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 10 

Abstract: In agriculture, proximal in-field information is crucial for a precise management of crop growth. A low-11 

cost, miniaturized and innovative device, named PARADe (PAR Acquisition Device), is designed for in-field 12 

photosynthetically active radiation (PAR) acquisition. It combines an affordable PAR line quantum sensor 13 

(PAR/LE, SOLEM) and an open source development platform (microcontroller) based on Arduino Integrated 14 

Development Environment. The quality of the measurement of the PARADe acquisition chain has been validated. 15 

The calibration is done by comparison (R2=0.99) with a robust acquisition chain composed of a certified PAR 16 

sensor (PQS1, Kipp & Zonen) and a data-logger (CR1000 Campbell Scientific). The accuracy of PARADe 17 

measurements is evaluated through three indicators, relative error, RMSE and normalized RMSE. They 18 

demonstrate that the PARADe system has certain operating limitations especially for low solar angles (sunset and 19 

sunrise) due to the choice of a line quantum sensor. This does not affect the accuracy and reliability of the results, 20 

but indicates that the PARADe device is specifically adapted to collect daily cumulative PAR values.   21 

Keywords: PAR sensor; calibration; open source; ESP32 card; data logging; Wi-Fi   22 

 23 

1. Introduction 24 

In agriculture, to manage and control the crop growth, a fine monitoring of plant biophysical 25 

variables such as biomass and chlorophyll is required. These variables are highly dependent on the 26 

local environment of the plant and therefore on the available nutrients but also on sunlight which is a 27 

key parameter required for photosynthesis process for green plants [1, 2]. Photosynthesis is the 28 

bioenergetic process that allows plants to synthesize their organic compounds from incident solar 29 

energy interception. The part of this incident solar energy that drives photosynthesis in plants is 30 

defined as photosynthetically active radiation (PAR). It concerns the visible light waves range from 31 

400nm to 700nm. The amount of PAR is usually expressed as Photosynthetic Photon Flux Density 32 

(PPFD, μmol.m-2.s-1). Although this parameter is crucial as input data for many ecophysiological 33 

models [3, 4, 5], it is often not measured in weather stations. Indeed, for green foliage under non-34 

stressed conditions, it is approximated as a constant value (conversion energy) of the measured global 35 

solar radiation (Rg per unit area and expressed in MJ.m-2.day-1). Based on summer data in a 36 

comprehensive study at 36.6°N latitude (Texas, USA), 48% is taken as a representative fraction of total 37 

solar energy that is in the 400–700nm waveband [6, 7]. The temporal variability of this radiation is 38 

very important and depends largely on meteorological conditions, which therefore requires a high 39 

adaptability of plants [8, 9]. Thus, very precise measurements of this radiation require the sensors to 40 

be as close as possible to the cultivated plot. Commercial solutions are proposed but they are very 41 

expensive due to the possibility of accommodating several certified PAR sensors at the same time. The 42 

main drawback of these systems is that information is encapsulated preventing any modifications of 43 

the algorithms. An alternative to these solutions is the use of low-cost and open source connected 44 

systems. In [10], Barnard et al. presented a device, called PARduino, combining open source 45 

technologies with a proprietary solution concerning the acquisition chain. This hybrid device, 46 

© 2021 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S2772375521000186
Manuscript_99f5a7fb8be031cd555b93d3c08a7867

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S2772375521000186
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S2772375521000186


 

2 

 

presented as a first foray into the technology world, was a first cost-effective alternative to commercial 47 

data-loggers.  48 

 49 

The objective of the present study was to design and evaluate the performance of a low-cost 50 

open-source device, named PARADe, to automatically measure the in-field photosynthetically active 51 

radiation. It combines a non-certified PAR radiation sensor (SOLEM PAR/LE, SOLEMS, Orsay, France 52 

[11]) with an acquisition chain containing an electric signal amplifier. First, the design and implement 53 

of PARADe are described. Then a calibration of the entire device (PAR sensor and acquisition chain) 54 

was provided. The results are presented and discussed in terms of the limits of functioning and of 55 

influence of the solar altitude angle. The results of both low-cost devices, PARADe and PARduino 56 

were compared and their performances are discussed. 57 

2. Materials and Methods 58 

2.1. PARADe design and presentation 59 

PARADe was designed for logging PAR measurements, in an autonomous way, using open 60 

source technology and low-cost elements (Table 1). This device had to meet several criteria: it had to 61 

be light (under 15kg) and compact; it also had to be resistant to water and dust while being self-62 

sufficient in energy. All components of the device had to be easily assembled. Finally, the data had to 63 

be controlled remotely by a Wi-Fi connection. All components and their price are presented in table 1.  64 

Table 1 65 
List and cost of components (indicative unit price in 2019). 66 

Component Price (€) 

Sensor SOLEMS PAR/LE 256.32 

Round tube (1.1 m; diameter 40 mm) 10.90 

Legrand junction box 32x24x12 cm 77.16 

Base : square tube (1.8m / 40x40mm) 24.00 

Rigid PVC (bottom of box and sensor support) 32x24 + 2 * 50x10 23.80 

Solar panel support 15.90 

Solar panel (10W) + charge controller 64.99 

12V 3,2 Ah battery 19.99 

ESP32 Wi-Fi microcontroller   11.86 

Step-Down Converter 3,3V 16.28 

Real Time Clock DS1307 7.81 

Step-Down Converter 5V 13.50 

Connection plate Proto Shield ARDUINO 4.80 

Rail-to-rail amplifier AD 623  6.35 

4700 Ω resistor X1 0.14 

2200 Ω resistor X1 0.14 

1000 Ω resistor X1 0.14 

220 Ω resistor X1 0.13 

10000 Ω resistor X1 0.14 

Push button switch 0.59 

LED 0.43 

Wires 1.85 
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Cable gland X3 3.67 

ARDUINO alimentation cable for 9V battery 3.00 

CR1225 battery 2.90 

2 way PCB terminal block x3 2.40 

TOTAL 569.19 

 67 

 68 

To get an autonomous device that operates many weeks without interruptions, a solar panel, 69 

charge controller and a 12V battery were fixed to the frame device. A 10W solar panel allowed having 70 

a comfortable safety margin without alimentation cuts especially in winter when the nights are longs 71 

and the days are fully clouded.  72 

The design of the experimental device was an important part of the project (Fig. 1A). It included a 73 

non-certified PAR line quantum sensor (PAR/LE). The electronic circuit is composed of a ESP32 card 74 

and its shields; the electronic amplification circuit and the electric components (charge controller, 75 

battery) were placed in a waterproof junction box . This box was fixed on a mast and, at the opposite, 76 

was fixed the solar panel to balance the weights. The PAR sensor was put at the top of the mast. It was 77 

fixed on an adjustable plate with a bull's eye level to adjust horizontality. The base of the mast 78 

consisted of a removing metal cross with holes to stake the experimental device with pins in soil. 79 

 80 

 

 

 

 

 

 

 

 

 
 

Fig. 1A) PARADe device (PAR/LE sensor + acquisition chain) placed in the agronomic field of AgroSup Dijon 

(47° 18' 34.443" N  ;  5° 3' 57.410" E). Fig. 1B) PARADe in presence of the certified PQS1 sensor and the CR1000 

data-logger during the calibration phase. 
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 81 

2.2. Photosynthetically active radiation sensor 82 

The PAR/LE sensor from the SOLEMS brand has been selected. It measures Photosynthetically 83 

Active Radiation (PAR) integrated by an amorphous silicon photovoltaic cell installed in a plexiglass 84 

case and embedded in the polyurethane over its 0.3m line (Fig.1A and Fig.1B). This is a line quantum 85 

sensor commonly used for research purposes to measure PAR light above and below the plant canopy 86 

where light field is non-uniform [12]. This sensor was delivered without calibration certificate. 87 

SOLEMS makes a pre-calibration by sensor batchs, which is not sufficient to record exactly the PAR 88 

values. PAR is expressed in unit of Photosynthetic Flux Density (μmol.m-2.s-1) since photosynthesis is a 89 

quantum process [1]. As the PAR is related to the global solar radiation, measurements are very 90 

dependent on the solar elevation angle defined as the angle between the sun’s rays and the horizontal 91 

plane. This angle varies throughout the day and its calculation depends on the latitude of a position 92 

and the time of a day in a year. The purchase of unqualified equipment for reliable data requires a 93 

calibration phase based on the use of a certified PAR quantum sensor (See section 2.5).  94 

2.3. Signal chain with amplifier 95 

It should be noted that the output voltage (OV) of the PAR sensor is too low (under 100 mV) to be 96 

directly readable by an ESP32 card. Thus, an amplification circuit using a rail-to-rail amplifier was set 97 

up. The low power consumption ESP32 card, while providing Wi-Fi and Bluetooth connectivity, was 98 

also used as a data-logger. The choice of this low power card was partly linked to the low computing 99 

power of the card, which was sufficient for our study: few data and few calculations. This card is an 100 

easy-to-use solution without operating system to install. No peripherals, such as a monitor or a 101 

mouse, are required, as is the case with more powerful cards. As with Raspberry, the ESP32 102 

programming language is based on that of Arduino. The open-source Arduino software (IDE) was 103 

used. It is relatively easy for someone with basic programming background and there are many 104 

tutorials and a large community of users. This card was used to record (Memory 4MB) an analogic 105 

signal as the output voltage of PAR sensor to convert it into digital signal. The card can read the 106 

analogic voltage values between 0 and 2.56V or 0 and 3.3V or 0 and 5.5V. This reading is done with a 107 

10 bits resolution whether 1024 values ranging from 0 to 1023. To have the finest resolution  in term of 108 

digital signal, an output voltage between 0 and 2.56V was chosen. The higher the output voltage from 109 

the sensor, the higher the analog reading. Additional components had been integrated to the ESP32 110 

card, such as a Real Time Clock (RTC DS 1307) to record the time of the acquired data. To achieve 111 

voltage amplification without additional cost, a low cost voltage amplification chain was developed 112 

(Fig. 2). 113 

 114 
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Fig.2. The circuit design of PARADe  including an ESP32 card and a Real Time Clockn an amplifier (AD623) 

and others electronic components and voltage converters. 

The amplifier used is the Analog Devices Inc. AD623 Instrumentation Amplifier, which can be 115 

alimented by a supply voltage from 2.7 to 12V. It is a rail-to-rail instrumentation amplifier with an 116 

input voltage ranging from 0 to 150 mV and it can deliver a linear output voltage whose gain is 117 

between 1 and 1000. The value of the gain can be selected according to the value of an external resistor 118 

deduced from the following equation.  119 

����	��	623 � 		�
�
���
�	������ � � 1																			                                        (1) 120 

 121 

With �� the external resistor (�Ω). 122 

 123 

Several empirical tests with different resistance values were made in order to obtain output voltage 124 

(Vo) values readable by the ESP32 card. This also made it possible to know precisely the gain of the 125 

PARADe amplification chain. To amplify the input voltage (Vi) of the PAR/LE sensor, the resistor 126 

value has been chosen to 6900 Ω. The response curve AD623, whose equation is described below, 127 

indicates a strong amplification with a positive offset.  128 

 129 

�� � 23.75  �! � 551.3						"#�$											with			R2�1			                                    (2) 130 

 131 

2.4. Program and recording process 132 

Fig. 3 presents the data-recording program specifying the different steps. The ESP32 program is 133 

detailed in the Appendix A. Every five seconds, the ESP32 card records the output voltage in its intern 134 

memory and every 60 values (five minutes) it calculated the average voltage and recorded it in its 135 

external memory. At the same time, the ESP32 card records real time clock values and PAR values 136 

deduced from the sensor calibration equation. To reduce variabilities resulting from electronic noise 137 

and sunlight conditions, data average was performed every five minutes as recommended in the work 138 

of Thiebeau and Herre [13], the record of the data average has been done every five minutes. 139 

Appendix B describes the webpage written in html language for viewing and downloading the data. 140 

A java script has been inserted in the html program allowing to delete or download the data and to 141 

stop and re-start the program. While connected to the card's Wi-Fi, you can access the web page by 142 

running a web browser and using a local IP address (i.e. 192.168.1.1). The date, time and PAR values 143 

are then recorded in CSV format readable by spreadsheet software.  144 
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 145 

 

Fig. 3. Flowchart of the PARADe. 

 146 

2.5. Method of calibration 147 

The calibration phase allowed determining the calibration curve of the entire PARADe device. It 148 

represents the evolution of the output voltage of the PARADe acquisition chain as a function of the 149 

PAR signal. The calibration phase requires the use of a certified PAR quantum sensor. The  PSQ1 150 

(Kipp and Zonen, Netherlands) sensor was chosen and positioned close to the PAR line quantum 151 

sensor (Fig. 1B). The calibration of the PQS1 sensor is given by the linear equation between the sensor 152 

output voltage (OV, mV) and the irradiance (PAR, μmol.m-2.s-1). This equation is specific to each 153 

sensor and in our case, the equation provided by Kipp and Zonen for this sensor is: 154 

  155 

OV = 4.7*10-3 x PAR                           (3) 156 

 157 

The PSQ1 sensor is connected to a Campbell Scientific Instrument data-logger (model CR1000) that 158 

monitored and stored the data. This constitutes the reference device. The data-logger operation was 159 

the same as for the ESP32 card: every five minutes, the average of 60 measurements was recorded in a 160 

data file. Moreover, the PQS1 sensor voltage was transformed according to Eq. 3). The voltage values 161 

from the non-certified PAR/LE sensor (SOLEMS) were recorded by the PARADe acquisition chain 162 

(ESP32 board ans amplifier) and were plotted according to the PAR radiation values measured by the 163 

certified sensor, PSQ1. For this calibration, as well as for the other tests that were done, data with a 164 

PAR value less than 100 μmol.m-2.s-1 were deleted. Indeed, it has been demonstrated that these values, 165 

generally have a high variability [10], are not significant and represent only a small proportion of the 166 

daily PAR measurement.  167 
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 168 

2.6. Accuracy of measurements 169 

To verify the accuracy of the measurement acquired by this PARADe, a relative error (RE) profile 170 

was carried out. This profile is a graph representing the evolution of the RE values as a function of 171 

PAR values deduced from the reference device. For each measurement, RE was calculated as the 172 

difference between values measured by PARADe (PARcalculated) and values issued from the calibrated 173 

sensor (PARtrue) over the PARtrue. The formula for the percent error (RE, %) is given below:  174 

 175 

	Percent	Error	"RE,%$ � 345�6786987:;< =45�:>9;
45�:>9; ? ∗ 100                                                             (4) 176 

 177 

From this graph, it is possible to determine the reliability of PARADe measurements and its limits of 178 

functioning according to the range of PAR values. Moreover, to evaluate the performance of PARADe, 179 

the PAR values (PARcalculated) were analyzed to PARtrue values using two other statistical estimators, the 180 

Root Means Square Error (RMSE, μmol.m-2.s-1) and the normalized Root Means Square Error (nRMSE, 181 

%). Considering n as the total number of measurements, they are defined as: 182 

 183 

RMSE (μmol.m-2.s-1) = B�C∑ "C!E� F��GHIJ! − F��LMNLINMGJO!$PQ
�.R

                                                 (5) 184 

 185 

nRMSE (%) = �STU  / < F��LMNLINMGJO >                                                                                                 (6) 186 

 187 

2.7. Technical characteristics of  PARduino device 188 

In this section, another low-cost device, PARduino [10], is presented. The aim is to compare the 189 

PARADe results to a similar tool. The PARduino has been developed for recording PAR radiation 190 

values on an Arduino card using a LI-COR Quantum (PAR) circular sensor (Model LI-190SA, LI-COR, 191 

Inc., Lincoln, NE, USA) with a commercial amplifier (EME Systems 2007) [14]. The table 2 summarizes 192 

the characteristics of both devices, PARduino and PARADe. The main difference between both 193 

devices concerns the signal amplification that is an open-source circuit for PARADe.  194 

  195 

Table 2 196 
Comparison of characteristics between PARduino and PARADe. 197 

 PARduino PARADe 

PAR sensor  
LI-190SA  

(LI-COR, Inc., NE, USA) 

PAR/LE  

(SOLEMS, Orsay, France ) 

Calibrated sensor PQS1 (Kipp and Zonen) PQS1 (Kipp and Zonen) 

 Amplifier  
EME Systems 

UTA /BNC/190 
AD623   

Total cost (without frame device) 685 USD (~578€) 427.6 € 

 198 

3. Results and Discussion 199 

3.1. PARADe Calibration 200 

Fig. 4 presents the calibration curve (black dots) of PARADe. Hundreds of measurements 201 

were obtained by performing a continuous acquisition over few days in July 2020, from 2020/07/24 at 202 

4:00 p.m. to 2020/07/27 at 9:11 a.m.. The correlation coefficient is very close to one indicating a very 203 

strong correlation between the voltage issued from PARADe and the PAR radiation (PARtrue). The 204 
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signal that seems noisy for some values of PAR probably corresponds to artifacts or other electronic 205 

interferences.   206 

 

Fig. 4 Calibration curve of the entire PARADe (PAR/LE sensor + acquisition chain) as a function of PARtrue. 

Night-time and non-clear-sky periods were removed from the original dataset. 

3.2. Data Validation 207 

First, the performance of the PARADe acquisition chain has be studied and compared to the Campbell 208 

Scientific Instrument data-logger (model CR1000). After the PAR/LE sensor output, a bypass has been 209 

installed to measure at the same time, the output voltage with both acquisition chains. A strong 210 

agreement between both acquisition chains is observed in Fig. 5. However, the signal seems to be 211 

slightly noisy suggesting structured fluctuations rather related to electronics but without being able to 212 

define the cause. 213 

  
Fig. 5. Voltage measured by PARADe acquisition chain versus the Campbell data-logger.  
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 214 

Then the accuracy of the measurement performed with PARADe was evaluated. The percent error 215 

profile (RE, %) in PARADe measurements is presented in Fig. 6 as a function of the PARtrue. In 216 

addition, for each PAR measurement, the solar elevation angle has been calculated. Graphically, the 217 

points have been represented by different colors: the color red corresponds to low solar elevation 218 

angle values and the color green is associated with high solar elevation angle values. For intermediate 219 

cases, the points are in yellow. The RMSE and nRMSE between PARcalculated and PARtrue are calculated. 220 

Table 3 summarizes the performance results of PARADe over the entire dataset.  221 

  

Fig.6. Profile of the percent error (RE, %) as a function of the true PAR values. The black horizontal line 

indicates the overall average RE for the dataset (mean ER =4.1%). The color legend for the RE values 

corresponds to the solar elevation angle.  

Regarding the shape of the percent error profile, different comments can be made. It reveals that 222 

depending on the PAR values, the RE values vary differently. Visually, in this profile three ranges of 223 

RE values (high, zero and low values) seems to be distinguished. This would therefore indicate that 224 

PARADe operates differently depending on the PAR measurement ranges. Area 1 is represented by a 225 

very high value of the average RE when the PAR radiation is low (less than 250 μmol.m-2.s-1). For this 226 

area, the average RE is 33.6 % which indicates a significant overestimation of the PARcalculated with low 227 

measurement precision (standard deviation 17.9%). Area 2 was defined for an average RE value close 228 

to zero when the PAR values are between 250 and 1250 μmol.m-2.s-1. The average RE value is 0.8 (± 8.7) 229 

% indicating high accuracy of the PAR measurements but with low measurement precision. Finally, 230 

for area 3, when the PAR is higher than 1250 μmol.m-2.s-1, the average RE is 2.1 (± 2.6) % indicating a 231 

slight overestimation of the PARcalculated. Over the entire range of measured PAR values, the average RE 232 

is 4.1% with 11% heterogeneity. However, it can be notice that on Figure 6 most of the points are 233 

below the average value of RE, indicating an underestimation of the PAR (Eq. 3). Moreover, all these 234 

points seem to be subdivided into different populations whose origin is not clear. Perhaps, is it related 235 

to the orientation of the line quantum sensor to the sun or other artifacts (i.e. clouds, brightness)? 236 
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Despite the high average RE value observed on the low PAR values (250 μmol.m-2.s-1), it ultimately 237 

has little impact on the overall result. Indeed, if PARADe is used to obtain the daily PAR value, 238 

deduced from the integration of all the PAR data of a day. Thus, these low PAR values, where the ER 239 

is high (Area 1), can be neglected as they represent only a very small proportion of the daily PAR. This 240 

reinforces the idea of pursuing the development of such a device, inexpensive for access to accurate 241 

and representative daily PAR values. 242 

In addition to the mean and standard deviation of the percent error, the table 3 presents the RMSE and 243 

nRMSE for each area and for the entire dataset. Regarding the RMSE values obtained for each zone, 244 

they are quite similar and close to the value obtained on the global range of measurements. Looking at 245 

the normalized RMSE values, we can see that area 1 has the highest nRMSE. This again confirms that 246 

PARADe does not give reliable measurements for this area. However, for the two other areas, the 247 

nRMSE values are similar and lower than that of area 1. 248 

Table 3 249 
Values of different estimators (mean of RE, Standard deviation of RE, RMSE and nRMSE) of the PARADe 250 
according to the three studied areas and over the entire range of measured PAR values. 251 

PAR (μmol.m-2.s-1) Area 1 

[0 – 250] 

Area 2 

[250 – 1250] 

Area 3 

[1250 et 2500] 

Total 

[0 – 2500] 

Number of 

measurements 

11 45 91 147 

mean RE (%) 33.6 0.8 2.1 4.1 

sd RE (%) 17.9 8.7 2.6 11 

RMSE (μmol.m-2.s-1) 56.2 47.8 56.7 54.1 

nRMSE (%) 25.0 6.2 3.3 4.1 

 252 

In an attempt to interpret this overestimation of PAR values in Area 1, we note that the RE values (red 253 

dots) are associated with low solar elevation angles (<20°) that correspond to sunrise or sunset. 254 

Looking at the Standard ISO 9847 [15], it indicates that, in practice, radiation measurements with the 255 

sun altitude angle less than 20° (at sunrise sun and sunset) need to be excluded. The explanation given 256 

in the standard is that the response of this type of linear sensors to these radiations is of poor quality 257 

and are ultimately inherent to the shape of the sensor [15]. Thus, ours results confirm these comments 258 

highlighting the limits of the sensor PAR/LE to detect low solar angle. Finally, PARADe is appropriate 259 

for daily PAR measurements because the high variability of the values at sunrise and sunset 260 

ultimately have no impact on the daily values (integration of all one-day PAR data). To overcome this 261 

problem due to the sensor, one solution proposed is to fix it on an orientable platform to follow the 262 

orientation of the sun [16, 17]. 263 

3.3. Comparison to PARduino 264 

The Table 4 compares the accuracy of the PARADe device to that of the PARduino. The performances 265 

of these two devices were studied over the same range of PAR measurements. Both devices present 266 

the same difficulty in measuring low PAR values when the sun is low in the sky. In addition, they 267 

present similar results concerning the mean and standard deviation of RE. However, PARduino 268 

underestimates PAR with a mean percent error of (-3.49 ± 3.88) % whereas PARADe overestimates 269 

them with a mean percent error of (4.1± 11) %. Over the entire range of measured PAR values, 270 

PARduino device seems more reliable than PARADe device where the standard deviation is higher 271 

for PARADe device. However, for PARADe device, considering only the high values of PAR, for a 272 
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measurement range higher 800 μmol.m-2.s-1 no percent error value (RE) higher than 10% is observed, 273 

unlike the PARduino which has 5 % of its values higher than 10% [10].  274 

Table 4 275 
Performance comparison of the two devices, PARduino and PARADe. 276 

 PARduino PARADe 

Mean percent error ( %) -3.49 (± 3,88) 4.1 (± 11) 

Average error compared to a certified 

measuring chain (μmol.m-2.s-1) 

-22.00 (± 23,44) 26.1 (±47.1) 

 277 

4. Conclusion 278 

Compared to other available devices, PARADe is effective for PAR measurements especially for 279 

values higher than 250 μmol.m-2.s-1. In addition, the measurement quality of the PARADe acquisition 280 

chain has been validated. For this series of measurements, the calibration, carried out by comparison 281 

with a robust acquisition chain, was performed only once, but thereafter it is recommended to check it 282 

regularly (once a year). However, we must remain cautious about its limits of use because these 283 

results indicate a high accuracy with a low precision of data. Therefore, the PARADe system will be 284 

rather well geared to collect daily cumulative PAR values. These daily cumulative PAR values can 285 

then be used as input parameters for ecophysiological models to develop decision support tools to 286 

assist agronomists in monitoring crop production. Subsequently this device could be improved by 287 

connecting it to other similar devices or to proximal sensors (temperature, humidity) and by collecting 288 

all of this information remotely via a private Low Power Wide Area Networks (Sigfox or LoRaWAN 289 

communication protocol for example) dedicated to the deployments of internet of things (IoT).  These 290 

low-cost devices offer new opportunities in agriculture for smart farming allowing end users (i.e. 291 

farmers, technical or engineer staff of institute) less dependent from a brand. 292 

   293 

  294 
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5. Appendices 295 

 296 

Appendix A : ESP32 algorithm - Arduino 297 
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 300 

Appendix B:  HTML program of the web page 301 

 302 

Script.js: 303 

 304 

  305 
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