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The article describes a modern system of control and communication integrated in an in-situ soil sensor to make it autonomous in operation, energy and data transfer at low cost. Network of such sensors can monitor continuously soil moisture over a catchment with low maintenance. A recent industrial standard of radio communication, Long Range Wide Area Network (LoRaWAN) is presented. It permits rapid deployment of a sensor in a remote observatory, and the transfer in real time of sensor data to a central web-accessed database, via a LoRaWAN receiver, or gateway, 12 km away. In this situation transmission loss can reach a rate of 30%. Good quality antenna can lower it below 5% without extensive cost. Double messaging and other transmission algorithms are a possibility, taking into account consumption. Currently, sensors measuring one point every ten minutes can last seven months with four cheap AA alkaline batteries. Further gains would increase lifetime in same conditions by 30%.

Introduction

The article presents advances our group made for the achievement of autonomous wireless networks of in-situ sensors to monitor accurately some key variables of soil such as its water content (Θ V ), the salinity of water (σ ion ) and soil temperature over large areas. It represents the final objective of our development project called HYMENET (which stands for HYdro MEasurement NETwork) [Chavanne andFrangi (2014, 2017); [START_REF] Chavanne | Comments to: A novel low-cost instrumentation system for measuring the water content and apparent electrical conductivity of soils[END_REF]; [START_REF] Chavanne | Monitoring soil water content and its salinity with high-precision and low-cost in-situ sensors[END_REF]]. In order to meet scientific and commercial needs, especially to constitute networks of hundred units, sensors must be reliable and robust to operate for years while remaining sufficiently cheap to produce, install and maintain. Data should be rapidly and easily available. New instrument techniques and recent advances in information and communication technology (ICT) are exploited. The project has progressed through the development and tests of successive prototypes of sensor. The next step is the development of a demonstrator sensor, which will benefit of all experiences gained previously, ready for industrial duplication.

The main focus of our project has been the measurement quality with the development of a new instrument, the self-balanced admittance bridge. It intends to overcome biases encountered in existing in situ sensors to determine soil variables via its complex permittivity. An article recently published details the performance of the new instrument by comparison with others [START_REF] Chavanne | Monitoring soil water content and its salinity with high-precision and low-cost in-situ sensors[END_REF]]. It also emphasizes all the elements to reduce its complexity and cost, even costs to control and calibrate it, and make it suitable for duplication, without compromising its accuracy and reliability. However, the measurement quality includes the sensor capability of continuous and autonomous measurements. The present article deals specifically with these issues in terms of operations, data transfer and energy.

Continuous, in situ and near real-time monitoring of moisture in a porous medium, like a soil, is in large demand in areas, such as agronomy, for the study of plants and their environment [START_REF] Hilhorst | Dielectric characterisation of soil[END_REF]], civil engineering, to control ground stability under transport infrastructures or concrete hardening process, and hydrology. The latter topic, to better model the interactions between soil, plants and atmosphere through water and energy cycles in areas such as a catchment, requires typically one point every ten or thirty minutes for years, with a sensor density of one every 100 or 2 50 m over more than one km 2 ) [START_REF] Robinson | Soil moisture measurement for ecological and hydrological watershed-scale observatories: A review[END_REF]]. Networks of in-situ soil sensors offer a good alternative to large-volume averaging and very indirect instruments, such as remote sensing from space or air-borne radiometers based on surface emissivity [START_REF] Schmugge | Remote sensing in hydrology[END_REF]] and counters of neutrons produced from cosmic rays and backscattered by hydrogen atom present in soil [START_REF] Zreda | Cosmos: The cosmic-ray soil moisture observing system[END_REF]].

An early example of such achievement was SoilNet network, implemented in some German catchments under the program of Terrestrial Environmental Observatories (TERENO) [START_REF] Bogena | Potential of wireless sensor networks for measuring soil water content variability[END_REF]]. A modular approach was chosen to design each multi-depth sensor -using EC5 Decagon probes (one at each depth), a processing circuit and a radio module with antenna -and to build from them the whole network. Its mode of communication is derived from the Zigbee protocol -using IEEE 802.15.4 standard -with a range lower than 100 m, like other short-range modes such as Bluetooth-LE and WiFi. It necessitated routers within this range to relay data from sensors to a coordinator/gateway, and, thus, to limit the time sensor spent on transmitting, and hence its consumption.

Network and Wireless technology are still in development since the advent of Internet and mobile cellular in 90s (or Global System for Mobile). Of relevance to connect to Internet from anywhere simple objects like a fire detector, a water-meter or a soil sensor, is the recent emergence of dedicated modes of communication, the Low Power Wide Area Network (LPWAN) [START_REF] Mekki | Overview of cellular lpwan technologies for iot deployment: Sigfox, lorawan, and nb-iot[END_REF]]. One of the most popular is the Long Range Wide Area Network (LoRaWAN), we have adopted for our own development. These modes compromise on sensor data rate and its latency to offer long range (more than several km), low consumption and low cost of communication. Relative to broadband modes of transmission LPWAN ones operate with narrow-band modulations, which permit to increase Signal-to-Noise Ratio (SNR) using very narrow band-pass filters to keep only frequency of interest, in addition of the use of modern electronics. Long range permits the simple star topology to connect up to more than one thousand sensors to one base station or gateway. These modes benefit from industrial support and development. Thus, commercial networks of LPWAN with large coverage are already available.

Offers of soil moisture sensors fitted with a LPWAN transceiver, in particular with a LoRaWAN module, have recently appeared from companies such as Libelium Com. Dis. S.L. (Spain), RioT Technology Corp. (Canada), Milesight Ltd (China)... However, most of them use a modular approach in which a low cost existing soil sensor, such as from Decagon/Meter group or Campbell Scientific, is connected to a compact module containing a micro controller, various inputs/outputs, memories and a LPWAN transceiver. Actually, you can buy yourselves these modules (from Dragino LSN50v2, Arduino...), and substitute them for old generation data-loggers (like CRXX of Campbell Scientific), as they perform the same operations of data collection. As far as the soil sensors used are concerned, in our article we have reviewed biases observed in their outputs. Actually, the type of soil sensor considered as a reference in the area of soil moisture, with which our sensor intend to compare, the true Time domain Reflector such as SoilVue10 commercialized by Campbell Scientific, is not suited for autonomous operation due to its high consumption. SoilVue10 requires about 45 J or 13 mWh per point in active phase and 18 mW in quiescent mode (against about 450 mJ and 0.035 mW, respectively, in the case of our sensors as detailed further down). Moreover, it requires a data-logger to retrieve and transmit the data. On the other hand, it measures at different depths of soil. The added advantage of developing our own instrument, is to obtain a better integration of the different circuits of the sensor as all circuits are placed in the same box. In the next generation they will even be printed on the same board to make sensor more compact, and to reduce thus cost, hardship of installation, and perturbations.

The article describes how advances in ICT have been integrated in the sensors we are developing, and the experience we have gained. The section 2 exposes the communication architecture and protocol of LoRaWAN used for the last two generations of our sensors. The section also gives details about sensor layout and consumptions, as well as some specifications on the different antennas and battery tested in the different trials. Field trials have taken place in a green roof in Paris and in a remote observatory in French Alps. A list of them with their main characteristics are provided.

The section 3 presents results from the trials in terms of communication and energy reliability . Encountered difficulties and limitations are discussed for next and final steps of improvement. The sensor is made of a sensing part -pair(s) of electrodes in the soil -and of electronics inside a separate box placed at the soil surface (Fig. 1).

Materials and Methods: An Autonomous System

A one-channel sensor is equipped with one pair of stainless steel electrodes inserted in the soil to measure soil variables at the desired depth. Multi-channel sensors are also developed to determine the variation of soil variables along a vertical profile owing to several pair of electrodes stacked along a pair of cylinders.

Besides the measurement circuit, the housing contains units of acquisition, processing and communication. Battery is enclosed within. A box at soil surface permits a better radio transmission and an ease of intervention (like a battery change).

Fig. 1 shows the steps already achieved in our ongoing work to reach the largest sensor autonomy with the highest technology readiness level (TRL), 9. The level cor-responds to a demonstrator for industrial series. In the case of the most advanced sensor, 4th generation one-channel sensor, we acknowledge a level of 7 or 8 with some pending optimizations to obtain an industrial prototype.

If measurement quality is paramount, we must also take into account the cost aspect through standardization -use of parts commercially available and which can be easily assembled -, reduction of number of components, and integration, all electronics in same housing and later in same board. A compromise with data precision and good transmission must be reached, which requires thorough studies.

A one-channel sensor measuring accurately three soil variables with all integrated system to deliver in near real time the data on a web-accessed database should cost a price lower than 500 $ (w/o VAT). Some available moisture sensors -except Time Domain Reflectometry Systems (TDRs) -can be cheaper, but do not measure as many variables as our sensors, or with lower precision.

A New Standard of Communication: Long Range Wide Area

Network (LoRaWAN)

The two first generations of sensors, as presented schematically in Fig. 1, operated with a proprietary mode based on frequency-shift-keying (FSK) modulation within a license-free band (around 868 MHz in Europe, 915 MHz in North America and Australia, 433 MHz in Asia). We experimented with two FSK modulations corresponding to transfer rates of payload at 1.7 and 4 kbits/s, respectively. Practical range in an urban area like Paris was 500 m in line-of-sight. It was even lower than this range in certain circumstances, as we observed. In a day of May 2018 all 2nd generation sensors placed in the plot on top of the laboratory building, which operated on the high FSK rate, suddenly stopped to transfer their data to a computer inside the building. Sensors with the low rate could still communicate. Across the street on the top of a neighboring building -less than 50 m away -antennas for cellular phones had been installed. According to the web site of Agence Nationale des Fréquences) the bands allocated to this base station few months before May 2018 contain the band 4G LTE 852 862 MHz, very close to the 868 MHz band. Orange engineer with whom we are in contact acknowledged the risk of interferences. Procedure of the mode required sensors to listen regularly for a message from the base station. Moreover, establishing contact before sending data necessitated the sensor to be active during four minutes. As a consequence, the system was too energy consuming. A personal computer with a dongle connected via USB constituted the base station, which means a very local network. Furthermore, the mode was not appropriate for real time monitoring. Its main advantage was a transfer without loss of points once the communication was established.

Architecture

To address issues in the previous mode, since 2018 we have implemented in our sensors one of LPWAN, LoRaWAN. The only common features with the previous mode are the use of unlicensed bands around 868 MHz -in Europe -and possibility of bidirectional communication even if the number of downlinks, from LoRaWAN gateways to sensors, is restricted, in the case of class A devices. This class is sufficient for our sensor operations as downlinks are only used if some parameters like measurement frequency have to be changed. LoRaWAN is an open standard established since 2015 and supported by a world wide industrial consortium [Haxhibeqiri, De Poorter, Moerman, and Hoe-beke (2018)]. The consortium, LoRa alliance (https://lora-alliance.org), ensures the interoperability and standardization of all LoRaWAN products and technologies. This open association has over 500 members, from the founding company Semtech, which provides technology licenses, to software developers, integrated circuits manufacturers like STMicrolectronics and Microship techn., and to telecommunication operators (140 of them in the world). Gateways forward data on Internet to web-accessed servers, which manage the network (3) and decode and store sensor data (4). Courtesy: newie ventures (Australia).

PostgreSQL

Figure 3. Schematic view of the chain of data transmission from our sensors to a central web-accessed database on a server in a public research institute -EOST in Strasbourg France -. Data of a sensor are collected through the LoRa network into which the sensor is registered (see Fig. 2). Networks used are Live Objects, Objenious and The Things Network. They are scrutinized by the database server to retrieve measurements of all sensors, whatever their LoRa network.

Fig. 2 shows schematically the architecture of a LoRaWAN network to transfer the data from a registered sensor (aka node or device) to an application server of the network, via receivers, or gateways to Internet, and servers which manage the network. A sensor requires two keys, 64-bit and 128-bit codes, for authentication and encryption in a LoRa network. Once installed and powered, and provided a network coverage exits at the site, the sensor sends its data after its join process. Data are included in encrypted LoRa packets, of which maximum payload size ranges from 59 to 260 bytes, depending on the transfer rate. They are decoded and stored in web-accessed servers. Packets, or uplinks, are sent by the sensor to gateways without waiting for instructions to perform the task. They are converted into Internet Protocol packets, and forwarded to network servers in Internet.

In practice, you can build your own LoRa network, if you have the human resource to achieve it, profit from a community network such as The Things Network (TTN), or use the service of an operator for a fee of about 1 -2 $ per sensor and month. The two main French telecommunication groups provide each their LoRa network, Live Objects for Orange group and Objenious for Bouygues telecom. Given our strategy to minimize cost and labor, and the already large coverage of these two networks, we have used them for outside trials. TTN requires very often to bring your own gateway to the network, and to assure its connection to Internet. Operations with TTN are therefore not as straightforward as with the commercial ones for remote observatories. The network is used for sensors calibration and tests inside buildings.

From LoRaWAN servers data are transfered to a central database hosted in a laboratory server for further processing and for dissemination (chain of transfer shown schematically in Fig. 3). Servers of the three LoRa networks in which are registered our sensors are scrutinized to collect all the data in the base. Open source applications PostgreSQL (https://www.postgresql.org), for the database, and Grafana (https://grafana.com), for data visualization and dissemination, are used. The whole process of transfer occurs in real time with latency lower than few seconds in normal conditions.

Characteristics and Limitations

LoRa modulation, a Chirp Spread Spectrum technique within a fixed bandwidth (125 kHz per channel usually), is mainly adjusted by a spreading factor (SF). SF fixes the amount of chirps LoRa uses to express a bit of data. In practice SF varies from SF7, or a high data transfer rate with index DR5 (theoretically 5.5 kb/s), to SF12, or a data rate index DR0 (theoretically 300 b/s). SF7 has the lowest time of emission -"time on air" -and consumption, but at the risk of important losses, whereas the reverse for SF12. Thus LoRa with SF trades between data transfer rate and transmission strength, which controls the number of lost points. Transmitter power is limited at 25 mW (or 14 dBm), at least in Europe. Coding Rate -CR -for error correction is fixed at it default value 4/5. The index DR is adjusted manually, or automatically owing to the activation of a LoRa function called Adaptative Data Rate (ADR). Through downlinks network servers adjust DR of the sensor transceiver in function of the strength of received signal.

Signal strength is assessed at the gateway for each received point owing to two indicators. The Received Signal Strength Indication (RSSI) is the absolute signal power measured in dBm. It is a negative value with a minimum of -120 dBm. Signal-to-Noise Ratio (SNR) is the ratio in dB between the signal power and the noise floor power level, which represents all unwanted interfering signal sources. LoRa can work below the noise floor, with SNR values as low as -24 dB. SNR is compared to the rate of losses we determine over time i the following section.

Besides SF, losses depend on payload size, choice of antenna, site location, or Lo-RaWAN coverage, algorithms used by a network operator, and other factors to be identified. Multi-channel sensors, the most demanding devices, require a payload size larger than 40 bytes: three variables, each at six depths or channels with each value requiring two bytes because of instrument resolution. In addition, the payload contains information like battery voltage, measurement count, bridge open circuit output... On the other hand, for DR from 0 to 2, payload size in a LoRa packet is limited to 59 bytes. As a consequence, real time option, to send data once retrieved, is the straightforward strategy. Larger amount of data can be split into two messages sent successively after each measurement.

Advertised transfer rates such as 5.5 kb/s at DR5 concern the speed at which a LoRa packet, including its overhead (a minimum of 13 bytes), is emitted. It corresponds to the inverse of the emission time t Tx , the main parameter to assess LoRa consumption. In practice frequency of packet emission is limited by a duty-cycle requirement to use unlicensed bands. In the case of 868 MHz bands in Europe, available channels for uplinks usually spans two sub-bands each with a duty of 1%. As a consequence, t Tx must be restricted to 2% of the time between two emissions (TTN has even more stringent requirements). Duty is automatically enforced by the certified LoRa transceivers. By comparing measurement count with emission count provided by message overhead, we have assessed the effect of duty requirement for different DR in the the case of a one-channel sensor sending message of 16 byte payload every minute via Orange LoRaWAN. For DR0 the time t Tx amounts to 1.7 s (see Table 1). According to duty rule, it should be lower than 1.2 s. Indeed, 29 measurements out of 83 are not sent by LoRa transceiver. Power monitoring shows no consumption when the message should be sent. For DR1 (SF11) t Tx is lower than 1.2 s -900 ms -and only 1 point over 40 measurements is not transmitted. Transfer of one message per minute requires a high transfer rate, therefore good transmission conditions, which are not always encountered. This constraint on throughput represents a limitation of the LoRa technology. Nevertheless, specifications for soil sensors do not need that high frequency of transfer. Next ones will feature one board with all circuits for better integration and downsizing.

Hardware in Last Prototypes

Antennas Table 2 presents some specifications of the three antennas used during the different trials, as well their price as indicated by distributor Farnell France for few units. 4th generation one-channel sensors have been initially fitted with an internal patch glued on a vertical wall of the box (868/915 MHz ISM Adhesive Mount with U.FL RF connector from Molex LLC, US). The patch type has been tested as it is cheaper and avoids an external antenna. Later, the patch has been substituted with the external whip antennas: a monopole of λ/4 wavelength (100 mm long with Sub Miniature A RF connector from Low Power Radio Solutions Ltd, UK) and a λ/2 antenna from Pycom Ltd. In spite of limited information on its characteristics the latter one is chosen as the kit, which includes a U.FL cable, is cheaper than the other external antenna with its cable. Whip antennas present a Voltage Standing Wave Ratio closer to one and higher gains, as well as more isotropic radiation pattern, than the patch antenna. Voltage Standing Wave Ratio is the ratio of maximum to minimum voltages in antenna cable and measures impedance mismatch between the two components. The closer VSWR is to one the smaller are the mismatch and transmission loss. Whip antennas are more expensive and necessitate a water-tight connection through the box wall.

The multi-channel sensors are only fitted with λ/4 antennas.

Remark about Universal Time and sensor clock Autonomous sensors dispose of quartz-based oscillators to give the absolute time, after the setting of time, and to fix the time step between points. However, standard oscillators present a typical drift of 1 s every day. For a time step of 10 minutes it amounts to an error on the step of only 7 ms. On the other hand, over a year sensor clock would present a difference with a reference time based on the Coordinated Universal Time (UTC) of more than five minutes. Besides, sensors might suffer an interruption without any reset on clock and counts, resulting in a time shift. Sensor clock could be synchronized using an external system such as Global Positioning System (GPS). However, the procedure is energy Using the time steps between successive points and measurement counts the larger delay suffered by some points can be corrected by interpolation.

Sensor Energy

The number of days of operation before a change of battery depends on the battery capacity and the energy consumption of circuits in field conditions. A simplified model of the energy balance to determine battery lifetime is proposed here (for more sophisticated ones see for instance [START_REF] Bouguera | Energy consumption model for sensor nodes based on lora and lorawan[END_REF]]).

Battery

Three types of battery as presented in Table 3 have been tested during the trials:

-Rechargeable lithium-ion (Li-ion) battery of 3.7 V nominal voltage. Original manufacturers of battery used are LGchem and Panasonic Sanyo. An element, or a group of elements in parallel, requires a protection-circuit module to avoid overcharging above 4.2 V, over-discharging below 2.5 V and over-draining. -Non rechargeable alkaline AA/LR06 battery. The ones mainly used are commercialized by Conrad Electronic SE as Mignon trade name. Batteries from Duracell has been also tested but not over their complete lifetime. -Non rechargeable high power lithium-thionyl chloride Li-SOCl 2 battery (LSH 20 from Saft) of 3.6 V voltage.

Capacity in Table 3 corresponds to conditions rarely met during field trials, in which occur low temperatures -which increase internal resistance and therefore losses -, high humidity, high drain... In case of Li-ion the less-performing element of a pack imposes the cutoff which limits the capacity.

Self-discharge of a battery corresponds to some dissipation in absence of external load, when battery is stored or during circuit deep sleep. In the case of fresh alkaline batteries self-discharge is estimated at 10% of capacity after 1 year and 15% after two years. In the case of Li-SOCl 2 battery the loss is lower than 3% after 1 year, while for Li-ion battery loss is assessed at 1% every month (which a test during few months at room temperature seems to confirm). Self-discharge decreases with low temperature.

Electronics of our sensors, more specifically bridge circuit, requires the battery system to provide a maximum power of 3.3 W at a voltage above 4 V, even in its low state of charge, or a current of 0.8 A at 4 V. The maximum lasts less than 200 ms at each measurement cycle. The constraint necessitates to use batteries in series, at least two for lithium batteries, and four for the alkaline ones. Drain specification is most stringent for Li-SOCl 2 battery. To meet it a high power Li-SOCl 2 battery -available pulse of 4 A during 0.1 s -is chosen.

Capacity in Ah can be increased with the addition of elements in parallel. More elements in parallel and/or series reduce strain on batteries and internal dissipation, but increase costs and require some volume. Typical unit prices for few units are indicated in Table 3. In this regard alkaline battery is the most interesting. On the other hand, it presents the lowest quality, in particular has a high internal resistance.

The battery pack of parallelepipedic shape is placed under the housing lid in order to be exchanged rapidly. Dimensions, nominal voltage and theoretical energy capacity Section 3 details some results after several months of continuous operation. The various contributions j to the overall consumption are split in two types:

Energy Consumption

-Self-discharge and other requirements during the sleep mode. These consumptions are considered permanent, as the duration of the active phase remains in general negligible over a cycle -at best fews seconds every 10 min -. Their average power requirement P j in mW is the parameter to determine. -Those taking place only during the active phase such as consumptions of bridge and communication circuits. They are proportional to measurement frequency, or number of points per hour N pt . Energy required per point of measurement E j in mJ•pt -1 is the main parameter to determine.

By default 6 points per hour, i.e. 10 min. between two points, is used for the measurement frequency. This high frequency permits to monitor water infiltration in soil during an intense rain event, especially in the mountainous observatory of Draix. It also permits to test sensor energy autonomy in the most demanding condition we will encounter. 4 points per hour is equally used, to determine if this rate is sufficient for studies. Fig. 5 shows the successive operations j achieved during an active phase, from micro-controller wake-up -the first run -to last LoRa reception -RX -. Parameters of their consumption are determined by inserting a 1 Ω shunt into sensor supply circuit and recording the voltage across it with an oscilloscope in roll mode, or with a 1 µVresolution voltmeter. From measured voltage over time, are deduced current drain and power requirement P j of each operation, as well as its time of activation, t j . Hence is determined its consumption per active phase or point of measurement, E j = P j t j .

The bridge circuit operates with a supply voltage of +5/-5 V, whereas the rest of sensor electronics is supplied under 3.3 V. As a consequence, each possesses its own voltage regulator. Only DC/DC voltage converters are used for one-channel sensors. Their energy consumption represents from 10 to 20% of energy input, depending on voltage drop across the device. Because of the measurement setup, their dissipation is included in deduced consumptions. Low-dropout regulators are potential alternatives to DC/DC converters when lower noise is necessary. On the other hand, they present a dissipation proportional to the voltage drop across them and to circuit current draw. As a consequence, and because important differences can exist between battery and circuit voltages, their dissipation is much larger than for DC/DC converters.

Consumption of each operation

Requirement of the sleep mode: Power amounts to P sleep = 6 V • 5.7 µA = 0.035 mW.

Battery self-discharge: Self-discharge equivalent power is estimated from specifications reported in Table 3. It depends on battery type, but also on the pack capacity. For four Li-ion batteries it would amount to P slf -dis = 0.65 mW, the highest of the three types. In the case of four fresh alkaline batteries, it is about P slf -dis = 0.125 mW. Li-SOCl 2 batteries would present a draw lower than P slf -dis = 0.085 mW, the lowest among the three types. In any cases the contribution appears higher than for the sleep mode.

Energy consumption for processor runs: They represent operations of the microcontroller alone before a measurement or a transmission in the active phase. Three runs are required, each of duration 50 ms. The consumption amounts to

E run = P run t run = 6 V • 2.2 mA • 3 • 0.050 s = 1.8 in mJ•pt -1 .
Energy consumption for measurement: Bridge has the biggest contribution, even if its activation time has been reduced to a minimum of 130 ms (in the case of a one-channel sensor), comprising a necessary warm-up phase of 100 ms. When a new admittance is connected at its inlet, bridge equilibrium is reached in less than 10 ms.

The consumption is E meas = P meas t meas = 3.3 W • 130 ms = 430 mJ•pt -1 .

Temperature and battery voltage are measured during bridge warm-up, and hence their consumptions are included in that of the bridge. Moreover, they are much smaller.

Energy consumption for radio communication: After measurement and processing, data are transmitted according to LoRaWAN protocol. A transmission window is open during the time t Tx . One to five seconds later it is followed by two successive reception windows of duration t Rx (about 50 ms each). They allow the sensor to receive instructions from the network server -technical downlink -to regulate emissions, or from the application server to modify sensor parameters such as measurement frequency.

Power requirements of the windows are respectively P Tx = 6 V • 28 mA = 170 mW and P Rx = 6 V • 13 mA = 80 mW.

Hence the consumption for radio communication amounts to:

E radio = P Tx • t Tx + P Rx • t Rx = 170 • t Tx + 8 mJ • pt -1 . (1) 
Table 1 gives transmission duration t Tx in function of LoRa spreading factor, SF, according to the generation of sensors. One-channel sensors have a 16-byte payload, while multi-channel ones send packets with a 43-byte payload. However, SF has a larger impact on t Tx , and therefore consumption, than payload size, as a threefold increase on size is equivalent to switch from SF8 to SF9.

Overall consumption and battery lifetime:

To determine these quantities, we have to assess the average power requirement of the sensor. In the case of the first type of consumptions, permanent ones, their power P j in mW contributes directly to the average power. For the second type, their energy requirement per point, E j in mJ•pt -1 , is converted into an average power by dividing by the duration of a cycle of sensor operations, or multiplying by the measurement frequency N pt in points per hour. r Hence the energy consumption C sensor , expressed in Wh, by the sensor over battery lifetime T bat is:

C sensor = T bat • 0.024 • (P sleep + P slf -dis + N pt /3600 • [E run + E meas + E radio ]) . (2)
With T bat in days. Factor 0.024 takes into account the conversion of days into hours to give a result in Wh.

Using data or estimates of consumptions from previous paragraph, eq. 2 gives:

C sensor = T bat • 0.024 • (0.035 + P slf -dis + N pt /3600 • [2 + 430 + 170 • t Tx + 8]) .
With the default rate of N pt = 6 points per hour:

C sensor = T bat • 0.024 • (0.035 + P slf -dis + 0.015 + 0.71 + 0.285 • t Tx ) . ( 3 
)
Duration T bat is determined by matching sensor need with battery capacity, C bat ≡ C sensor . As power requirement of sensor operations and their activation time are precisely measured, main uncertainties arise from battery parameters, especially its capacity in field conditions.

Table 4. List of some trials performed with 3rd and 4th generation sensors (Fig. 1). For each trial are indicated the period, location and the choice of the main parameters related to LoRa transmission. Location refers to the site of the trial (see paragraph 2.3.1 ). LO: live objects. Obj: Objenious in ADR mode with message doubling (*). Antenna specifications given in Table 2. 

Sensors

Field Trial Specifications

Table 4 lists some characteristics of trials carried out with recent sensors fitted with a LoRaWAN transceiver. Thus are indicated for each trial, the sensor, the trial period, the choice of operator among the two commercial LoRaWAN available (Live Objects -LO -of Orange and Objenious of Bouygues), the type of antenna used with the sensor (see Table 2), and the LoRa data rate DR. Each sensor has a designation according to their generation and a number to differentiate the two or three prototypes of each generation (like 4G3 or 3G1).

For instance a one-channel sensor of fourth and last generation, 4G3, operated from November 2019 to November 2020 in Paris, first in LO network, then after September in Objenious one. In November 20 it was moved in a observatory in Southern French Alps at more than 800 m elevation. It was fitted with a patch antenna (see Table 2). LoRa message data rate DR was varying between 3 and 5 (ADR mode) and then fixed at 3. The average rate of lost measurements for each trial is also reported. It is discussed in the result section. Due to initial problems with sensor firmware number of trials with third generation sensors is lower.

Location

Paris plot Sensors in Paris plot are installed in the soil of the green roof of the laboratory building. They benefit from the proximity of several gateways in both commercial LoRaWAN. On the other hand, they may suffer from parasitic signals of nearby cellular antennas, as observed in the case of the previous generation of sensors.

The weather in Paris is subject to both oceanic and continental climates. Since 2019, winters have been mild with the total of time for which temperature drops below 0 • C less than 2% of a year. In average yearly precipitation amounts to 500 mm evenly distributed.

Draix plot

The plot is inside an environment observatory located in the French Southern Alps at 850 m elevation. LoRaWAN coverage by commercial networks for this remote area exists, albeit with only one gateway of the network Live Objects located 12 km away at an elevated site above the main local city, Digne-les-Bains. After some trials in Paris using LO, sensors are installed without modification and operate in the network once powered. Conditions are at the opposite of Paris ones, a better electromagnetic environment for radio communication, but relying on a unique distant gateway.

Due to the influence of a mountainous Mediterranean climate the site suffers from a harsher weather than in Paris, which can affect sensor operations. Over a year temperature drops below 0 • C about 15% of the time, and more than half the year it is below 10 • C. The cold reduces sensor battery lifetime. Another climate related problem is the occurrence of heavy rains (up to 100 mm in 24 h), which can disrupt data transfer. Yearly precipitation is variable. Over the last three years it has changed from 1280 mm in 2019 to 850 mm in 2020, and to 920 mm in 2021.

LoRaWAN still represents an improvement by comparison with the existing mode of transfer of data for other sensors in the observatory. It relies on successive hops using short-range modes such as WiFi, up to a premise in a village named Draix (which gives its name to the observatory) few kilometers away. Transfer is only possible during a small part of the day. On the other hand, losses are limited.

Results and Discussion

Data Transfer During Field Trials

Loss Rate and Factors Affecting it

Influence of Data Rate DR (or Spreading Factor SF) During trials in Paris from end of 2019 or beginning of 2020 to November 2020 (see Table 4) with 4th generation sensors using Live Objects network, the Adaptative Data Rate (ADR) had been activated. As a result, index DR varied, although most of the time it remained higher than 3. However, variations of DR had little influence on the rate of losses, which exhibited after February 2020 a regular rate close to an average between 9 and 13% according to sensors.

Before 4th of March 2020 we had observed loss rates for all 4th generation sensors much lower, up to 2%. As no parameters in sensors had been modified, only external causes (a new interfering source along the transmission path, modification of LO settings...) explain this sudden change.

In the Alps observatory a change of DR can have a bigger effect than in Paris, as seen in Fig. 6 in the case of a multi-channel sensor of third generation. When DR was modified from DR2 (SF10) to DR4 (SF8) at the end of November 2020, as a result of ADR use, loss rate rose from 1% to nearly 20%.

Signal-to-Noise Ratio SNR in Fig. 6(b) experienced a decrease on the order of 5 dB with the rise of DR. However, the indicator remains too imprecise as it presents large fluctuation, 10 to 15 dB. Moreover, when DR was again modified, down to 0, SNR did not recover its previous level, although the loss rate did. Received Signal Strength Indication RSSI is not shown as it is even more imprecise.

The presence of only one gateway at a long distance through a hilly land makes data transfer sensitive to any factors. As such, it provides an opportunity to study their effect and to modify those for which a change is possible to reach a better signal 

quality.

Effect of Antenna System A 3rd generation sensor located close to 4th generation sensors in Paris, all operating with Live Objects, experienced from start of May to end of September 2020 an average loss rate close to 5% with DR fixed at 5 the largest part of the time. An explanation for the better performance of the multi-channel sensor is the use of the external whip antenna of λ/4 wavelength (see Table 2), instead of the patch antenna as in the case of 4th generation sensors. Whip-antenna peak gain is higher and radiation pattern more isotropic. The patch type has been tested as it is cheaper and avoids an external antenna. However, its performance is clearly worse.

Trials in the Alps observatory during winter 2020-21 confirmed the difference observed between the two types of antenna. A 3rd generation sensor experienced an average loss rate lower than 10%, whereas a 4th generation sensor had a rate close to 30% at DR = 2.

Finally, in May 2021 a one-channel sensor in Paris operating in Objenious was fitted with the λ/2 whip antenna instead of the patch one. Fig. 7 shows the dramatic improvement from the change. Loss rate decreased from about 9 to 0.2%, while SNR -9 % -0,2 % 2). Upper figure shows cumulative losses versus DR (right-hand scale). Lower figure shows the losses and SNR variation (right-hand scale) over the same time interval. The change produces a dramatic effect on both the losses and SNR, with the latter increasing by about 10 dB. Some rains occur during the period but without apparent effect.

increased by about 7 to 8 dB. Antenna performance have been even better than for the other external whip antenna, in spite of unknown specifications.

Choice of LoRaWAN operators Differences between the two French commercial

LoRaWANs have been also studied in the case of a one-channel sensor in Paris. At the end of September 2020 operator Objenious is substituted for LO. Fig. 8 shows an effect from the change less important than the one due to antenna exchange, but noticeable, especially as in the same time DR rose from 3 to 5.

ADR functionality for Objenious is more sophisticated than usual as each point is sent twice through two different LoRa channels to reduce losses. At the same time DR is dialed down to keep total time t Tx close to time t Tx without ADR and thus to limit excess consumption. Table 1 shows that twice the time t Tx for one emission at The change produced a dramatic effect on both the losses and SNR, with the latter increasing by about 10 dB. Some rain occur but without apparent effect. SF = 7 is still lower than t Tx at all SF , except for SF = 8. The effect on SNR is even less noticeable. Messages after the change have just a smaller probability to present a SNR lower than -15 dB.

Live Objects does not provide this feature, or not yet.

Sensor firmware can be updated to reproduce Objenious ADR algorithm with double emission of each point.

The weather influence From Fig. 6 to Fig. 8, cumulative precipitations over 24 h have been reported in each upper subfigure to look for any correlation with variations of transmission loss. The two last figures do not show a noticeable effect of rains on losses in the case of Paris plot.

Fig. 9 examines the influence of precipitation on losses in Draix plot in the case of two 4th generation sensors and a 3rd generation one. The interval of time is from late April to beginning of May 2022 when the plot has experienced two large periods of rain (each lasting few days with a total of about 45 mm). Data are transmitted via Live Objects at 6 points per hour in the case of 4th generation sensors, and at 4 points for the 3rd generation one. Cumulative losses for sensor 4G1 in upper figure are lowest among the sensors -3% -and rains have a small impact, or not a clear correlation with loss variations. The sensor is equipped with the λ/2 whip antenna. On the reverse 4G3 presents the biggest average loss rate, and losses rise at each rain event (middle figure). Sensor 3G3 has a situation in-between the two others (Lower figure). Its losses seem sensitive only to the first series of rains. The last two sensors are fitted with the λ/4 whip monopole.

We equally observed in the Alps observatory during winter 2002/2021, in which snow falls occurred frequently, an increase of the loss rate with some snow falls, in the case of a multi-channel sensor. The snow can completely cover the sensor and its external antenna, and limits thus transmission. It is not systematic and the signal recover its previous level long before snow melting. To avoid the situation antenna can be placed high enough owing to an additional cable. The system prevents as well the effect of tall and dense grass surrounding sensors during growth period.

In any case, because of the importance to monitor precipitation effects on soil, it is necessary to have sufficient margin on signal strength to maintain the transmission. 4 for other specifications on the trial). Four AA alkaline batteries from Conrad co. supplied the energy. A new alkaline battery pack was needed at the start of September after voltage dropped deeply below 4 V. Voltage variations with temperature of electronics show a large battery sensitivity to ambient conditions.

Solutions to raise signal strength

The various tests and their results show that solutions exist to limit the losses. Gains of few dB in signal noise ratio at gateway -barely noticeable -can dramatically reduce the losses. This is particularly the case with the choice of antenna system. In spite of more adverse conditions than in Paris -only one distant gateway and harsher weather -a sensor equipped with a λ/2 whip antenna in the Alps observatory limit its transmission losses to few %. The transmission system is more expensive than an internal antenna patch, but the use of the latter results in loss rate of about 30%. It permits to operate with a higher data rate and, as a result, to reduce sensor consumption.

The cost quality balance also depends on which rate is deemed acceptable, as losses with radio communication are unavoidable. At a measurement frequency of six points per hour, the rate of increase of Θ V in soil during an intense rain fall (such as 50 mm per hour) can be captured with one or two points lost over few hours, i.e. for a rate up to 5%. Interpolations remediate missing points.

Other solutions can be explored in the future, such as mimic Objenious algorithms for ADR mode.

It is equally possible to extend a commercial network on demand, by sharing the cost of a new gateway. Operators install gateways on elevated sites usually along with their cellular base stations to benefit from the Internet backhaul. As Draix observatory is close to cellular stations, this solution would vastly improve the situation.

A more sophisticated action is to control measurement frequency from the database server by using the information in real time data of instruments such as rain or air pressure gauges. These sensors must be first connected to LoRaWAN and the database. As they indicate the start of a rain event, algorithms in the host server can send instructions via LoRaWAN downlinks to soil sensors to increase their frequency.

Sensor Energy Autonomy

At the date of writing only one last generation sensor has achieved a year of continuous operation without battery change. It is fitted with two Li-SOCl 2 battery in series, and their voltage has barely changed at around 6.6 V (below the theoretical 7.2 V due to bridge drain) when in Paris. Therefore, in the case of one-channel sensor measuring one point every 10 min., lifetime of lithium battery lasts at least more than a year. It is, however, a costly solution.

Inversely, a sensor equipped with alkaline batteries has run out of energy after seven months and two weeks of operation, or 220 days (Fig. 10). Nearly the same lifetime has been obtained after substitution with the same type of battery from same distributor (Fig. 11). From eq. 3, with values of P slf -dis = 0.125 mW and t Tx = 0.4 s for SF=9 (DR3), and assuming a battery capacity of C bat = 11 Wh, we deduce a theoretical time of 450 days, twice as high as the actual one. The discrepancy arises mainly from the uncertainty on battery capacity: they are not fresh and conditions are far from the ones to obtain the theoretical capacity. This result is reported by other users of autonomous sensors studying energy efficiency [START_REF] Bouguera | Energy consumption model for sensor nodes based on lora and lorawan[END_REF]].

Noticeably, from Fig. 10 voltage of alkaline batteries appears very dependent on ambient temperature, especially at a low state of charge, with a coefficient of around 40 mV• • C -1 close to the end of battery lifetime. It is lower at the start, in the order of 5 mV• • C -1 , as the figure shows with the new pack. By comparison Li-ion batteries present a dependence of 1 to 2 mV• • C -1 . This sensitivity results from the battery internal resistance, which here increases as temperature drops and the state of charge lowers. It raises the internal dissipation under a load (different from self-discharge) and shorten the lifetime. In Draix plot with lower temperatures lifetime of alkaline batteries of similar quality lasted less than 5 months.

Fig. 11 also shows the voltage variation of Duracell alkaline batteries used after the previous ones. They presented good performance in terms of voltage decrease over time and of sensitivity to ambient temperature, by comparison with batteries from Conrad Electronic SE. The trial was terminated before the end of their lifetime.

In spite of its sensitivity to cold, alkaline battery still represents an interesting choice, as they are easily available and remain cheap. In the future to reduce the current drain and extend the lifetime a system of six elements in series will be used per sensor. As their costs remain low batteries of better quality than the ones we have used during our first trials will be chosen.

Large progress on consumption has been made from sensors of first generations as indicated in Fig. 1. Their consumption in quiet mode was 6 mW in average, while the bridge required about 3.3 W of power over nearly 1 s. This did not include the consumption to transmit data. Their mode of communication necessitated the sensor to listen every minute, waiting for a message from the base station. Hence, the high consumption we have observed. LoRaWAN technology is different as sensors is programmed to send regularly its messages and the receiving phase for a potential instruction is extremely efficient.

In the energy budget of eq. 3 the next to last term, which represents bridge consumption, appears the most important contribution. Measurement quality of the bridge, with a high resolution and an output linear to soil complex permittivity, comes with a cost. However, it remains close to battery self-discharge and LoRa transmission when low data rates are necessary as seen above. The sensor has still an autonomy of several months with cheap and ordinary batteries.

If progress to reduce the time of activation of the bridge has been mostly realized, a diminution of its power requirement is still possible, albeit limited. High-frequency signals require analog amplifiers and multipliers with large gainbandwidth product, which in turn draws a high current (up to 20 mA under 10 V for each device). Because of the feed-back loop for self-balancing, the conversions between alternative and direct voltages, and phase resolution to measure the two parts of the complex-permittivity, a large number of them is needed, more than 15 in present circuits.

Nevertheless, in a new circuit of the bridge we have substituted more efficient alternatives for six operational amplifiers of which operations do not require high specifications. Four operational amplifiers for direct voltage operations have been substituted with more recent low consumption ones. Two HF operational amplifiers have been substituted with passive HF transformers. The current drain has been reduced by 20%. Calibration of the bridge has shown that it retains its quality, the phase resolution and the linearity of its output to the admittance under test at its inlet.

Conclusion and Perspectives

The article has presented the integration of recent technology for the realization of autonomous low-cost networks of in-situ soil sensors to monitor continuously water content, salinity and temperature over time and space. Such instrument would be useful to model complex interactions between environment elements -atmosphere, soil, vegetation... -, in a watershed with data every 10 or 30 minutes over years. The article has dealt specifically with the technology to obtain an autonomous system in terms of operation, data transfer and energy.

Recent advances in information and communication technology (ICT), such as the open standard of communication Long Range Wide Area Network (LoRaWAN), have been adopted to our sensors since 2018 in order to facilitate data transfer, even from a remote mountainous observatory in French Alps, and to reduce consumption for long time operations. A sensor is registered in a LoRa network, which includes receiversor gateways to Internet -and servers to manage the network and to decode and store sensor data -aka payload -. A laboratory can set up its own network with internal resources, but in France commercial networks by Telecommunication operators Orange and Bouygues are available and already present a large coverage, which permits a rapid deployment of sensors. In addition, data of our sensors are collected from the various LoRa networks used, and stored in a central database hosted in a laboratory server.

Web-accessed open tools permit to process the data, visualize them and disseminate nearly in real time. Because of the size of a point of measurement of our sensors -16 to 45 bytes -and given LoRa payload limitation, data are sent once acquired.

Success of transfer and factors impacting it have been studied to limit the rate of losses at few %. Solutions to reach this level should take into account the cost aspect. Good transmission is especially crucial in the mountainous site used for our trials, where only one gateway 12 km away is available. LoRa modulation to transfer data depends mainly on the spreading factor, SF. A high SF strengthens the signal and reduces losses, but at the expense of consumption. Choice of antenna has a major effect, with a long external whip antenna decreasing the loss rates below 5%.

Because of the possibility of snow cover or tall and dense vegetation, antenna should be placed at height. Cost of the transmission system is higher than simpler alternative like internal patch antenna, but it is more efficient. Precipitations can have an impact, depending on existing signal quality. They impose signal strength to have sufficient margin. It is all the more important as infiltration in soil during rain events is important to monitor.

In future algorithms can be implemented to improve the transmission and reduce consumption. At the sensor level a good strategy is the double emission of each point, provided SF can be decreased to limit the overall consumption. At the level of the database, a program can send an message to the sensor to raise measurement frequency when a precipitation event is forecast, and to lower it when soil variables vary slowly.

The highest consumption among sensor operations results from the self-balancing bridge to measure soil water content and salinity, as a consequence of the instrument quality. In the case of a one-channel sensor it requires 0.12 mWh of electricity per point. On the other hand, transmission consumption can be larger with the highest SF. With medium SF, several months of operation at one point every ten minutes are obtained with a pack of four cheap alkaline batteries (of which actual capacity is 5 Wh). A cut of 20% on the power requirement of new bridge circuits, a better antenna system to use lower SF and therefore to diminish transfer consumption, as well as six fresh alkaline elements for the supply, will extend the lifetime beyond one year.

Main features of our soil sensor and a network of them are now fixed, close to objectives of our project HYMENET. We aim to optimize the sensor in terms of size and cost to reach a prototype for series production of about one hundred (enough to monitor soil moisture over a catchment). The step will include the study for the manufacturing process, especially about the mechanical part of the sensor.

As the communication and control part of the device is relatively independent of the measurement one, it can be utilized for other type of sensor with equivalent or lower requirement in terms of data throughput and energy. We are thus studying a sensor dedicated to monitor in real time soil thermal gradient with depth, based on thermocouples. For such probe the autonomy system will provide continuous measurements for years without intervention, as its payload and consumption are lower than for the soil sensor described in the article.

Figure 1 .

 1 Figure 1. Successive generations of sensors with communication characteristics, performances in terms of energy autonomy and technology readiness level (TRL). A one-channel sensor measures at one depth, whereas a multi-channel sensor measures along a vertical profile. DR = data rate index of the modulation of the LoRa communication. In the case of 3rd generation, transmission contribution to energy consumption is still low, which explains the small dependence of autonomy to DR.

Figure 2 .

 2 Figure 2. Schematic structure of a network with LoRaWAN (Long Range Wide Area Network) technology. A registered sensor (1) sends its data to close gateways of the network (2) using LoRa modulation and protocol. Gateways forward data on Internet to web-accessed servers, which manage the network (3) and decode and store sensor data (4). Courtesy: newie ventures (Australia).

Figure 4 .

 4 Figure 4. Schematic drawing of the sensor with its main components. Thick lines indicate the path of energy supply from battery. Thin lines are for signals.

Fig. 4

 4 Fig.4shows schematically the main components of last-generation sensors. Mea-

  C bat in Wh of packs used are, according to the type: -Pack of four or six Li-ion cells, of which thickness is 20 mm, width 36.5 or 54.5 mm and length 140 mm, for a volume of about 100 to 150 cm 3 . Nominal voltage and capacity are respectively 7.4 V and about C bat = 50 or 75 Wh. -Pack of four alkaline cells, of which thickness and width are 28 mm, and length is 50 mm, for a volume of about 40 cm 3 . Initial voltage is 6.0 V and capacity C bat = 11 Wh. -Pack of two Li-SOCl 2 cells, of which thickness is 33.5 mm, width 67 mm, and length 62 mm, for a volume of 140 cm 3 . Voltage is 7 V and capacity C bat = 26 Wh.Battery voltage is recorded along soil data to monitor energy supply and forecast a change of battery. Measurement takes place when bridge is active, i.e. with the most demanding load. In the case of Li-ion and alkaline batteries voltage tracks closely the state of charge.

Figure 5 .

 5 Figure 5. Successive operations of a sensor of last generation to achieve one measurement and its transmission. Size of blocks is not indicative of actual active time and consumption of each operation. Most of the time sensor is in sleep mode. Courtesy: Cedarnet France.

Figure 6 .

 6 Figure 6. Influence of the data rate DR -DR = 12 -SF -(right-hand scale) on losses of points and Signalto-Noise Ratio SNR for a 3rd generation sensor in Draix plot. Data are transmitted via Live Objects at four points per hour during late autumn 2020. Upper figure shows cumulative losses versus DR. Lower figure shows the losses and SNR variation over the same time interval. Some rain occurred but without apparent effect.

Figure 7 .

 7 Figure 7. Influence of antenna choice on losses and Signal-to-Noise Ratio SNR for a 4th generation sensor in Paris plot. Data are transmitted via Objenious at 6 points per hour. At the end of May 2021 the patch antenna is substituted with a long whip λ/2 one (see Table2). Upper figure shows cumulative losses versus DR (right-hand scale). Lower figure shows the losses and SNR variation (right-hand scale) over the same time interval. The change produces a dramatic effect on both the losses and SNR, with the latter increasing by about 10 dB. Some rains occur during the period but without apparent effect.

Figure 8 .

 8 Figure 8. Influence of operator choice on losses and Signal-to-Noise Ratio SNR for a 4th generation sensor in Paris plot. Data are transmitted at 6 points per hour. At the end of Spt. 2020 Live Objects is substituted with Objenious. Upper figure shows cumulative losses versus DR (right-hand scale). Lower figure shows the losses and SNR (rhs) variations over the same time interval. The change produced a dramatic effect on both the losses and SNR, with the latter increasing by about 10 dB. Some rain occur but without apparent effect.

Figure 9 .

 9 Figure 9. Influence of rain on losses for two 4th generation sensors and a 3rd generation one in Draix plot. DR is also reported (right-hand scale). Data are transmitted via Live Objects at 6 points per hour in the case of 4th generation sensors, and at 4 points for the 3rd generation one. Rains occur during late April and beginning of May 2022. Cumulative losses for sensor 4G1 in upper figure are lowest among the sensors -3%and rains have a impact. On the reverse 4G3 presents the biggest losses and the largest influence from the rain (middle figure). Sensor 3G3 has a situation in-between the two others (Lower figure).

Figure 10 .

 10 Figure 10. Evolution of battery voltage (right-hand scale), temperature of electronics and losses of the onechannel sensor 4G1 over the year 2020 in Paris. Measurement and transmission at 6 points per hour (see Table4for other specifications on the trial). Four AA alkaline batteries from Conrad co. supplied the energy. A new alkaline battery pack was needed at the start of September after voltage dropped deeply below 4 V. Voltage variations with temperature of electronics show a large battery sensitivity to ambient conditions.

Figure 11 .

 11 Figure 11. Series of sames variables from the same sensor as in Fig. 11 during the first half of 2021. The four AA alkaline batteries substituted in early September 2020 have to be changed at the end of March, after nearly seven months of operation. The new batteries present a lower voltage decrease and smaller variation with ambient temperature.

Table 1 .

 1 Transmission duration t Tx in ms as a function of LoRa spreading factor and payload size.

	payload/SF	7	8	9	10	11	12
	16 bytes	75 125 220 380 900 1700
	43 bytes	112 200 370 660 1400 2500

Table 2 .

 2 Antenna specifications in 868 ± 5 MHz band according to available data sheets. VSWR: Voltage Standing Wave Ratio (see text), mo: monopole, pk: peak, avg: average, dBi: relative to isotropic antenna at same power, vert.:vertical. Prices as proposed by distributor Farnell France (w/o VAT). It includes the cable of connexion to the transceiver. The integration permits to facilitate sensor successive operations, to reach rapidly the deep sleep mode and to reduce the number of components and consequently cost. In addition, sensor electronics includes DC/DC voltage converters, a quartz for clock frequency, a memory, a multi-channel 16-bit A/D converter and two measurement circuits (the admittance bridge for soil moisture and salinity, and a conditioning circuit for thermometers). The circuit of the admittance bridge is printed in a separate board in present prototypes.

	Antenna	type	manufacturer VSWR pk gain (avg) radiation polar. price
	patch	?	Molex LLC	3:1	0.4 dBi (-3)	omnidir. linear 7.8 e
	whip	mo. λ/4	LPRS Ltd	<1.5:1	3 dBi (?)	omnidir. vert. 24 e
	whip	λ/2	Pycom Ltd	?	? (?)	omnidir. vert. 14 e
	surement control, data and energy management, and LoRaWAN operations are per-
	formed by a device from Murata Electronics containing the micro-controller STM32L
	and the RF transceiver SX1276. Its metallic shielded package has a size of 12.5 mm x
	11.6 mm x 1.76 mm.				

Table 3 .

 3 Specifications for one element of each type of battery according to available data sheet. Shape of elements used is cylindrical. Capacity in Ah, as reached at cut-off voltage with a low load at 23 • C and in dry condition. Prices w/o VAT from distributors like allbatteries for few units. a LSH 20 from Saft .consuming and adds some complexities. Instead, we use the time stamp at LoRaWAN gateways for each received point. Gateways are synchronized to UTC. In most of the cases the delay with sensor time is controlled by t Tx . This point was verified, within 1 s uncertainty, by comparing times in the first day of operation of a UTC-synchronized sensor.

	type	size (mm) voltage (V) capacity self-discharge	price
	Li-ion	18 x 65	2.5-4.2	2.5-3.5	∼ 10%/year	∼ 11 e
	Alkaline	14 x 50	0.9-1.5	2.6	10 -15%/year < 1 e
	Li-SOCl 2 ( a )	33 x 62	2-3.6	13	1 -2%/year	27 e
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