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Abstract

In agriculture, soil moisture sensing is critical for plant growth and to enhance crop
productivity. Nowadays, technology has revolutionized agriculture applications. For
instance, soil moisture sensors can be used to find the soil's current state: dry, wet, watery.
The core aim of this thesis is to investigate the cost-effective soil moisture sensors by
considering four sensors by investigating freely available COTS sensors from different
manufactures and integrate the sensor with suitable communication technology for long-
distance communication. A comparative analysis is performed for different commercial
off-the-shelf soil moisture sensors in cost, accuracy, durability, and corrosion resistance.
Secondly, feasible communication technology is investigated for long-range agricultural

applications.

The sensors' accuracy is examined for three different soils, such as clay, loam, and silt
soil, for three different temperatures, i.e., room temperature, 40°C, and 50°C. Soil
preparation and maintenance of the environment are the most critical part of the

experiment, which should be handled carefully.

Based on the experimental results, the author has found that capacitive sensors are better
than resistive sensors due to their capability to avoid corrosion and provide better
measurement readings. Capacitive V1.0 sensor is the most accurate, corrosion-resistant,
and most durable among all the sensors. Capacitive V1.0 is costly than V1.2 but has more
accuracy, while V1.2 is cheaper than V1.0 but has less accuracy. So, these sensors can be
used based on the requirements, i.e., accuracy or cost. Moreover, the author has found that
LoRa is a more feasible communication technology than NB-lIoT for agricultural
applications because of lower latency, low power consumption, long-range, and long

battery life.

This thesis is written in English and is 84 pages long, including 5 chapters, 22 figures,
and 14 tables.



Annotation

In agriculture, soil moisture sensitivity is critical for plant growth and increasing crop productivity. Today,
technology has changed the applications of agriculture. For example, soil moisture sensors can be used to find
the current state of the soil: dry, wet, watery. The main objective of this thesis is to investigate cost-effective
soil moisture sensors by considering four sensors, exploring freely available COTS sensors from different
manufacturers and integrating the sensor with suitable communication technology for remote communication.
A comparative analysis of various commercial off-the-shelf soil moisture sensors is performed in terms of cost,
accuracy, durability, and corrosion resistance. Second, feasible communication technology for remote farming
applications is explored.

The accuracy of the sensors is investigated for three different soils such as clay, loam and silt soil at three
different temperatures i.e. room temperature, 40°C and 50°C. Soil preparation and environmental maintenance
is the most critical part of the experiment and should be handled carefully.

Based on the test results, the author has found that capacitive sensors are better than resistive sensors because
they have the ability to avoid corrosion and provide better measurement examples. The capacitive V1.0 sensor
is the most accurate, corrosion-resistant and durable of all sensors. Capacitive V1.0 is more expensive than
V1.2 but has higher accuracy, while V1.2 is cheaper than V1.0 but has lower accuracy. So these sensors can be
used according to the requirements i.e. accuracy or cost. Moreover, the author has found LoRa to be a more
feasible communication technology than NB-loT for agricultural applications due to its lower latency, low
power consumption, long operating life, and long battery life.

This thesis is written in English and is 84 pages long, including 5 chapters, 22 figures and 14 tables.
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1 Introduction

Technology has revolutionized each sphere of life. Smart agriculture or smart farming is
also an example of this revolution. This is the era of “smart things” where things are
intelligent and clever enough to make their own decisions without humans' involvement.
Researchers are working globally to contribute value to agriculture such asmonitoring of
plants, smart irrigation system, soil moisture monitoring [1]. Agriculture is an inevitable
part of human survival because it is the major source of food. Accordingto the United
Nations, the World population is estimated to reach more than 9.7 billion by 2050. Hence,
double food consumption should be provided, particularly in developing countries. Food
for all is one of the fundamental difficulties of the 21% century. Not only production but

lowering down its side effect on climate change is alsoa vital challenge [2].

A sustainable system should be provided, where climate change could not affect the
productivity of the plants. Water is the basic need in agriculture and the water demand, or
the volume of water needed to sustain a healthy plant, can't generally be fulfilled by
rainfall alone. When rainfall occurs, soil cannot store all the water from it. For farming,
timely and fair irrigation is completely is very important for crop production. Additional
water necessity for crops can be approximated as the potential difference between
moisture deficit through evapotranspiration and moisture entering through irrigation or
rainfall. Whereas, scarcity of water can lead to droughts and over-irrigation can cause
damage to the root of crops. Apart from the food, crops like cotton and rubber play a
significant part in the economy [3]. Moreover, soil acts as an important part of earthly
water dynamics by maintaining precipitation on the ground. Mechanical characteristics
of the soil like texture, compatibility, breaking, swelling, shrinkage, and density are reliant
on the content of soil moisture. They all have a significant part to play in plant growth.
Precision farming is required in this case. Precision farming gives a platform where
farmers can produce a quality of crops at a lower cost. This is possible to achieve through

the usage of smart agriculture.
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Smart agriculture can be defined as a process where various sensors are integrated with
communication technologies to monitor the changes in the environment due to various
external factors, and collected data is optimized to make a smart decision. Steps involved
in an intelligent agriculture system are as follows: sense the agriculture parameters such
as soil moisture, temperature, etc., identification of target location and gathering of data,
data transfer from the field to the control station, and finally make the decision based on
various factors such as domain knowledge, actuation, and control, local data, etc. [1].
Smart agriculture systems can be implemented using smart devices and the Internet of
Things (10T) services. Visible advantages and dominance of the Internet can be noticed
across the globe. This has enabled the development of the 1oT. Low-power and affordable
microprocessors have been developed and taken into use. It facilitates to produce robust,
cost-effective, and low-power devices that can fulfill the needs of precision agriculture.
The process is accelerating because of its pervasive, highly interoperable, and open
nature. It is also estimated that by 2020, 25 billion devices would be associate remotely,
as shown in Figure 1 [4].

Connected devices (billions)

10
5 I
0

2014 2015 2016 2017 2018 2019 2020

MIM devices and consumer electronics

| Mobile phones, PCs/laptops/tablets

Figure 1.1. Increase in 10T devices [4]

According to [5], in the coming years, 10T will become the Internet of Meat (loM) because
the technology will be injected into the body and connected and accessed by wireless
communication technologies. According to Gartner Hype Cycle figure 2. 10T isone of the

emerging technologies in the coming 2 to 5 years.
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Hype Cycle for the Internet of Things, 2019
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Figure 1.2. Hypercycle for the Internet of Things [5]

Smart agriculture is relying on the integration of smart devices, such as sensors and
communication technologies. For precision farming (PF), the analysis of the field
parameters is important. Farmers require smart technology that can help them to maintain
the quality of crops [3]. PF needs a frequent visit to the land. Regularity is veryimportant
for the optimal production of crops. The development of Low Power Wide Area Network
(LPWAN) technologies solves this problem of frequent visits to agricultural land because
LPWAN communication technologies support a wide area of communication with low-
power consumption; PF will help to irrigate our agricultural land timely and adequately.
The deficiency of affordable solutions gives critical agricultural distress, and it especially
hits poor farmers. The worth of money of the sensors is shown in their accuracy and
precision. Hence, proposing affordable soil moisture sensors with high accuracy and
precision is important for all groups of farmers.

LPWAN first appeared to market in 2013. It is very useful for 10T devices because 0T
devices need to send a small amount of data only. LPWAN covers long distances at the
constrain of the low data rate. LPWAN provides us low power, wide-area, and long
battery life communication, which is perfect for 10T devices. These networks can gather
data from a large area and can upload it to the system for analysis. Few wireless networks

are effective for data transmission in the sensor network.
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Figure 1.3. Bandwidth vs. range capacity of short distance, cellular, and LPWAN [6]

Figure 3 illustrates the bandwidth vs. a range of wireless communication technology. It is
mentioned that LPWAN covers longer distances than all the other technologies. Low
power networks are ZigBee, Bluetooth, Radio Frequency ldentification (RFID), Long
Term Evolution for Machines (LTE-M), Sigfox, Narrowband 10T (NB-1oT), and Long
Range (LoRa). In this, some are licensed, and some are unlicensed [4]. Zigbee, Bluetooth,
RFID are not useful for our work because they don’t cover long distances like Sigfox,
NB-IoT, and Lora.

Applications of 10T insmart agriculture

Agriculture 10T has numerous applications such as crop monitoring, water management,
soil monitoring sensor, machines for routine operations, etc. [7], which is shown in Figure

4. Some of these applications are briefly explained here.

1. Water Management
In the contemporary era, scarcity of water is a potential global issue. So, the smart
irrigation system is a contemporary need to control the excess water usage that
also affects crop quality and production. Novel technology is mentioned by [8],
which is known as an “automatic smart irrigation decision support system

(SIDSS)” which helps in effective water management and irrigation of the crop
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fields by making a smart decision according to climatic conditions, characteristics

of soil and weather prediction etc.

Crop Monitoring

Water
Management

®
&Q‘pp

&

Machines for
rotune
Operations

Figure 1.4. Applications of smart agriculture system [7]

2. Monitoring of livestock
With the help of smart devices, it is possible for farmers to collect information
about the schedule of the feeding, location, and health condition of the cattle. For
instance, if one animal is sick, then it can be found by continuous monitoring of

the herd, and other animals can be saved before contamination [9].

3. Monitoring of climate conditions
Climatic conditions are responsible for plant growth or crop production. So, it is
essential to monitor the rough changes in climatic conditions such as temperature
and moisture. The use of the temperature and moisture sensors to get the real-

time instantaneous values of these factors helps to manage the
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adequate amount of water, which eventually helps to increase the efficiency of
the farm [10].

4. Soil moisture monitoring
Monitoring of soil moisture is very essential to maintain the soil profile i.e. is
the quality of soil good for the plants or for identifying diseases which may harm
the crop production. Soil sensors are used to measure the electrical conductivity,
moisture, temperature, nutrients and sense other soil properties. This collected
information is used to estimate the soil profile and based on that, the amount of
fertilizers is determined for the farm [9].

Motivation to study soil moisture

Farming has been around us for thousands of years, which supports mankind to grow and
create stable settlements for their better wellbeing. The latest investigation on climate
change shows that the conditions might get worse. As a result, people will face dry seasons
more rapidly [11]. We all know that various factors need to be considered for precision
farming. Factors like temperature, moisture, rain and several others influencing the
optimal growth of the plant. Soil moisture measurement techniques are in the market for
many decades. Soil moisture sensors that give high accuracy are very expensive and still
far away from the majority of farmer's daily uses. There exist low- cost soil moisture
sensors in the market as well. Due to their very slow and inaccurate measurement, they

didn’t get popularity [12].

Therefore, the main objective of this thesis work is to evaluate the soil moisture sensors
which should be accurate, reliable, precise, low-cost and durable in the way that these can
be used for precision agriculture. Soil moisture sensor that will be having accuracy, low-
cost and low-power consumption can be used broadly, even in developing countries. Soil
moisture data must be gathered for the analysis purpose so that when to irrigate or plants
for optimal production to be decided. This can be done with the help of LPWAN
technologies. As NB-1oT and LoRa are more suitable for the long-rangecapabilities, these
technologies have been selected for evaluation to find which technology suits better for

the low-cost agricultural 10T scenario.
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Problem Statement

The problem statement of this thesis work is to find a soil moisture sensor that keeps the
moisture of the soil between optimal levels that plays an essential role in plant growth.
Sensors previously available on the market have been too costly for many farmers in
emerging countries. Affordable moisture measuring equipment can help in mitigating this
problem and farmers can do precision farming with the help of the latest technologies.
Less amount of work has been done in the practical implementation of the affordable soil

moisture sensors.

Given the above, the research statement of this thesis work is as follows:

R

% Comparative analysis of different COTS soil moisture sensors in terms
of cost, accuracy, durability, corrosion resistance.

R

% Comparative analysis of LoRa and NB-IoT technology to examine the
feasible communication technology for the given scenario.

The approach followed to achieve the goal

The primary objective of this thesis is to analyze various soil moisture sensor to achieve
the following results:

e Find COTS soil moisture sensors available on the market and select cost-
effective sensors for further comparison;

e Test the accuracy, precision, and low power of the sensors;

e Select a networking technology solution for data acquisition;

e Integrate the measurement technology with networking technology;
e Sends and receives the soil moisture data over a long-range;

e Check the operation of sensor network indoor and outdoor as well;

19



Significance of work

Over many years, ample techniques have been analyzed and used for soil moisture
measurement. This measurement allows monitoring of agricultural land without visiting
frequently. Due to modern measurement techniques, low-cost sensors like capacitive and
resistive for moisture measurement. Dielectric measurement technique or as more recent
measurement technique is becoming more and more popular for low-cost and excellent
accuracy. The benefits of wireless sensor networks (WSN) will be used for low-power
and long-distance communication. The novelty of this thesis is that it will investigate the
cost-effective soil moisture sensors by considering four sensors by investigating freely
available COTS sensors from different manufactures and integrate the sensor with suitable

communication technology for long-distance communication.

This thesis report is consisting of six chapters. Chapter 1 covers a general introduction,
motivation, problem statement. Chapter 2 focuses on the literature review and methodology.
Chapter 3 provides a detailed description of devices, hardware, and software requirements to
execute the project. Chapter 4 covers the implementation and discusses the results and
findings. Chapter 5 presents the conclusion and future scope of the work. This thesis ends

with references and appendices.
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2 Literature Review

This chapter represents the background of various soil moisture sensors, which gives a
deep understanding of the literature behind the investigation of low-cost and accurate soil

moisture sensors.

Soil Moisture and its type

Soil moisture is a key factor which has a strong impact on nutrients of soil. It is very
essential to consider this factor, for instance, in low rainfall region, fertilizer rates should
be chosen according to the soil moisture level. Fertilizers usage according to soil moisture
levels provides a good economic return [13]. Moreover, according to [14], soil moisture
is a pivotal state variable which helps to understand the dynamics of earth system as
movement of water through different soils and landscape is different. So, it is every
important to understand the pattern of soil moisture. Soil moisture varies because of
several reasons like temperature, landscape position, soil structure and composition and
man-made structure on the soil [4]. Every agriculture field has its own characteristics that
totally depend on its soil types which gives us ideas about the qualityand quantity of

production.

Soil moisture () is expressed in Equation 2.1 as the ratio of the total volume of soil that
is wet where V,, is the wet volume and Vr is the volume of the soil both measured in cm3.
0=V Vr (2.1)

Soil moisture is of three types gravitational, capillary and hygroscopic moistures [15].

Gravitational moisture

This moisture moves through the soil freely because of the gravity. It generally traps into
the macropores of the soil. It moves rapidly in the soil and stays in the soil for 2-3 days

after irrigation or rainfall [15].

21



Capillary moisture

This moisture generally traps into the micropores of the soil because of the coherence and
adhesion. This moisture is responsible for every physical-chemical- mineralogical-
biological communication between the clay and the outer world [15].

Hygroscopic moisture

This moisture generally presents on the surface of the soil. And this soil moisture is very
hard to remove from the soil due to the adhesiveness against the gravitational force. This

kind of moisture generally presents in the clayey soil in comparison to the sand because
sand has a high surface area [16].

Soil moisture measurement techniques

Soil moisture techniques can be divided into two types such as direct methods and indirect
methods which is shown on Figure 2.1. Direct methods include gravimetric or thermo
gravimetric techniques whereas indirect methods include tensiometric, electrical or

electromagnetic, radiation, thermal and remote sensing methods.

Soil moisture measurement

techniques
A — s I
Indirect Methods
Direct Methods e Tensiometric Methods
¢ Gravimetric or e Electrical or
thermo-gravimetric Electromagnetic
Methods

e Radiation Methods
e Thermal Methods
e Remote Sensing

Figure 2.1. Soil moisture measurement techniques
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Direct moisture measurement techniques

Direct moisture analysis techniques extract soil moisture by drying it inside the oven or
it includes some chemical reaction process like calcium carbide technique and thermo-

gravimetric process [20].

Thermo-gravimetric technique

This is the oldest and most popular soil moisture measurement technique. It is based on
the principle of weighing of the soil before and after the oven drying. We keep wet soil
samples inside the oven for 24 hours at 105 C. But in case of organic soil moisture
temperature is always in between 50-70 C. This process is very much accurate for finding
soil moisture irrespective of soil types and salinity [21]. There is no need for anyspecific
calibration. The moisture in the soil can be computed by using the following formula:

. wt of wet soil—wt of dry soil
% Moisture measurement = V%100 (2.2)

wt of dry soil

Volumetric water measurement can measure by knowing soil bulk density (SBD).

. f il—wt of dry soil
% Volumetric water content =—"*-2-e-s=wotdsell, 100 4« BD (2.3)

wt of dry soil

Where, BD denoted bulk density.

But there are few demerits of it which inhibits the use technique are:
e This method is time-consuming;
e Hard to measure the different depth of moisture content and;

e The soil used for oven drying cannot be used again for measurement because
drying changes the soil structure.

Calcium carbide technique

It is one of the fastest methods to find soil moisture content. It is also called as a speedy
soil moisture technique. This technique uses chemical reaction for determining the soil
moisture. In this, calcium carbide will diffuse with moisture available in the soil and

produce acetylene gas. Equation 2.4 shows this chemical reaction [22]:
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CaCz + 2H20 = Ca(OH); + C:H> (2.4)

Indirect/Modern moisture measurement techniques

Modern technique has various methods to measure soil moisture.

Radiation technique

Radiation technique can be divided into neutron scattering and gamma-ray attenuation

technique which are elaborated in the next sections.

e Neutron Scattering

The neutron moisture measurement technique scatters neutrons. It is extensively used
for measuring volumetric soil moisture. Its response time is 1-2 min approximately
which makes it fast. Figure 2.2 reflects the working of neutron probe. This
measurement technique helps us to measure a large surface area. In this, neutrons
particles hit the hydrogen atom which is present in the soil. As it emits neutrons,

therefore we need to have training about it.

l&——— Read out unit

Probe with source and

detector —

— Ground level

m W

Figure 2.2. Neutron probe [16]

On the other hand, the major disadvantages [16] are:
e Expensive
e Radiation hazard

e It must calibrate for different soil types.
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e The resolution of depth is still doubtful.
e The analysis is somewhat reliant on physical and chemical soil characteristics.
e \We can variations in measurements because of soil density.
Advantages:
e Itisa non-destructive way of measurement.
e It can measure water in any phase.
e Robust and precise
e Not affected by salinity or air gaps

e Gamma-ray attenuation technique
It is a radioactive technique, and it can determine the moisture from the depth 25 mm or

even less than that with a great resolution. Scattering and absorption of gamma-ray take
place in this technique. The absorption of beam energy detects moisture content. It is
faster than the neutron probe because its response time is less than a minute. However,
it is more harmful than the neutron probe as well as it is costlier than the neutron probe
[16].

Disadvantages:
e |tis costly and complicated to use.
e Failure in situ water condition during freezing, thawing or iced.

e Huge alteration in moisture content can happen in highly layered soil

Advantages:
e Temporary soil moisture variations can be quickly observed
e Non-destructive

e The sampling period is comparatively quick around 10 seconds
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Remote Sensing Technique

Recently, remote sensing methods have been applied to measure soil moisture. Evaluation
of moisture by remote sensing techniques renders only exterior knowledge and is
inadequate to witness the whole soil [16]. Moreover, field analysis gives relevant data
about both surface and subsurface moisture of the soil [20].

Some of its major drawbacks are:
e Quite complicated material commonly including satellites

e A highly valuable approach needing the usage of satellite arrangements in most
events.

Merits:
e Quick method
e No need of calibrations
e the health risk is not involved with this technique.

Thermal dissipation technique

A thermal dissipation sensor is made of porous ceramic material. It has a tiny heater inside
it which is placed inside the soil and a temperature sensor is kept at the sensor with the
help of a cable. When we apply voltage to the heater than heat dissipation is measured.
This heat radiation is linked to soil moisture. But this device needs tocalibration and it is
costly [16].

Electromagnetic techniques

Electromagnetic (EM) techniques involve methods that rely on the impact of moisture
on the electrical properties of soil. The resistivity of soil depends on moisture content
therefore it can help for the foundation of moisture sensor. All EM techniques depend on
the dielectric permittivity. Because there is a big difference in the dielectric constant of
soil and water. The dielectric constant of dry soil is between 2 to 5 and for water is
approximately 81. Electrical permittivity cannot get altered by the effect of temperature

changes. Due to this EM sensor, like Time domain reflectometry and capacitance
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techniques are a very common and accurate method for moisture measurement [23]. This
technique can be divided into Time Domain Reflectometry (TDR) technique and

capacitive technique.

e TDR technique

TDR technique is one of the widely used instruments for soil moisture measurement. It
suggests measuring the dispersion of electromagnetic waves (EMW). This technique is
fast, nearly free from soil type, non-destructive, befitted for surface and profile
measurements. Thus, if the soil is wetted the dielectric constant (K) is large and the travel
time of the EMW waveguides will be maximum. If the soil is drained the travel time of
waveguides will be small. TDR provides the dielectric constant, K of soil which is
analytically associated with the volumetric water content (6) it is stated in given below
Equation 2.5,

K = [c.t/2L] (2.5)

In the above equation, c is the velocity of light, t is the transient time for EM wave and

L is the length of the probe.
0 =4.3%106(K3) — 53 %10-2 —5.5 % 10-4 (K2) + 4.3 * 10-5(K3)  (2.6)

Here, K is the measured dielectric constant of soil. Above equation 2. is Topp’sequation
for measuring volumetric water content (VWC). Topp’s noticed that soil composition like
structure, moisture level, temperature, salt, and measured frequency influenced the

electrical response of soil [].

Working principle of TDR

It measured the dielectric permittivity (K) of soil by evaluating the delay between the
incident and the reflected EMW. EMW propagates along with the probes which are
inserted in the soil. The large variation within the dielectric constant of the water and soil
makes the travel time of the pulse depends on the volumetric moisture content (8) [16].

Figure 2.3 depicts the layout of soil moisture measurement using TDR technique.
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Figure 2.3. The layout of soil moisture measurement using the TDR [16]
Advantages:
e Accurate
e Calibration is usually not required for different soil types
e Minimum soil disruption
e Comparatively insensitive to regular salinity levels

e |t can accommodate synchronous measures of soil electrical conductivity as well

Disadvantages:
e Comparatively high-priced devices due to complicated electronics

e Comparably little sensing volume (3.05 cm) range about the length of
waveguides.

e Lack of reflection in highly saline soil.
Capacitive technique

The capacitance-based methods have an oscillating circuit and a sensing component that
is installed in the soil. Here, frequency relies on the dielectric constant of soil.
Measurement of the charge time of the capacitor is required for finding the dielectric

constant. It generally consists of two electrodes which produce a capacitor by the soil as
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the dielectric. Variations in soil moisture content are identified by the variances
happening in the operating frequency (10-150 MHz). The working principle of the
Capacitive sensor and TDR is similar. But capacitive sensor uses swept frequency for
getting data.

Advantages:
e Accurate after soil specific calibration
e Canread in high salinity levels, where TDR fails

e Better resolution than TDR (avoids the noise that is implied in the waveform
analysis performed by TDRS)

e Flexibility in probe design (more than TDR)

e Devices are relatively inexpensive compared to TDR due to the use of low-
frequency standard circuitry.

Disadvantages:

e |t is extremely critical for reliable measurements to have good contact between
the sensor (or tube) and soil.

e Careful installation is necessary to avoid air gaps
e Needs soil specific calibration.
Resistive technique

As soil moisture content increases, soil resistivity decreases. The guantification of soil
resistivity can be done by measuring either the resistivity between electrodes in soil or the
resistivity of material in equilibrium. When the soil's water content is high, the soil has a
stronger electrical conductivity, resulting in lower resistance levels that indicate a high
soil moisture. When the water content in the soil is low, the soil has poorer electrical

conductivity, hence resulting in a higher resistance which indicates as low soilmoisture
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Advantages:
e Asimple method of measurement.
e It delivers the results immediately.

e Very low in cost.

Disadvantages:
e Sensors provide less accuracy in sandy soils due to large particles.

e Sensors are required to be calibrated for each soil type.

However, Capacitive sensors are relatively affordable, accurate, and easily work on any
soil type suitable for this thesis work.
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3 Materials and Methods

In Chapter 2, background study of the soil moisture sensors is presented clearly. This
chapter 3 consists of description of materials/products which are used for experimentation
to find the cost-effective with defined figure of merits such as accuracyand precision.
Here, four soil moisture sensors from different manufacturers are used forthe practical
implementation. The specifications are described in this chapter. Moreover,
communication technology is also an inevitable part of this thesis, as it helps to
communicate with sensor to transmit and receive the information which is also discussed
in this Chapter 3.

Capacitive Soil Moisture Sensors

As the name indicates, soil moisture level is measured using capacitive sensing.
Capacitive sensing technique is described under section 2.5.4. The popularity of this
sensor is due to its long service life because it has ability of corrosion prevention. In
addition, this sensor provides operating range of 3.5V to 5.5V as an on-board voltage
regulator is available which makes it more usable. It is also compatible with Raspberry Pi
and low-voltage Microcontroller Units (MCU) [24]. Two capacitive sensors named as
Capacitive Soil Moisture Sensor V1.0 and Capacitive Soil Moisture Sensor V1.2 are used

for the implementation in this thesis.

Capacitive Soil Moisture Sensor V1.0

This soil moisture sensor can be directly connected to Gravity I/0O expansion shield

because it is compatible with 3-pin Gravity interface.
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Table 3.1. Specification of Capacitive Soil Moisture Sensor V1.0 [25]

Feature Value
Operating Range 3.3-55VDC
Output Voltage 0-3.0vDC
Operating Current 5mA
Interface PH2.0 - 3P
Dimensions 3.86 x 0.905 inches (L x W)
Weight 15¢
Manufacturer DFRobot
Price $1.50

Capacitive Soil
Moisture Sensor V1.0

Figure 3.1. Capacitive Soil Moisture Sensor V1.0 [25]
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Capacitive Soil Moisture Sensor V1.2

The manufacturer of this product is Paialu and this sensor supports 3-pin Gravity Sensor

interface.

Table 3.2. Specification of Capacitive Soil Moisture Sensor V1.2 [26]

Feature Value
Operating Range 3.3-55V
Output Voltage 0-30V
Interface PH2.0 - 3P
Dimensions 99 x 16 mm/ 3.9 x 0.63”
Weight 40 ¢
Manufacturer Paialu
Price 250rs

Figure 3.2. Capacitive Soil Moisture Sensor V1.2 [26]
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Resistive Soil Moisture Sensors

These sensors are used to measure the volumetric content of water using two probes. The
current passes through these two probes to measure the moisture value by measuring its
resistance. If there is more water, the soil is able to conduct more electricity that means
the value of resistance is less. Therefore, the moisture level is higher. On the other hand,
when there is less water, the soil conducts less electricity that means the value of
resistance is more. Therefore, the moisture level is lower. Hence, drysoil is poor conductor
of electricity [24]. Two resistive soil moisture sensors named as SEN0114 and resistive

moisture sensor V2 are used for the implementation in this thesis.

SENO0114 (Resistive soil moisture sensor)

The specification of the resistive soil moisture sensor (SEN0114) is given in Table 3.3.
As mentioned before, the working principle of this sensor based on soil resistivity

measurement. It is useful to monitor the water requirement for the plants in gardens.

Table 3.3. Specification of Resistive Soil Moisture Sensor (SEN0114) [27]

Feature Value
Power Supply 33Vor5V
Output Voltage Signal 0-42V
Current 35 mA
Pin Definition Analog output (Blue wire)

Power (Red wire)

GND (Black wire)
Size 60 x 20x 5 mm
Value Range 0 — 500 (In water)

500 - 750 (Humid soil)

> 750 (dry soil)
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Manufacturer AZDelivery

Price 150rs

Figure 3.3. Resistive soil moisture sensor (SEN0114) [24]

Grove - Resistive soil moisture sensor

The specification of the Grove- Resistive soil moisture sensor is given in Table 3.4. This
sensor is cost-effective and easy to use. Moreover, it is compatible with Grove interface.

It can be used for moisture sensing, botanical gardening, and measurement of consistency
[28].

Table 3.4. Specification of Grove - Resistive Soil Moisture Sensor [28]

Feature Value
Power Supply 33V-5V
Current 35 mA
Pin Definition Analog output (Blue wire)
Power (Red wire)
GND (Black wire)
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Size 60 x 20X 6.35 mm

Value Range 0 — 300 (Dry soil)
300 - 700 (Humid soil)

700 - 950 (In water)

Manufacturer DFRobot

Price 180rs

Figure 3.4. Grove — Resistive Soil Moisture Sensor [28]

The main disadvantage of the resistive soil moisture sensors is the corrosion problem of
the probes of the sensors. This is not only due to contact of the probes with the soil but
also the flowing DC current causes electrolysis of the sensor. This problem can be
resolved by using sensor with AC current. And capacitive sensors are capable to do so.
Therefore, capacitive soil moisture sensors are preferred over resistive due to their
capability to avoid corrosion and provides better readings of the measurement. These are
theoretical findings but, in this thesis, we will prove these findings with practical

implementation.
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Arduino Nano

The Arduino Nano is a small, complete, and breadboard-friendly board based on the
ATmega328P released in 2008. It offers the same connectivity and specs of the Arduino Uno
board in a smaller form factor.[*]

The Arduino Nano is equipped with 30 male 1/0 headers, in a DIP-30-like configuration,
which can be programmed using the Arduino Software integrated development environment
(IDE), which is common to all Arduino boards and running both online and offline. The board
can be powered through a type-B mini-USB cable or from a 9 V battery.[?

The technical specifications of the board are available in Table 3.5.

Table 3.5. Technical specifications of Arduino Nano board [30]

Features Value
Microcontroller ATmega328P-PU
Operating Voltage 5V
Input Voltage Range 6-20V
Input Voltage 7-12V
Recommendation
Digital I/0 Pins 14
PWM Digital 1/0 Pins 6
Analog Input Pins 6
DC Current for 3.3V 50 mA
Pin
DC Current per 1/0 Pin 40 mA
Flash Memory 32 KB
SRAM 2 KB
EEPROM 1 KB
Clock Speed 16 MHz
LED BUILTIN 13
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Types of Soll

For the implementation purpose, author has used three different soils namely clay soil,
slit soil, and loam soil. The brief description about these soils is provided in below

sections.
e Clay soil

Clay soil consists of fine mineral particles and not organic materials. This soil doesn’t
have much space between the mineral particles, so it is very sticky. The main benefit of

this soil is that it retains moisture because of its density [34].

e Slit soil

Slit soil comprises of medium sized particles which is in between sand and clay soil. This
type of soil has limited moisture retention properties and have high fertility rate. This soil

is found near the bank of rivers and water bodies [35].
e Loamsoil

Loam soil consists of an equal amount of sand and silt and a little amount of clay. It is
mainly used in gardening because it is able to retain water easily but also drains quickly.
The main properties of loam soil are nutrient-rich, avoid waterlogging, loose, friable etc.
Loam soil contains the largest sand proportion, which does not hold moisture and provides

air passage and good drainage [36].
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4 Experimental Set-Up and Interpretation of Results

In Chapter 4, the experimental set-up and interpretation of results is presented. In the first
section, the description of hardware and software is available whereas second section
comprised of the practical results such as soil moisture values, temperature values for

three different soils.

Experimental Set-Up

The experimental set-up for this practical work consists both hardware and software. The

description of hardware and software is as follows:

% Hardware Description

e Resistive sensors (SEN0114 and Grove)
e Arduino Nano board

e Laptop/PCx1
e Jumper wire

e Water pump

%+ Software Description
e Arduino IDE (Integrated Development Environment)

e The Things Network
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Steps involved in the experimental set-up:
1. Preparation of soil and maintenance of the environment.
2. Connection of sensor with Arduino board.
3. Writing of code on Arduino IDE.
4. Connections of Arduino board and receiving data at the Serial monitor.
1. Preparation of soil and maintenance of the environment

Soils are prepared by considering the amount of soil and amount of water added to the
soil. For instance, if the amount of dry soil (200 g) and 50 ml of water is added to the dry
soil, the amount of wet soil becomes 250 g because 1ml is equal to 1g. By using Equation
2.2,

Moisture content (%) =-250=200% 100 = 25%
200

Similarly, 50% of moisture content is calculated using 200 g of dry soil, and 100 ml of
water is added to the dry soil. For 75% of moisture content, 150 ml of water is added to
the 200 g of the dry soil. Lastly, 100% of moisture content is achieved by adding 200 ml
of water into 200 g of the dry soil.

The maintenance of the environment (temperatures) to perform this experiment. An oven
is used to maintain the temperature. For instance, firstly, set the oven at 40°C for five
minutes and put soil with 25% moisture content in the oven. Wait for five minutes, then
open the lid, place the sensor inside the soil at the recommended depth (datasheet) and
close the lid. Data is measured only for one minute to get accurate results at a particular
temperature because water starts to evaporate at a higher temperature. The same
procedure is repeated for different moisture levels (50%, 75%, and 100%) and
temperatures (40°C and 50°C).
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2. Connection of sensor with Arduino board

All four sensors have the same pin configuration for the Arduino Uno board. The
connections for the pins are described below.

The module generates an output voltage based on the resistance of the probe, which is available at an
Analog Output (AO) pin.

The same signal is fed to an LM393 High Precision Comparator, which digitizes it and makes it
available at a Digital Output (DO) pin.

Sensitivity Adjustment

LM393 Comparator

The module includes a potentiometer for adjusting the sensitivity of the digital output (DO).

You can use it to set a threshold, so that when the soil moisture level exceeds the threshold, the
module outputs LOW otherwise HIGH.

This setup is very useful for triggering an action when a certain threshold is reached. For example, if
the moisture level in the soil exceeds a certain threshold, you can activate a relay to start watering
the plant.

Rotate the knob clockwise to increase sensitivity and counterclockwise to decrease it.

Power LED

Status LED
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The module also includes two LEDs. The Power LED illuminates when the module is turned on, and
the Status LED illuminates when the soil moisture level exceeds the threshold value.

Soil Moisture Sensor Pinout

The soil moisture sensor is extremely simple to use and only requires four pins to connect.

LA
Do

Ly Ly
X

AO DO GND WC

“a o

Last Minute
7 ENGINEERS .com
YN generates analog output voltage proportional to the soil moisture level, so a higher
level results in a higher voltage and a lower level results in a lower voltage.

Soil Moisture
Sensor

indicates whether the soil moisture level is within the limit. DO becomes LOW when
the moisture level exceeds the threshold value (as set by the potentiometer), and HIGH otherwise.

supplies power to the sensor. It is recommended that the sensor be powered from 3.3V to 5V.
Please keep in mind that the analog output will vary depending on the voltage supplied to the sensor.

is the ground pin.
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Wiring
Let’s hook up the soil moisture sensor to the Arduino.

Let’s begin by powering up the sensor. For this, you can connect the VCC pin of the module to
Arduino’s 5V pin.

However, one well-known issue with these sensors is that they have a shorter lifespan because they
are constantly exposed to moisture. Moreover, constantly applying power to the sensor while buried
in soil significantly accelerates the rate of corrosion.

To avoid this, it is recommended that the sensor be turned on only when taking readings.

One easy way to do this is to connect the sensor’s power pin to a digital pin on an Arduino and set it
to HIGH or LOW as needed. Also, the total power drawn by the module (with both LEDs lit) is about
8 mA, so powering the module from a digital pin is fine. So, we’ll connect the VCC pin to the
Arduino’s digital pin #7.

Finally, connect the A0 pin to the Arduino’s A0 ADC pin.

The wiring is shown in the image below.

Sensor to Arduinc
VCE ==> 45V
GND ==> GND

Figure 4.1. Pin connections of resistive soil-moisture sensor with Arduino Nano board

Finding the threshold values

To estimate the soil moisture level, record the values of your sensor output when the soil is as dry as
possible and when it is completely saturated.

Keep in mind that your sensor may be more or less sensitive depending on the type of soil you use. Also, minerals dissolved in water from
fertilizers and other sources can affect the sensor output.
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3. Writing of code on Arduino IDE.

Arduino IDE stands for “Integrated Development Environment” which is officially
introduced by Arduino.cc. IDE is an open source software which provides a platform for
code editing, compiling, and uploading of the code in the Arduino device. IDE

environment supports both C and C++ programming languages [37].

sensor_pin = A@;
output_value ;
setup() {

pinMode(4,0UTPUT);

Serial.begin(9600);
Serial.println("Reading From the Sensor ...");
delay(2000);

}

loop() {
output_value= analogRead(sensor_pin);
output_value = map(output_value,550,10,0,100);
Serial.print("Mositure : ");
Serial.print(output_value);
Serial.println("%");
if(output_value<0){
digitalWrite(4,HIGH);
}
else{
digitalWrite(4,LOW);
}
delay(1000);

Figure 4.2. Arduino IDE with written code
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Experimental Results

Experimental results are discussed in this section and these are categorized in four parts
according to four soil moisture sensors. The experiment is performed to get the readings
of sensor using three soils namely clay, loam and silt for three temperatures such as room
temperature, 40°C and 50°C. Finally, the measured readings of sensor are compared with
values of data sheet to check the accuracy of the sensor i.e. how measured and actual
values closely related. The measured values of the sensor reflect the state of the soil, is it
dry, wet or watery. The actual values for these states vary from sensor to sensor because

these values are defined by manufacturer.

Resistive soil moisture sensor (SEN0114)

The experiment is performed at room temperature for four values of water content i.e.
25%, 50%, 75% and 100%. Table 4.2 shows the sensor reading for clay, loam and silt
soils with different moisture content at room temperature. According to data sheet, Dry
state: [Above 750]; Wet state: [750 , 500]; Watery state: [500, 0].
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Table 4.8. Sensor (Resistive soil moisture sensor, SEN0114) readings for clay, loam and silt soils with

different moisture content at room temperature

Moisture content (%0) Clay soil Loam soil Silt soil
25 363 624 662
50 368 659 722
75 243 462 539
100 198 154 223

Resistive soil moisture sensor { SEN0114, Room Temp.)

Sensor Reading

(=]
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\\“

G
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75%

Moisture Content (%)

i Clay soil

Loam soil Slit soil

Figure 4.13. Moisture content vs sensor readings at room temperature, Resistive soil moisture sensor
(SENO0114)

Figure 4.13 depicts the moisture content vs sensor readings at room temperature. It can

be analyzed that sensor readings are less than 500 i.e. in water state with clay soil for all

the values of water content. Both loam and silt soils do not have dry state but shows wet

state within the range of 500-750 for 25% and 50% water content and also shows watery

state with values < 500 for 75% and 100% water content.

e At40°C

Table 4.9 shows the Sensor (Resistive soil moisture sensor, SEN0114) readings for clay,

loam and silt soils with different moisture content at 40°C. For clay soil, sensor shows

wet state (536) with 25% of water content at 40°C whereas it showed watery state for
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same water content at room temperature, it means sensor behavior is accurate for clay

soil.

Table 4.9. Sensor (Resistive soil moisture sensor, SEN0114) readings for clay, loam and silt soils with
different moisture content at 40°C

Moisture content (%) Clay soil Loam soil Silt soil
25 536 744 767
50 432 684 590
75 208 436 396
100 198 281 238

Resistive soil moisture sensor (SEN0114, 40'C)
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Figure 4.14. Moisture content vs sensor readings at 40°C, Resistive soil moisture sensor (SEN0114)
Loam and silt soil have almost dry and dry state respectively with increase in
temperature. Also, both soils have wet and watery states. So, it can be concluded that

the sensor behaves accurately at 40°C.
e At50°C

Table 4.10 shows the Sensor (Resistive soil moisture sensor, SEN0114) readings for clay,
loam and silt soils with different moisture content at 50°C. The behavior of sensor is

approximately same at temperatures 40°C and 50°C.
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Table 4.10. Sensor (Resistive soil moisture sensor, SEN0114) readings for clay, loam and silt soils with

different moisture content at 50°C

Moisture content (%0) Clay soil Loam soil Silt soil
25 492 612 703
50 380 553 620
75 257 408 410
100 193 260 298
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Resistive soil moisture sensor (SEN0114, 50'C)
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Figure 4.15. Moisture content vs sensor readings at 50°C, Resistive soil moisture sensor (SEN0114)

The main drawback of this sensor is that it gets corroded during the experimental phase.

So, this sensor is not reliable for agricultural applications because durability and

corrosion resistive are the main requirements for these applications.

Resistive soil moisture sensor (Grove)

The experiment is performed at room temperature for four values of water content i.e.
25%, 50%, 75% and 100%. Table 4.2 shows the sensor reading for clay, loam and silt
soils with different moisture content at room temperature. According to data sheet, Dry
state: [0, 300]; Wet state: [300, 700]; Watery state: [700, 950].

Table 4.11 shows the Sensor (Resistive soil moisture sensor, Grove) readings for clay,

loam and silt soils with different moisture content at room temperature. The sensor
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reading shows watery state for 25%, 75% and 100% water content but wet state (579) for
50% water content in clay soil. Loam soil has watery state for all values of water content
at room temperature whereas silt soil has wet state for 25% and 50% water content and
watery state for 75% and 100%.

Table 4.11. Sensor (Resistive soil moisture sensor, Grove) readings for clay, loam and silt soils with
different moisture content at room temperature

Moisture content (%) Clay soil Loam soil Silt soil
25 785 712 619
50 579 743 664
75 818 772 794
100 826 793 820

Resistive soil moisture sensor ( Grove, Room Temp.)
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Figure 4.16. Moisture content vs sensor readings at room temperature, Resistive soil moisture sensor
(Grove)

It can be observed from the Figure 4.16 that the behavior of sensor is not accurate as it
is showing watery state with little water content. It means the sensor is not reliable and
can’t be used for agriculture applications.

e At40°C

Table 4.12 shows the Sensor (Resistive soil moisture sensor, Grove) readings for clay,

loam and silt soils with different moisture content at 40°C. It can be observed from the
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below table that clay soil has watery state for all the values of water content even at
40°C. As the state of the soil should be changes with increase in temperature.

Table 4.12. Sensor (Resistive soil moisture sensor, Grove) readings for clay, loam and silt soils with
different moisture content at 40°C

Moisture content (%) Clay soil Loam soil Silt soil
25 751 480 591
50 797 687 700
75 821 807 743
100 855 818 813

Resistive soil moisture sensor (Grove, 40'C)
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Figure 4.17. Moisture content vs sensor readings at 40°C, Resistive soil moisture sensor (Grove)
Moreover, the results of the sensor with loam and silt soil are also unacceptable because
the difference of measured data and actual data is more. It means the sensor is not
working accurately at 40°C. This sensor is not suitable for agricultural applications due

to inaccurate measurements.

e At50°C

Table 4.13 shows the Sensor (Resistive soil moisture sensor, Grove) readings for clay,

loam and silt soils with different moisture content at 50°C. It can be observed from the
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below table that clay soil has watery state for the values of water content (50%, 75%
and 100%) even at 50°C.

Table 4.13. Sensor (Resistive soil moisture sensor, Grove) readings for clay, loam and silt soils with
different moisture content at 50°C

Moisture content (%) Clay soil Loam soil Silt soil
25 652 398 540
50 716 601 710
75 823 842 800
100 854 832 843

Resistive soil moisture sensor (Grove, 50'C)
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Figure 4.18. Moisture content vs sensor readings at 50°C, Resistive soil moisture sensor (Grove)
It can be concluded from the Figure 4.17 that the sensor is behaving accurately as it is
showing almost dry state with less water content and watery state with more water
content. But the sensor is inaccurate as it the deviation of the measure values for every

state is more from the actual values i.e. given by manufacturer.
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Result Discussions

This section discusses the results according to the perspective of soils such as clay,

loam, and silt soil. The accuracy of the sensors is analyzed by noticing their behavior in

different soils at different temperatures. The sensor’s respective manufacturer defines

the values for dry, wet, and in water states. All the sensors have the same trend of

values, such as the minimum for in-water and maximum for dry state except the

resistive grove sensor. However, it can be concluded by analyzing the results of section

that the grove sensor is the most inaccurate because it shows maximum

deviation from the soil state's actual values, which are defined by the

manufacturer. So, only threesensors, namely Capacitive V1.0, Capacitive V1.2,

and Resistive (SEN0114) soil moisture sensors, are used for the comparison.

e Clay soil
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Figure 4.19. The behavior of sensors in clay soil




Figure 4.19 depicts the behavior of sensors in clay soil at different moisture levels and
temperature. Clay soil consists of small particles and has water retention properties.
Capacitive V1.0 sensor shows the dry states for less water content (25% and 50%) because
the soil dries with an increase in temperature. As the water content increases (75% and
100%), it only shows wet and watery because clay soil absorbs the water and becomes
sticky. Capacitive V1.2 sensor shows more deviation from the actual values (Dry state:
[520 , 430]; Wet state: [430, 350]; Watery state: [350 , 260]) as compare to Capacitive
V1.0. Moreover, the actual values for soil states of resistive (SEN0114) sensor are dry
state: [Above 750]; Wet state: [750 , 500]; Watery state: [500, 0]. This sensor is the least
accurate compared to the capacitive sensors because it behaves correctly for higher water
content, but with lower water content, it shows inaccurate behavior. For instance, with
25% and 50% water content, the sensor reading should increase towards the dry state, but
it started decreasing for 50°C temperature. Overall, Capacitive V1.0 behaves correctly
according to the clay soil properties.

e Loamsoil
Figure 4.20 depicts the behavior of sensors in loam soil at different moisture levels and
temperature. Loam soil contains the largest proportion of sand, which does not hold
moisture or drains quickly. It can be seen from the below figure that capacitive sensors
show approximately the same behavior by reading revolves around the wet state at room
temperature, 40°C, and 50°C, i.e., loam soil absorbs water quickly and drains easily. So,
the capacitive sensor readings are almost similar except for the 75% water content.
Resistive (SEN0114) soil moisture sensor reads nearly dry states for 25% water content,
but it behaves unexpectedly for 50% water content as it reads wet state for higher
temperature. Overall, it is tough to understand the behavior of the resistive sensor with

loam soil.
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Figure 4.20. The behavior of sensors in loam soil
e Silt soil

Figure 4.21 depicts the behavior of sensors in silt soil at different moisture levels and
temperature. Silt soil consists of medium size particles and has some proportion of clay
soil. So, its water retention capability lies between loam and clay soil. Both the capacitive
sensors read the wet states for all the moisture content with little variation because silt
soil has medium water retention property, and the sensor reading lies in the range of the
wet state. But the curve is different for 100% water content. Even though both the sensors'
reading lies in the wet state range, the trend is different, i.e., CapacitiveV1.0 shows an
upward trend, whereas Capacitive V1.2 shows a downward trend. Overall, it can be
concluded that the Capacitive V1.0 sensor is more accurate because it maintains the same
behavior for all the water content levels as compare to Capacitive V1.2. The resistive

sensor has shown different behavior for all the moisture content
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levels, which makes it inaccurate because it is hard to understand how it behaves in silt

soil.
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Figure 4.21. The behavior of sensors with silt soil

Based on the above results, it can be concluded that capacitive soil moisture sensors are
more accurate and reliable than resistive soil moisture sensors because these provide
better measurement readings and avoid corrosion. The corrosion in resistive soil moisture
sensors is not only because of the contact of probes with soil but also due to electrolysis
of the sensors. The corrosion problem makes these sensors less durable. Table 4.14
depicts the comparison of these four sensors based on cost, manufacturer, accuracy,

corrosion resistance, and
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5 Conclusion

Summary

Agriculture is an indispensable part of human life as it is the primary source of food, but
it is essential to monitor the crops' quality and productivity. For instance, a sustainable
environment should be provided for agriculture using smart technology for crop
monitoring, smart irrigation, soil moisture monitoring, etc. Smart agriculture can be
defined as a process where various sensors are integrated with communication
technologies to monitor the changes in the environment due to various external factors,
and collected data is optimized to make a smart decision. Soil moisture analysis is critical
for the quality of the crop as soil acts as an important part of earthly water dynamics by
maintaining precipitation on the ground. But the problem is the availabilityof affordable
soil moisture sensors. Sensors previously available on the market have been too costly for
many farmers in emerging countries. Affordable moisture measuringequipment can help
mitigate this problem, and farmers can do precision farming with the help of the latest

technologies.

This thesis's first aim was to perform a comparative analysis of different commercial off-
the-shelf soil moisture sensors in terms of cost, accuracy, durability, and corrosion
resistance. The second main goal is to find a feasible communication technology (LoRa
and NB-10T) for the considered scenario. With these aims, the author has investigated the
cost-effective soil moisture sensors by considering four sensors by investigating freely
available COTS sensors from different manufacturers and integrating the sensor with

suitable communication technology for long-distance communication.

For experimental results, the author has chosen four sensors: Capacitive V1.0, Capacitive
V1.2, Resistive (SEN0114) sensor, and Resistive (Grove) sensor. These sensors are tested
with three different soils such as clay, loam, and silt soil for three different temperatures

i.e., room temperature, 40°C, and 50°C. Capacitive V1.0 sensor
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behaves correctly according to the clay soil properties, i.e., it consists of small particles
and has water retention properties. It shows the dry states for less water content (25% and
50%), but it only indicates wet and watery with more water content (75% and 100%)
because clay soil absorbs the water and becomes sticky. Capacitive V1.2 sensor shows
more deviation from the actual values with clay soil compared to Capacitive V1.0.
Resistive sensors are less accurate compared to the capacitive sensors with clay soil.
Similarly, capacitive sensors show approximately the same behavior. Their readings
revolve around the wet state at three temperatures, i.e., loam soil absorbs water quickly
and drains easily. Again, Capacitive V1.2 has shown more deviation with loam soil as
compared to Capacitive V1.0. However, it was tough to understand the resistive
(SENO0114) sensor's behavior with loam soil because it reads nearly dry states for 25%
water content. Still, it behaves unexpectedly for 50% water content as it reads wet state
for higher temperature. The capacitive sensors also read the wet conditions for all the
moisture content with little variation because silt soil has medium water-retention
property. The sensor reading lies in the wet state range but shows a different trend for
100% water content. The resistive sensor has shown different behavior for all the moisture
content levels, making it inaccurate because it is hard to understand how it behaves in silt
soil. Overall, it can be concluded that the Capacitive V1.0 sensor is more accurate because
it maintains the same behavior for all the water content levels as compare to Capacitive
V1.2, Resistive (SEN0114), and Resistive (Grove) sensor.

Based on the comparative analysis of NB-10T and LoRa technology, the author has found
that LoRa technology can be used for agricultural applications because of lower latency,
low power consumption, long-range, and long battery life.

Capacitive V1.0 sensor is most accurate, corrosion-resistant, and most durable among all
the sensors, whereas capacitive V1.2 is less accurate than V1.0, but it is also corrosion-
resistant, most durable, and cheaper. There is a trade-off between accuracy and cost.
Capacitive V1.0 is costly than V1.2 but has more accuracy, while V1.2 is less expensive
than V1.0 but has less accuracy. So, both can be used for agricultural applications based
on the requirements such as accuracy or cost. On the other hand, as mentioned, resistive

sensors are less accurate, corrode quickly, costly, and less durable.
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Based on these results, it can be concluded that the thesis's initial purpose has been
accomplished, i.e., comparative analysis of different COTS soil moisture sensors with a
key figure of merits such as cost, accuracy, durability, corrosion resistance. And finally,

feasible communication technology was investigated for long-range communication.

The results are encouraging and pave the way for the use of COTS sensors, mainly
Capacitive V1.0 and Capacitive V1.2 soil moisture sensing for agriculture applications.
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