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Abstract—A novel moisture sensor based on Near Field 

Communication (NFC) is presented. The system consists of a 

battery-less sensing device which measures temperature, relative 

humidity and the volumetric water content, and is powered from 

the magnetic field generated by the reader. In order to compute 

the sensed data, the system includes a microcontroller, which has 

been programmed to make the calculations and to send the 

processed data to the NFC chip through an I2C bus. This data is 

stored into the EEPROM memory of the NFC integrated circuit in 

NFC Data Exchange Format (NDEF), which is read by the reader. 

An analysis of different methods to measure the soil moisture is 

presented in order to select the approach which fits better with the 

constraints of a NFC energy harvested system.  

 

Index Terms—Battery-less, Energy Harvesting, NFC, Relative 

Humidity, Sensor, Soil moisture, Temperature, Volumetric Water 

Content 

I. INTRODUCTION 

 

EAR FIELD COMMUNICATION (NFC) is a Radiofrequency 

IDentification system (RFID) that allows fast 

communication between devices in a short range. Although 

near-field communications exist from more than a decade [1], 

this technology has not been extended until the massive use in 

payment systems. Furthermore, currently most smartphones 

incorporate an NFC reader. Thus, the importance of NFC 

systems within the Internet of Things (IoT) scenario is growing. 

NFC is also interesting for the development of low-cost sensors, 

since it provides a fast and easy way to get the data from them, 

simply approaching the reader to the tag, without need of 

pairing the devices. Moreover, NFC manufacturers such as 

AMS [2], NXP [3] or ST Microelectronics [4] offer to the 

market advanced integrated circuits (IC) with energy harvesting 

capabilities. These chips take part of the energy received by the 

magnetic field generated at the reader to provide an analog 

voltage output that can be used to power external electronics 

such as low-power microcontrollers or sensors. Due to the short 

range of such systems, the amount of power that can be 

harvested is considerably larger than that available in far-field 

RFID systems. The progressive introduction into the market of 

these ICs allows for the development of low-cost battery-less 

portable sensors such as skin temperature sensors [5] or pH 

sensors to monitor wounds healing [6]. 

Soil moisture measurement is a key aid for irrigation water 

management. Regulating irrigation is crucial to satisfy the water 

requirement of crops without wasting water, to treat the soil 

correctly, and to control the plant nutrients in order to save 

energy. Most sophisticated systems are automated using 

climate-based electronic controllers whereas the simplest ones 

repeat a set of scheduled tasks as function of time. Low-cost 

monitoring systems are demanded for personal use at home or 

to monitor a particular crop, as for example in a greenhouse or 

plants shop. In these cases, irrigation is often manual or 

semiautomatic and the conditions are usually specific for each 

crop. Therefore, the control of the soil moisture must be taken 

into account for an appropriated plant care. There are several 

soil moisture measurement techniques [7] but most of them are 

not suitable for amateur or low-cost applications. Most typical 

portable low-cost meters use a sensor connected to the analog-

to-digital converter (ADC) of a microcontroller, which 

translates a physical value to the corresponding magnitude. The 

result is often shown in a display or acquired by an external data 

logger. In all the cases these methods use a battery to supply 

energy to the electronic components.  

Several wireless soil moisture sensors can be found on the 

literature [8][9]. However, those sensors require an expensive 

reader (in the case of RFID systems), or batteries and expensive 

chips in the case of Bluetooth. NFC has as an advantage in its 

price (less than 1 euro per NFC IC), and the possibility to use 

any conventional smartphone as reader, which can upload the 

sensed data to the cloud. The limitation is in the readout range 

(few centimeters), a characteristic that defines a frame of 

applications and usages where NFC is very attractive and also 

define the areas where this technology is restricted. 

This work proposes a soil moisture sensor embedded in a 

passive NFC-based tag, which powers up the electronics 

harvesting the energy provided by the reader. The data obtained 

can be stored into an Internet of Things (IoT) database to be 

used to program the irrigation schedule and to keep track of the 

soil conditions. On the other hand, no additional cost for the 

reader is required since it is a commercial. The tag also 

integrates ambient temperature and humidity sensors to 
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complement the information of the environment since these 

parameters may affect the irrigation schedule. The tags can be 

installed in several points for individual monitoring thanks to 

its low cost. In addition to the sensed data, an identification tag 

number is written into the NFC chip which can be related to 

information about the plant (name, origin, brief description, 

specific cares) which can be retrieved by the reader and 

displayed in a custom app.  

The paper is organized as follows. Section II provides a 

review of available soil measurement systems in the literature. 

From this review a justification of a capacitive soil 

measurement technique for the proposed application is given. 

Section III describes the system. Section IV presents some 

measurements and a method to calibrate the sensor. Finally, 

Section V gives some conclusions. 

II. SOIL MOISTURE MEASUREMENT TECHNIQUES 

The soil moisture content is often expressed as the 

Volumetric Water Content (VWC), defined as the volume of 

water over the total volume, as it is shown in the example of 

Fig. 1. 

 
Fig. 1.  Representation of 1 m3 separated into constituent parts where 70% of 

the total volume is the soil, 10% is water and 20% is air.  

 

Within the bunch of existing techniques to measure soil 

moisture content there are direct and indirect methods. The 

most known direct method is the thermo-gravimetric [7], which 

is usually used as a standard reference. However, it requires at 

least one day to get the result and it cannot be performed in situ. 

This method is therefore used for calibration of other sensors in 

laboratories. On the other hand, there are several indirect 

techniques [10]. The most common ones are listed below. 

Neutron Moisture Meters (NMM) have a large action radius 

and are insensitive to temperature and salinity. However, it is 

an expensive method which requires a certification for radiation 

[11]. Therefore, it can be used on research but it is not suitable 

for personal use. 

Thermal sensors take advantage of the difference of heat 

conductance between soil and water. They measure the change 

on temperature of the surround soil after applying a heat pulse 

[12]. This type of sensors are inexpensive and easy to use but 

they are very dependent on the soil temperature, they present a 

long integration time and they are fragile since the distance 

between the heater and the thermocouple must be kept.  

Electrical resistance blocks or gypsum blocks [13] are made 

with gypsum around a pair of stainless steel wires. Most of the 

probes are based on the measurement of their electrical 

resistance. Portable probes are available and can be placed in 

the soil to give the water proportion reading. The main 

limitation of this approach is the calibration of the probe due to 

the potential corrosion of the wires with the accumulation of 

mineral salts. 

Besides the above techniques, there are other methods which 

make use of the dielectric property of the soil to measure its 

moisture content. These methods are based on the huge 

difference of the dielectric constant of dry soil (between 3 and 

7), and pure water (about 80). Within these dielectric 

techniques, Time Domain Reflectometry (TDR) is one of the 

most common [14][15]. It consists of sending electromagnetic 

pulses along two wave guides of a well-known length, and 

measuring the time delay between the incident and reflected 

waves. The time delay changes according to the dielectric 

constant of the soil where they are sunk. However, TDR 

systems are expensive for domestic applications or when 

several measuring points need to be monitored, which requires 

multiplexers to share the readout unit [16]. 

Still within the dielectric techniques, there are the Frequency 

Domain Reflectometry (FDR) [17] and capacitive techniques 

[18], both based on the same working principle. In the case of 

FDR, the dielectric constant of the soil is determined by 

applying an oscillating charge to the circuit and measuring its 

resonant frequency to detect variations on the soil’s capacitance 

[19][20]. The main drawback of this technique is that 

measuring the resonant frequency requires expensive 

impedance meters. On the other hand, capacitive methods 

measure directly the capacitance, usually from the charge time 

of the capacitor. Since these type of sensors are AC excited and 

the probe can be covered by a protective layer [21], they are not 

affected by corrosion. Nonetheless, capacitive measurements 

often require additional signal conditioning for the 

measurement with a microcontroller, whereas resistive sensors 

do not. 

Despite the foregoing, a capacitive sensor is the one which 

better fits with the NFC scenario because printed capacitive 

sensors for soil measurements are compatible with standard 

PCB technology used for the design of the coil and integrate the 

electronics of the NFC sensor. In addition, it is not affected by 

corrosion issues. A critical point for using this kind of sensor is 

finding a precise capacitance measurement method compatible 

with the power available from the RF harvesting, an issue 

addressed in the next section. In this work, a low-power 

capacitive soil sensor will be developed integrated within a 

NFC tag and it is described in section III. 

III. SYSTEM DESIGN 

A. System Overview 

Fig. 2 depicts the system proposed in this work. It is 

composed by an NFC antenna which is connected to the 

NFC/RFID IC M24LR04E-R [2], from ST Microelectronics, 

responsible of receiving and sending NFC Data Exchange 

Format (NDEF) messages. This device presents the 

specifications required for this work such as I2C interface, 

energy harvesting with 4 configurable currents, and ISO 15693 

compatibility. When a magnetic field from a reader is received 

by the antenna, the NFC IC wakes up automatically. If the 

energy harvesting mode is activated and the strength of the 
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magnetic field is enough (higher than a threshold that depends 

on the energy harvesting configuration of the chip) the 

M24LR04E-R gets the excess of energy received from the RF 

field to feed all the components of the system. This chip is 

capable to provide currents up to 6 mA in the highest current 

sink mode.  

 

 
Fig. 2.  System overview. 

 

The antenna is a square loop of 50 mm × 50 mm printed on 

FR4 PCB. There is a total of 6 loops whose width is 0.6 mm. It 

is designed with Keysight Momentum electromagnetic 

simulator. The measured inductance is 3.2 H in agreement 

with the simulations. A tuning capacitance of 15 pF is added to 

the internal capacitance of the IC (27.5 pF) to adjust the 

resonance at 13.56 MHz.  

A low-power Atmel 8-bit AVR ATtiny85 microcontroller 

[20] has been selected to be integrated in the prototype. It can 

be configured at different clock speeds and can work down to 

1.8V, reducing the clock frequency. Due to the power 

limitations presented by this system, it has been configured to 

work at 1 MHz, being its consumption around 300 µA at 3.3V. 

In addition, it can be programmed with Arduino IDE, which is 

very popular in open-hardware implementations. This 

microcontroller has an I2C interface and 2 analog inputs. In 

order to provide more information to the user, the system also 

includes a humidity sensor, which is connected to an analog 

input of the microcontroller, and a temperature sensor, which is 

used to adjust the moisture sensor curve. The temperature 

sensor is a low-cost I2C sensor LM75A [23], which consumes 

less than 280 A in active mode and 4 A in sleep mode (at 

3V). It is an industry-standard digital temperature sensor with 

an integrated sigma-delta 9-bit resolution ADC, enough for the 

proposed application. The temperature accuracy is about 1 ºC 

from -25ºC to 100ºC. The HIH-5030 is a low-voltage humidity 

sensor that operates down to 2.7 V, with a typical current 

consumption of only 200 A [24]. This humidity sensor 

presents a linear output voltage related to the relative humidity. 

However, an improved readout can be used if the temperature 

is known. 

The technique used for the measurement of soil water 

content, as it is described below, uses an ICM555 timer 

oscillator, which is a low-voltage and low-power version of the 

popular 555 timer, which consumes typical currents of 60 A 

at 3V and yields a stable frequency output.  

 

Table I summarizes the current consumption of the different 

electronic modules integrated in the tag. The energy harvesting 

needed is in the order of 1 mA at 3 V to power the overall 

system.  

B. Volumetric Water Content measurement 

Following the discussion of Section II, there are several 

methods to measure the Volumetric Water Content of the soil. 

The approach presented in this work is based on an interdigital 

capacitor which is sunk in the soil. The dielectric permittivity 

of the soil depends largely on the changes of the water volume 

content. Keeping the strip-lines of the interdigital capacitor in 

contact with the soil allows to measure the dielectric 

permittivity changes, and then retrieve the soil's VWC. 

 

1) Capacitor 

The capacitive sensor is implemented using an interdigital 

capacitor (IDC) without ground plane (see Fig. 3). Although 

various technologies can be used to realize these type of 

sensors, printed circuit board technology is particularly 

advantageous. The prototype of capacitive sensor has been 

fabricated using standard Fiber-Glass substrate (FR4) with 34 

µm of copper metallization. An insulator layer is added to 

prevent that electrodes can be shorted in presence of water. 

Solder mask coating or a thin protection layer of plastic (this 

latter in the prototypes) can be used as insulator. Fig. 3 shows 

the shape of an interdigital capacitor indicating the different 

parameters that influence on its capacitance, which depends on 

length L, gap distance between two conductors g, finger width 

s, as well as the number of fingers N.  

 

 
 

Fig. 3. (a) Top view of an interdigital capacitor. (b) Cross section view of the 

interdigital capacitor.  

 

Closed-form expressions for multilayer interdigital 

capacitors have been proposed in the literature [25]. The 

capacitance can be expressed as the sum of three contributions:  

𝐶 = 𝐶3 + 𝐶𝑛 + 𝐶𝑒𝑛𝑑       (1) 

Where C3, Cn, and Cend represent the three-finger capacitance, 

the capacitance of the periodical (N-3) structure, and a 

correction term for the fringing fields of the ends of the strips, 

respectively. These capacitances are proportional to the 

effective permittivity and the geometrical factors a3, an and aend, 

TABLE I 

CURRENT CONSUMPTION 

Element Consumption (µA)  

NFC (M24LR) 400  

µC (ATtiny85) 300  

Humidity (HIH5030) 200  

Temperature (LM75) 280  

Timer (ICM555) 60  
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that are function of the elliptic integrals of the fist kind K(k) 

resulting of the conforming mapping method [25]:  

𝐶3 = 𝜀𝑟𝑒3𝑎3𝐿         (2) 

𝐶𝑛 = 𝜀𝑟𝑛𝑎𝑛(𝑁 − 3)𝐿      (3) 

𝐶𝑒𝑛𝑑 = 𝜀𝑟𝑒,𝑒𝑛𝑑𝑎𝑒𝑛𝑑       (4) 

The effective relative permittivity (εre,i  with i=3, n, end) can be 

calculated from the filling factor (qi) that is the percentage of 

fields in each material for each case:  

𝜀𝑟𝑒𝑖 = 𝜀𝑟𝑚 + 𝑞1𝑖
𝜀𝑟𝑖𝑛𝑠−𝜀𝑟𝑚

2
+ 𝑞2𝑖

𝜀𝑟𝑆−𝜀𝑟𝑖𝑛𝑠

2
+ 𝑞3𝑖

𝜀𝑟𝑖𝑛𝑠−𝜀𝑟𝑚

2
 (5) 

Where εrm and εrs are the relative permittivity of the medium 

when the IDC is immersed and of the PCB substrate, 

respectively. Whereas εrins is the permittivity of the insulator 

layer. 

For long fingers (L>>s) the correction for fringing fields at the 

ends of the fingers can be neglected [25]. Therefore, the 

capacitance C is mainly proportional to the length and the 

number of fingers (N).  Replacing (2-4) into (1) the linear 

expression (6) for the capacity C as a function of the medium 

permittivity expression for the IDC capacitance can be found. 

𝐶 = 𝐴 + 𝐵𝜀𝑟𝑚        (6) 

Where B depends on the geometry, and A depends on the 

dielectric permittivity of the PCB substrate and insulator. The 

values A or B can be obtained using closed-form formulas [21] 

or by simulation using a full-wave simulator. 

In this work the electromagnetic simulator Keysight-

Momentum is used for the IDC design and evaluation. In order 

to obtain a value of capacitance easily readable compatible with 

the minimum gap and trace width achievable with the available 

PCB fabrication technology. An IDC with N=40, L=30 mm, 

W=0.8 mm, s=0.8 mm, g=0.5 mm, h=0.8 mm, t=34 µm, εrs=4.7 

has been designed. Two prototypes with two insulator materials 

and thickness have been manufactured. The first prototype uses 

an insulator (type 1) that consist of a coating of adhesive plastic 

(εrins=2) and with a thickness of 100 µm. In the second 

prototype, the insulator (type 2) is an acrylic coating spray 

(εrins=2.7) with a thickness of about 15 µm. 

 
Fig. 4.  Simulated and modelled capacitance as a function of the relative 

dielectric permittivity. Insulator layer type 1 is an adhesive plastic, and type 2 

is acrylic coating spray. A photograph of the manufactured IDC is also shown 

in the inset figure. 

 

Fig. 4 shows a simulation of the IDC capacitance as a 

function of the relative permittivity of the immersed material 

under test (MUT). The thickness of MUT is assumed infinite. 

A linear dependence is observed when an ideal IDC without 

insulator layer is analyzed. However, the insulator layer 

introduces a reduction on the sensitivity of the IDC as a function 

of the permittivity for values of relative dielectric permittivity 

higher than 10. In addition, the sensitivity (slope as a function 

of relative permittivity) is not constant as predicted by the 

closed-form expressions derived from the partial capacitance 

method [25]. The smaller capacitance values obtained 

compared with the case without insulator are explained because 

the effective permittivity of the insulator layer and MUT is 

smaller than εrm. The relation between the effective permittivity 

and the permittivities of the insulator layer and MUT is not 

linear like in multilayer microstrip lines [26]. 

Figure 5 shows a cross-section view of the IDC sensor with 

the equivalent circuit for low permittivity of the MUT (Fig.5.a) 

and for high permittivities (Fig.5b). In the first equivalent 

circuit, the capacitance due to the insulator layer (CINS) is in 

parallel with the capacitance due to the MUT (CMUT), whereas 

in the second, CINS is in series with CMUT. The first equivalent 

circuit is used in the derivation of closed formulas from [25]. In 

the second circuit, when analyzing the fringing electric field 

path from one electrode to another electrode, it makes more 

sense that both the capacitance of the insulation layer CINS and 

the capacitance of MUT CMUT must be connected in series for 

high dielectric constant values of the MUT [27]. Therefore, it is 

expected that the effective permittivity and capacitance will be 

smaller in the second equivalent circuit. Simulated values of C 

on Fig. 4 agree with the measured capacitance when the IDC is 

on air (being air the insulator layer, with εrm =1), 23 pF. C also 

agrees when the IDC is immersed in water (εrm≈80), C=140 pF, 

for the first prototype (insulator type 1) and 270 pF for the 

insulator type 2. In order to interpolate the values of 

capacitance, a compact expression is proposed: 

𝐶 = 𝐶1 + (𝐶2 − 𝐶1)
(𝜖𝑟𝑚)𝛾−(𝜖𝑟𝑚1)

𝛾

(𝜖𝑟𝑚2)
𝛾−(𝜖𝑟𝑚1)

𝛾    (7) 

Where C1 and C2 are the capacitance for two known 

permittivities, εrm1=1 (air case) and εrm2=80 (water case), 

respectively. The exponent γ is a fitting parameter. A value of 

γ=0.21 is obtained for the IDC of Fig. 4. 
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Fig. 5.  (a) Cross-section view of IDC sensor with its superimposed equivalent 

circuit. For low permittivity of MUT used in partial capacitance technique [25] 

and (b) proposed equivalent circuit for high permittivity of MUT [27]. 
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2) Capacitance measurement 

The reduction of clock frequency of the microcontroller to 

reduce its power consumption introduces some restrictions. In 

order to decrease the number of components of the tag and 

reduce, consequently, its cost, the microcontroller clock 

frequency is fixed using its own internal oscillator. Thus the 

precision on capacitance measurement based on the discharge 

time of the capacitor is not enough for small capacitances, since 

when it is in the order of pF, large time constants must be 

considered. Taking into account that when near field 

communication is used the power is only available when the 

reader is close to the tag, a fast measurement method must be 

applied. A similar problem arises when an oscillator whose 

frequency depends on the capacitance is used. In this method, 

the microcontroller works as a frequency counter and the 

precision depends on the maximum clock frequency. The 

methodology used in this paper to measure the capacitance is 

shown in Fig. 5. A custom frequency-to-voltage converter has 

been designed because the available commercial IC converters 

require higher currents than the ones available in this system. A 

low-power timer is used to generate an AC signal, which is 

filtered by a low-pass filter (RC filter), whose cut off frequency 

depends on the capacitance under test. The AC amplitude at the 

output of the filter is measured using a half-wave rectifier used 

as detector. The DC voltage filtered at the output of the detector 

is measured with the internal analog-to-digital converter of the 

microcontroller. Although the output voltage depends on the 

power supply, thanks to the fact that the microcontroller uses 

that voltage as a reference, this problem is avoided.  

 

 
Fig. 6.  Circuit to obtain a voltage proportional the interdigital capacitor (IDC) 

value.  

 

The proposed solution consists of feeding the circuit with a 

square wave of 380 kHz into a low-pass filter consisting of a 

resistor of 10 kΩ (R1) and the interdigital capacitor (IDC), 

whose value varies in the range 55-270 pF. The resulting signal 

(Vdet, which presents a triangular waveform) is rectified by a 

diode (D). The cathode of the diode is connected to a capacitor 

(100 nF, C1) and a shunt resistor (1 MΩ, R2). Hence at the 

output of the envelope detector VOUT is proportional to the value 

of the IDC.  

The waveform at the output of the 555 timer is a square wave 

with nearly ideal 50% duty cycle. This periodic signal can be 

expanded using Fourier series. The higher harmonics are 

filtered, therefore only the first harmonic is considered. Then 

the input signal at the filter can be expressed as: 

𝑉𝑖𝑛(𝑡) =
𝑉𝑐𝑐

2
+

𝑉𝑐𝑐

𝜋
cos(𝜔𝑡)                    (8) 

Considering H(j) as the transfer function of the low-pass filter 

defined as: 

𝐻(𝑗𝜔) =
𝑉𝑑𝑒𝑡

𝑉𝑖𝑛
=

1

1+𝑗𝜔𝑅𝐶
               (9)  

 

The voltage at its output is given by: 

𝑉𝑑𝑒𝑡(𝑡) =
𝑉𝑐𝑐

2
+

𝑉𝑐𝑐

𝜋
⌊𝐻(𝑗𝜔)⌋ cos(𝜔𝑡 + 𝜑)         (10) 

Where φ is the phase of the transfer function. Therefore, the 

output of the half-wave detector is proportional to the average 

amplitude: 

𝑉𝑂𝑈𝑇 =
𝑉𝑐𝑐

2
− 𝑉𝑓 + 𝑘⌊𝐻(𝑗𝜔)⌋𝑉𝑐𝑐 ≈

𝑉𝑐𝑐

2
− 𝑉𝑓 +

𝑘𝑉𝑐𝑐

𝜔𝑅

1

𝐶
  (11) 

 

Where k is a factor that depends on the waveform at the output 

of the filter (nearly triangular), Vcc is the supply voltage, and Vf 

is an offset correction that takes into account the forward 

voltage of the diode. If the frequency of the oscillator is chosen 

higher than the cut-off frequency of the filter f>>1/(2πRC), the 

signal at the output of the detector is approximately 

proportional to the inverse of the capacitance. Fig. 6 compares 

the model given by (5), the circuit simulations considering a 

conventional silicon diode (1N914), the measurements with a 

multimeter, and the measures read by the NFC reader. 

Assuming a nearly triangular waveform at the filter’s output, 

the value of k is 0.5. The forward correction is obtained 

empirically and it is considered Vf=0.35V. Good agreement has 

been obtained. Different values of 0603 Surface Mount (SMD) 

capacitors have been mounted to emulate the IDC and the 

measurements have been performed both using a multimeter 

(Agilent 34450) and the analog readout of the microcontroller 

powered by energy harvesting coming from a smart phone 

working as reader. 

 
Fig. 7.  Output voltage of the measurement system as a function of the sensor 

capacitance C. Comparison between the model proposed (11), the simulation, 

and the NFC read using a smartphone. 

 

Performing a sensitivity analysis from the slope of the 

voltage as a function of the capacitance, the average error 

obtained from the 10-bits ADC of the microcontroller shown in 

Fig. 8 is under 2%, considering the capacitance range (55-270 

pF) of the capacitor sensor proposed in this work.  

 
Fig. 8.  Estimated error in the measurement of the capacitance from the analysis 

of sensitivity. 
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 Fig. 9 shows the prototype manufactured on a FR4 PCB that 

consists of a NFC antenna, the chipset with a connector that 

gives access to the microcontroller in order to program it, and 

the interdigital capacitor which will be sunk into the soil. 

 

 
 

Fig.9.  Designed PCB prototype with the antenna, the IDC and the chipset. 

IV. MEASUREMENTS 

 

Any NFC enabled device can be used as a reader. Several 

smartphones have been tested (Xiaomi Mi Note 2, Sony Xperia 

Z1 and Huawei G8) reaching the threshold of the magnetic field 

to feed the tag by energy harvesting. Fig. 10(a) shows the 

energy harvested when it is illuminated with a smartphone, and 

Fig. 10(b) shows the data communication between the 

microcontroller, the tag and the sensors using the I2C protocol. 

The tag is enabled to perform measurement using the four sink 

current modes of the NFC IC with the smart phone tested. 
 

 
Fig. 10.  Measurement of the energy harvesting output (a) and the data of SDA 

line from the I2C bus (b) when the tag is powered by the NFC reader. 

 

In order to ensure a constant DC voltage delivered by the 

NFC IC, the average magnetic field strength received by the tag 

must be above a certain threshold. The coupling of the antennas 

varies between different devices depending on the antenna 

shape and the surrounding materials. Thus, a measure of the 

maximum distance between the tag and the sensor has been 

experimentally measured with two commercial smartphones. 

The results presented on Fig. 11 shown differences in the read 

range. One of the devices has a maximum distance of about 8 

mm whereas the second one almost reaches 20 mm. In both 

cases the rectified voltage goes to zero when the magnetic field 

strength is below 1 A/m. The threshold magnetic field depends 

on the efficiency of the internal rectifier of the NFC IC used. 

Therefore, the output power of the reader, the antenna’s design 

and its integration within the mobile case depends on the model 

and consequently these factors have a great impact in the read 

range. 

 

 
Fig.11.  Average magnetic field received by the tag (a) and the rectified voltage 

(b) as function of the distance between the tag and the reader. 

 

An application that runs in Android smartphone (shown in 

Fig. 12) has been developed as proof of concept. Beyond the 

sensed data, the system allows to send more information to the 

reader, such as a link to a website, or it can make use of the user 

identifier (UID) of each tag to give additional information of 

that specific product.  
 

 

 
(a) 

 
(b) 

Fig.12.  Image of the developed app graphic interface which uses the tag UID 

to retrieve the information of the plant (a) and the flower pot with the device on 

it being powered and read by the smartphone (b). 

 

To check the sensor operation an experimental setup and a 

calibration procedure is proposed. A typical soil used in 

greenhouses is chosen to perform the experiments. Different 

samples of soil are used with different volumetric water 

content, ranging from dry to water saturation. The interdigital 

capacitor is connected to a vector network analyser (VNA) that 

is used to measure the capacitance at 1 MHz. Fig. 13 shows the 

measurements of the capacitance as a function of the volumetric 

water content (blue squares) altogether with the two-point α-

mixing model (12) (blue line). A capacitance of 65 pF is 

obtained when the soil is dried, which is considerably higher 

than when the sensor is on air (around 55 pF). It also shows the 

soil permittivity obtained from the relationship between the 

capacitance and the permittivity given by (7).  
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Fig.13.  Measured capacitance (blue squares), model (12) (blue line) and 

relative permitivity (orange line) as a function of the volumetric water content. 

 

In order to achieve high accuracy, the sensor must be 

calibrated because the relation between the capacitance and the 

volumetric water content depends on the soil composition [28]. 

In addition, the capacitance as it is shown in Fig.4 depends on 

the coating thickness and the coating material. Therefore, a 

calibration system is needed. In order to calibrate the sensor, the 

two-point α-mixing model is fitted [28]. The volumetric water 

content is modelled as: 

𝑉𝑊𝐶(%) =
𝑋𝛼−𝑋𝑠𝑎𝑡

𝛼

𝑋𝑑𝑟𝑦
𝛼 −𝑋𝑠𝑎𝑡

𝛼 𝜙      (12) 

Where X is a variable that depends on the sensor 

measurement, is a fitting parameter that depends on the 

sensor and  is the porosity of the medium. The sub-indexes dry 

and sat correspond to the sensor output values when soil is dry 

and when it is water-saturated, respectively.  

The fitting parameter  depends on the sensor and is obtained 

from the slope in logarithmic scale:  

𝛼 =
𝑙𝑛(1−

𝑉𝑊𝐶

𝜙
)

ln⁡(𝑋)
         (13) 

Taking into account that the proposed circuit has an output 

voltage proportional to the VWC, it is possible to define X as 

the normalized measured voltage (Fig. 6): 

𝑋 =
𝑉𝑜𝑢𝑡−𝑉𝑜𝑢𝑡,𝑚𝑖𝑛

𝑉𝑜𝑢𝑡,𝑚𝑎𝑥−𝑉𝑜𝑢𝑡,𝑚𝑖𝑛
       (14) 

Where Vout,min and Vout,max are the minimum (on water) and 

maximum (on air) measured output voltages, respectively. 

Therefore, using this normalized variable X, Xdry=1 and Xsat=0. 

It is straightforward to calculate  and  from a linear fitting in 

logarithmic scale.  

The values obtained for  and  are 0.33 and 50%, 

respectively. Fig. 14 shows the results of the volumetric water 

content as a function of the normalized voltage, comparing the 

model with the measured values. 

 

 
Fig.14.  Comparison of measured (□) and modelled (13) volumetric water 

content as a function of the normalized voltage, X. 

 

In order to analyze the behavior of the sensor during the 

irrigation process a setup with 11 different pots, containing a 

blended mixture with different quantities of water, from dried 

soil to 50% of VWC in steps of 5% have been set. Thus, a 

heterogeneous distribution of the water along the soil is assured. 

The sensor has been on each pot enough time to take 50 

samples. The result is shown in Fig. 15, where it can be seen the 

stability of the measured VWC until it reaches the 45%, where 

the sensor is saturated. In order to simulate the drying process, 

the same procedure has been done from 50% to 0%. VWC.   
 

 
Fig.15.  Computed VWC compared to the irrigated water.  

Fig. 16 shows the behavior of the sensor after an irrigation of 

150 ml of water on a 1-liter pot which initially had present about 

13% of VWC. The figure compares the measurements of the 

presented sensor with a commercial sensor (Decagon EC-5). As 

it is shown, the commercial sensor has a smother response 

whereas the NFC sensor has a faster reaction. The fast initial 

increase of VWC (at 5 min) is due to the presence of the water 

on the sensor surface. The two sensors give the same final 
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steady state value after all the water has been diffused in the 

recipient. 

 
Fig.16.  Measurement of VWC after irrigation of the proposed NFC sensor 

and a commercial soil moisture sensor. 

V. CONCLUSIONS 

This work has presented a low-cost, battery-less, NFC-

powered device that is capable to measure volumetric water 

content (soil moisture), temperature and relative humidity and 

show it on a smartphone application or upload it to the cloud to 

be shared or stored. The proposed solution combines 

commercial sensors for temperature and relative humidity along 

with a specific method to measure the soil’s volumetric water 

content, based on a capacitive measure which has been selected 

between the different possible methods found in the literature 

considering the NFC constraints. A printed interdigital 

capacitor using conventional PCB technology has been 

designed, fabricated, and measured for this purpose. The effect 

of an insulator layer for corrosion protection has been analyzed. 

An accurate capacitance measurement method based on a low-

power oscillator and a diode-based detector is employed. A 

procedure for the calibration of the sensor has been presented 

based on a simple expression whose coefficients can be 

experimentally obtained.   

The work has shown that the magnetic field generated by a 

standard smartphone is strong as well as stable enough to 

supply the energy for the designed system. 
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