed in Tables 1 and 2.
Table 1. Parameters about Spectral Response of Upward Optical Sensor
Wavelength（nm）
Upward optical sensor

270

546

660

710

810

Peak value/A• W-1

0.001

0.001

0.001

0.012

Center wavelength
/nm

545

660

710

805

Half wavelength /nm

539.532
552.490

651.344
666.111

702.022
717.420

802.149
815.122
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Integral response /A
W-1

0.007

0.013

0.014

0.124

Table 2. Parameters about Spectral Response of Downward Optical Sensor
Wavelength （nm）

Downward optical
sensor

546

660

710

810

Peak value/A• W-1

0.031

0.056

0.049

0.512

Center wavelength /nm

550
542.56
4
555.23
2

660

715

810

655.752
668.732

707.555
720.653

805.991
819.091

0.579

0.614

5.417

Half wavelength /nm
Integral response /A
W-1

0.313

Table 1 and Table 2 indicate that the integral responsivity ratio of the upward optical
sensors of 546 nm, 660 nm, 710 nm and 810 nm to the downward ones are 1/44.71,
1/44.53, 1/43.85 and 1/43.68 respectively. The values, that are, the optical calibration
coefficients, reflect the combined influences of the responsivity and attenuation of the
upward and downward optical sensors in corresponding wave bands. By calibrating L
values of each optical sensor using these calibration coefficients and inputting them in the
processing system, the measurement errors caused by parameter difference of optical
sensor were eliminated and the measurement accuracy of the sensor was therefore
improved.
4.3. Field Experiments
To verify the calibration effect of the optical sensor, experiments were carried out for
monitoring the nitrogen of rice canopy at the experimental station (32º16′ N, 119º11′ E) of
Xinji town, Yizheng city, Jiangsu province, China during June to December of 2010. Two
crop nitrogen sensors with uncalibrated and calibrated optical systems were used in the
experiments to measure the reflection spectra of the rice with different nitrogen contents.
The experiments were carried out in sunny days during 10:00 to 14:00 (with a solar
altitude larger than 35º). Standard white board calibration was performed for the
uncalibrated sensor before collecting objective spectra, and for the calibrated monitor, the
longitude and latitude of the measuring position were input to calculate the incident angle
of sunlight. In the measurement, the optical systems of the sensors were about 1 m in
height vertically to the rice canopy and six times of measurements were performed for
each area. The average value of the measurements was used as the measured value of the
spectra in the area and the NDVI (810, 660) at 660 nm and 810 nm was calculated.
Simultaneous to the measurement for the spectra of rice canopy, micro-Kjeldahl method
was applied to test the nitrogen content of canopy leaves. Afterward, the relation between
NDVI (810, 660) and the nitrogen content of rice canopy leaves was analyzed and the
results were demonstrated in Figures 7 and 8.
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Figure 7. Relationship between Leaf Nitrogen Content of Rice and NDVI (810,
610) Without Calibration
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Figure 8. Relationship between Leaf Nitrogen Content of Rice and
Calibrated NDVI (810, 610)
The comparison of Figure 7 and Figure 8 illustrates that the determination coefficient
of the NDVI (810, 660) and the nitrogen content of rice leaves measured using the
calibrated sensor increases from 0.5612 to 0.7374, and the variance decreases from 0.056
to 0.037. It reveals that the calibration of optical system improved the monitoring
accuracy of the sensor.

5. Conclusions
The spectral responsivity of each component and each component combination (overall
optical system) in the optical system were measured, and the components and assembling
position were adjusted to eliminate the errors caused by the abrasion and performance
attenuation of components; then by calculating the integral responsivity of the overall
optical system, the measuring errors resulted from the structural difference of upward and
downward optical sensors and uncertain factors in assembling were eliminated; finally,
the calibrated optical system was tested by carrying out field experiments. The results
indicated that the determination coefficient of the NDVI (810, 660) and the nitrogen
content of rice leaves measured using the calibrated sensor increases from 0.56 to 0.74,
and the variance decreases from 0.056 to 0.037. The significant improvement of the
monitoring performance provided technological support for further improving the
monitoring accuracy of crop nitrogen.
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