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Abstract: The basic need common to all living beings is water. Less than 1% of the water on earth
is fresh water and water use is increasing daily. Agricultural practices alone require huge amounts
of water. The drip technique improved the efficiency of water use in irrigation and initiated the
introduction and development of fertigation, the integrated distribution of water and fertilizer. The
past few decades have seen extensive research being carried out in the area of development and
evaluation of different technologies available to estimate/measure soil moisture to aid in various
applications and to facilitate the use of drip irrigation for users and farmers. In this technology, plant
moisture and temperature are accurately monitored and controlled in real time over roots in the form
of droplets, by developing smart monitoring system to save water and avoid water waste using drip
irrigation technology. Water is delivered to the roots drop by drop, which saves water as well as
prevents plants from being flooded and decaying due to excess water released by irrigation methods
such as flood irrigation, border irrigation, furrow irrigation, and control basin irrigation. Drip
irrigation with an embedded intelligent monitoring system is one of the most valuable techniques
used to save water and farmers’ time and energy. In this paper, we design an embedded monitoring
system based in the integrated 65 nm CMOS technology in agricultural practices which would
facilitate agriculture and enable farmers to monitor crops. Hence, to demonstrate the feasibility, a
prototype was constructed and simulated with modelsim and validated with nclaunch the both tools
from Cadence, as well as implementation on the FPGA board, was be performed.

Keywords: smart monitoring system; irrigation; CMOS; FPGA; embedded system

1. Introduction

Agronomy is the science that studies the chemical, physical and biological problems
posed by the farmer. It is concerned with the living matter, the cultivable layer of the soil.

Lately, the necessary innovations in irrigation can help to produce more crops with
less water consumption. Based on an automatic irrigation system, a system can be operated
without the need for manual intervention. With the drip method, it is possible to achieve
the following goal: “less water input but more crop production”.

With the development of internet and engineering, soil and plant moisture sensors
have been introduced to provide information on plant growth and to allow for the real-time
operation of irrigation. Drip irrigation is a low-pressure, low-volume irrigation system [1–3].
Water is generally transported through polyethylene pipes and is applied directly to the root
zone of plants. Selection of a suitable method for the crop, proper monitoring of the irrigation
system and water supply, and appropriate application rates according to the growth stage of
the crop, all of that are necessary for efficient irrigation systems . Important parameters to be
measured for the automation of the irrigation system are soil moisture and temperature. The
advantages of drip irrigation systems over overhead sprinkler systems include reduced water
consumption, erosion, and runoff risk, as well as reduced weed growth. The installation
of an efficient irrigation system begins with a proper design and the selection of pipes and
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transmitters of the appropriate size to ensure adequate water flow. The drip system used
50% less water and produced 50% less weeds and 75% less bio-masses than the overhead
system [4]. The disadvantages of drip irrigation systems include: more time required for
initial installation, higher initial costs, Risks of obstruction of emitters by suspended solid
particles or the precipitation of chemical salts contained in the water, Salt accumulation on the
soil surface, Rapid deterioration of pipes including drippers, Exposure of surface side pipes
and drippers to animal damage, regular monitoring and maintenance to ensure adequate
water supply. Scientists [5–9] are working to replace traditional agriculture with integrated
and affordable systems to produce more crops and more income from the same soil. With
proper follow-up in the field, the advantages of the drip system becoming more productive
far outweigh its drawbacks. A good transfer of technology and a good knowledge tool
in the hands of farmers would provide great added value to increase production at a low
cost. Innovations can reduce the competitive demand for water and energy. For example,
minimizing water consumption and energy consumption could be achieved by using drip
irrigation in agriculture [10–14]. Similarly, the power of the installations (Figure 1) can limit
water requirements for cooling by using smart monitoring system. Engineers and researchers
must play a more active role in solving water use problems in urban and rural areas.

Figure 1. Typical drip system layout.

This work proposes an intelligent, dynamic, and automated monitoring system based on
moisture and temperature sensor applied to irrigation systems for agricultural crops [15–17].
The system focuses on controlling the irrigation process automatically [18–20]. Automation
is implemented by programming in VHSIC Hardware Description Language (VHDL) code
on the field-programmable gate array (FPGA) board to display and measure humidity as a
function of temperature to monitor soil moisture [21–23].

In this context, the FPGA (Field Programmable Gate Array) with its great integra-
tion and reconfiguration capabilities makes it a key component to develop prototypes
quickly. FPGAs are two-dimensional arrays of logic blocks and flip-flops with an electri-
cally programmable interconnect between the logic blocks. Specifically, the Altera DE1
Cyclone V board has become one of the most widely used FPGA development boards
for sophisticated digital system development, design and implementation of a variety of
FPGA projects. Using this smart sensor in the automation and regulation system of the
drip irrigation process makes the monitoring easily at any time and anywhere, by any
person. The smart monitoring system is in good condition and is incorporated with modern
equipment and devices that can effectively withstand different environmental conditions
without deteriorating. Thus, the intelligent irrigation system offers great flexibility for a
practical irrigation process, and optimal solutions for water conservation with precision.
This paper is organized as follows: In Section 2, materials and methods. The main results
are summarized in Section 3. These two sections have concretized the primary objective
that ultimately leads to the implementation of this smart monitoring system.
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2. Materials and Methods

Conventional irrigation methods such as sprinkler irrigation, and flood-type feeding
systems usually wet the soil and the lower leaves and stems of plants. All of the soil is
saturated and often remains wet long afterward irrigation is complete. This condition
favours fungal infections and leaf mould. Flooding methods consume large amounts
of water and the area between crops remains dry and only receives moisture through
accidental rains. On the contrary, drip or runoff irrigation is a modern irrigation technique
that slowly applies small amounts of water to part of the plant root zone.

The drip irrigation method was invented by the Israelis in the 1970s [24]. Water is
provided frequently, often daily, to maintain good soil moisture levels. Figure 2 shows the
proliferation of water stress in a plant with good water use methods.

Figure 2. The proliferation of water stress in the plant.

The percentage of the area wetted and the volume of soil wetted depend on the
properties of the soil, its initial moisture content, the volume of water applied, and the flow
rate of the emitter. In free-flowing or clay soils, the lateral movement of water below the
soil surface is more pronounced than in sandy soils. The vertical bulb of wetted soil in
sandy soil resembles a core. In free soil, the dimensions of the wet bulb are similar in depth
and diameter. In heavy soils, however, the horizontal zone of moisture extension is larger
than its depth.

The simulations and validation are there for reasons to study the possibility of mon-
itoring the irrigation by an integrated system that will be designed later, the vhdl code
of this monitoring system develop capable of verifying the requirements which displays
the evolution of the amount of water in the air at 100% relative humidity according to
temperatures.

2.1. Features of the Smart Monitoring System

A humidity sensor (or hygrometer) (Figure 3), measures both the humidity and
temperature of the air. Relative humidity is defined as the ratio of the humidity of the air
to the greatest amount of moisture at a given air temperature. Relative humidity becomes
an important factor in the search for comfort.
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Figure 3. Air moisture monitoring system.

The characteristics and limits of the smart sensor:

• Temperature: 0–40 °C (32.0–104 F)
• Response time: <30 s
• Temperature measurement uncertainty: ±1
• Automatic temperature compensation: 0 ◦C∼40 ◦C
• Operating temperature: −20 ◦C∼40 ◦C
• Working humidity: ≤85% RH

Although the smart sensor is the central device of the drip irrigation system in this
paper, it is composed of several other elements. These must be compatible with each other
and adapted to the requirements of the crops and the characteristics of the irrigated plot.
These elements fall into seven main categories:

• A water source: a pumping system from a surface or groundwater source, or in
connection with a public, commercial or cooperative supply system,

• A distribution system: main, branch and collector (feeder) pipes,
• Lateral booms,
• Control accessories: valves, water meters, pressure and flow regulators, automatic

devices, backflow preventers, vacuum valves, air release valves, etc,
• Filtering system,
• Chemical injection equipment: plant nutrients and water treatment agents,
• Drippers.

2.2. The Original Design Flow for the Implementation of This Smart Monitoring System

The rapid evolution of manufacturing techniques and technologies has led to the
birth of increasingly powerful and complex FPGAs. The latest generation of FPGAs
include embedded processors, ultra-fast communication links, and many other features.
They are also increasingly dense (up to 1 billion equivalent logic gates) and faster (up to
500 MHz). All this allows the realization of very complex and high performance systems.
Moreover, the potential of static and dynamic reconfigurability allows to take into account
the evolution of standards and thus to modify the internal architecture while the board
and the rest of the components remain fixed. FPGAs have become one of today’s most
powerful technologies for developing systems that require real-time operation. FPGAs
offer additional flexibility: they can be used in tighter time-to-market.

The increasing density of FPGAs allows the rapid prototyping of highly complex
digital circuits. Also, it is possible to quickly test the validity of new architectural concepts:
the complete implementation of a microsystem on FPGA circuits is now within our reach.
In this context, we propose an original design flow for the fast implementation of this smart
monitoring system.

The design flow of an application on FPGA is usually realized in several steps. First
of all, the algorithmic specifications allow to define the architecture by an Algorithm Archi-
tecture Adequacy approach. This architecture is then described with an HDL language.
We can then simulate the system, and modify it if necessary. Then come the synthesis and
placement routing phases, which consist in determining which elements will actually be
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used in the FPGA and how they will be connected to each other, where they will be placed
in the component, etc. Each phase requires a verification of the global correctness and the
timings, and if necessary modifications. Hardware description languages such as VHDL or
Verilog, usually used for FPGA development, are concurrent in nature. Programming in
VHDL (used in the specifications of our smart monitoring system) implies a good knowl-
edge not only of the algorithm but also of the FPGA architecture and the compiler used.
Therefore these steps mentioned above could not be managed without computer-aided
design tools and electronic design automation (EDA), it plays a central role for industry,
economy and society. Recent developments in EDA have focused mainly on improving the
consistency of the integrated circuit design flow.

To recap, the typical flow of an FPGA consists of five main phases illustrated in
Figure 4, which are behavioral simulation, functional simulation, static analysis, post-
layout timing simulation and in-circuit verification.

Figure 4. Typical FPGA design flow.

A prototype has been built and the embedded monitoring system has been simulated
and validated on Cadence tools, as well as the implementation on the Altera Cyclone V
DE1 FPGA board. If we wish, we can then, in a future work, proceed to the Design Rule
checking (DRC), Layout Versus Schematics (LVS), and the generation of the necessary
masks from the Graphic Design System (GDSII) file, then send it to the foundry for the
production of this intelligent sensor on a small chip and just after its manufacture, we test
it on a real field, on plants irrigated by the drip system, and why not to expose it on a next
article if everything is correct.

2.3. Irrigation System Performance Efficiency

In this section we would like to expose several important theories which ensure the un-
derstanding what happens to applied irrigation water, a clear distinction is made between
water that is consumed and water that is used beneficially. Once that is known, there are
several ratios, terms or equations that can be used to describe irrigation performance and
the mathematical explanation of Irrigation system performance efficiency. These equations
are not used in the results section.

Irrigation water may be distributed from a storage tank and transported to the field or
farm through a canal system, it may be pumped from a tank on the farm and transported
through a system of agricultural canals, or it may be pumped from a single well or a
series of wells through agricultural canals. To regulate flow, manage water that is diverted,
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provide short-term storage, and meet farm demand, irrigation districts often include small
to medium-sized reservoirs. [25–27]. Some on-farm systems use tanks for storage and flows
from multiple wells.

2.3.1. Water Conveyance Efficiency

Transport efficiency is generally defined as the ratio of water reaching a farm or
field [28,29] and is defined as follows:

Ec = 100 ∗ Vf /Vt (1)

where Ec is the transport efficiency (%), Vf is the volume of water reaching the farm or
field (m3), and Vt is the volume of water diverted (m3) from the source. Ec also applies to
segments of canals or pipelines, where water losses include infiltration into canals or leaks
in pipes. The overall Ec can be calculated as the product of the efficiency of the individual
components, Eci , where i represents the segment number. Transport losses include any
channel spills (operational or accidental), seepage from tanks, and the evaporation that
could result from management, as well as losses resulting from the physical configuration
or the condition of the irrigation system. Generally, transportation losses are much lower
for closed pipelines or pipelines [10]. Compared to uncoated or coated channels. Even the
transport efficiency of coated channels may decrease over the years due to deterioration of
materials or poor maintenance. Figure 5 shows an illustration of the different components
of water transport required to characterize irrigation efficiency.

Figure 5. Illustration of the various water transport components needed to characterize irrigation
efficiency.

2.3.2. Application Efficiency

To meet the crop’s water requirements relative to the water applied in the field, it is
often found that Application efficiency is related to the effective storage of water in the root
zone. It can be defined for individual irrigations or parts of irrigations (sets of irrigations).
Application efficiency and fertility includes any application loss due to evaporation or
seepage from surface water channels or grooves, possible leakage from sprinklers or drip
lines, percolation below the root zone, drift from sprinklers, evaporation of droplets into
the air, or field runoff. Application efficiency is defined as:

Ea = 100 ∗ Vs/Vf (2)

where Ea is the application efficiency (%), Vs is the irrigation required for the crop (m3),
and Vf is the water supplied to the field or farm (m3). The root zone may not need to
be completely filled in, especially if part of the root zone has retained water capacity is
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needed to store possible or probable rainfall. Often the Vs is characterized as the volume
of water stored in the root zone from the irrigation application. Some irrigation may be
applied for reasons other than meeting crop water requirements (germination, frost control,
crop cooling, chemigation, fertigation, or weed germination). Crop need is often based on
“beneficial water requirements”. The runoff water needed to achieve good field uniformity
can be recovered in a “tail water pit” and recirculated with current irrigation or used for
subsequent irrigation, and Vf should be adjusted to account for the “net” recovered tail
water. Efficiency values are generally site specific.

2.3.3. Seasonal Irrigation Efficiency

The seasonal irrigation efficiency is defined as:

Ei = 100 ∗ Vb/Vf (3)

where Ei is the seasonal irrigation efficiency (%) and Vb is the volume of water advan-
tageously used by the crop (m3). Vf is somewhat subjective [17,29], but it essentially
comprises the required crop evapotranspiration (ETc) plus all leach water (Vl) for manag-
ing the salinity of the root zone crop.

2.3.4. Irrigation Water Use Efficiency (WUE)

The previous sections have addressed the technical aspects of irrigation efficiency.
Irrigation efficiency is clearly influenced by the amount of water used in relation to the
irrigation water applied to the crop and the uniformity of the applied water. These efficiency
factors have an impact on irrigation costs, irrigation design, and most importantly in some
cases, crop productivity. Water use efficiency (WUE) has been the most widely used
parameter to describe the efficiency of irrigation in terms of crop yield. The previous
discussion on WUE did not explicitly explain the response of crop yield to irrigation. Water
use efficiency is influenced by the use of crop water (ET). The term for WUE to characterize
the influence of irrigation on WUE is defined as:

WUE = (Ygi − Ygd)/(ETi − ETd) (4)

where WUE is the efficiency of irrigation water use (kg m−3), Ygi is the economic return
(g m−2) for irrigation level i, Ygd is the dryland yield (g m−2) in fact, (crop yields without
irrigation), ETi is the evapotranspiration (mm) for irrigation level i, and ETd is the evap-
otranspiration from the crops in arid zones (or ET without irrigation). If the objective is
to compare irrigation and dryland production systems, then arid areas rather than non-
irrigated areas must be used. If the objective is to compare irrigated diets with non-irrigated
diets, then appropriate values for Ygd and ETd should be used.

Often, in most semi-arid to arid areas, the Ygd can be zero. Irrigation efficiency is an
important technical term that implies an understanding of soil science and agronomy to
get the most out of irrigation. Improving the understanding of irrigation efficiency can
enhance the beneficial use of limited and declining water resources needed to improve
agricultural and food production of irrigated land-based crops. Thus, drip irrigation
using monitoring system integrated drip irrigation in embedded systems is one of the
most efficient techniques used to save water and farmer’s time and energy. The use of
integrated technology, such as 65 nm Complementary Metal Oxide Semiconductor (CMOS),
in farming practices would make farming easier and enable farmers to monitor crops. In
the next section, we will validate our findings by a simulation and implementation on the
FPGA board of our smart monitoring system that measures air humidity as a function of
soil temperature.
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3. Results
3.1. Simulation and Validation of the Smart Monitoring System with Modelsim

The simulation of a smart monitoring system for irrigation followed the development
of the VHDL code. Using VHDL language that has been designed and optimized for the
behavior of electronic components ranging from simple logic gates to the function that
makes the design of this smart monitoring system (Figure 6).

Figure 6. VHDL pseudo-code describing the logic gates of the smart sensor.

Thus, its test bench took into consideration the fact that we were extracting the
necessary measurements. This is why the transmission rate of the temperature information
is the same for both parameters (temperature and humidity). Therefore, the information
will be processed for 200 ns at each rising edge of the clock to allow the necessary time
to calculate and execute the following information after compiling the two VHDL codes
under the mentor graphics medelsim tool.

The Figure 7 shows the results of the simulation, meeting the initial specifications and
the detection of temperature as a function of soil moisture.

As shown in Figure 7, the simulation signals explain the role of the smart sensor in
providing temperature information as a function of water needed. The findings validate
the VHDL code since it is the correct functioning of a smart sensor. In this paper, the new
sensor was developed, simulated, and verified with a VHDL code using a test bench at the
LIMA laboratory (Advanced Microsystems Engineering Laboratory).

Figure 7. Results of the simulation of the intelligent monitoring system.

This result confirms the graph that is developed by [30], which shows that as the air
temperature increases, the amount of water needed to saturate it increases exponentially. A
few degrees of temperature increase have an increasingly important effect on the saturation
point. Air that is saturated with water is at a relative humidity of 100%.



Agronomy 2021, 11, 1881 9 of 13

The importance of Figure 8 shows the shape related to the energy required to escape
from the water surface and the energy distribution of the molecules in the water. As the
water gets hotter, more molecules can escape.

Figure 8. The amount of water in air at 100% relative humidity across a range of temperature.

3.2. FPGA Implementation and Results

The main objective of this section is the implementation and validation of theoretical
results and simulation studies. As we can see in Figure 8, the air at 100% humidity is satu-
rated with water. If a volume of water-saturated air is heated, the saturation level decreases
and the air needs additional humidity to become saturated again (or less saturated if you
are left-handed). Water-saturated air is at 100% relative humidity.

The percentage of relative humidity is the total water required for a volume of air
divided by the amount of water that would be required to fully saturate that volume of air.
During drying, it is important to understand the role of temperature and humidity and
how they are related to each other to understand how to irrigate with our new smart sensor.

Validation of the Smart Monitoring System with Nclaunch

For the validation, the same simulations were repeated under the same conditions for
the new smart monitoring system, this time with the nclaunch Cadence tool to validate
the technological aspect to understand the degree of integration, the realization and manu-
facturing. After the insertion code has been developed using 65 nm technology and the
results shown in Figure 8, the simulation results are presented in Figure 9.

The VHDL code will be put into the operation to facilitate the development of the
architecture for their implementation in very large scale integrated (VLSI). This architecture
will be modeled in high-level language, simulated to evaluate their performance, and
implemented on an FPGA.
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Figure 9. The results of the verification of the Verilog code developed.

As we can see in Figure 9, the results of the simulation and validation of the smart
sensor VHDL code developed with the modelsim tool perfectly match the results found in
Figure 7. After validating our results with the nclaunch technology tool, now our next step
is to verify that our smart sensor is technologically feasible and implementable on an FPGA
board. We perform this experiment in the next part of this paper. The validation of the
simulation results model is performed using Quartus Prime software, which allows us to
simulate the sensor behavior in real time. After generating the two .vhd files (the primary
file system and the ”test bench” file) with the ”system generator” the role of the Quartus
Prime Navigator is used to synthesize the design and generate the Register Transfer Level
(RTL) files as shown in Figure 10.

Figure 10. Structure of the smart monitoring system in Quartus Prime tool.

The structure of the smart sensor, after synthesis with Altera Quartus Prime, is shown
in Figure 10.

FPGA is used to validate our simulations carried out with the nclaunch tool, we have
chosen this card (Figure 11) by what able to visualize the different values of temperatures,
with this technique we will be able to monitor the soil with a very sensitive thermal sensor
to know when we can irrigate. The VHDL code used has been validated. Once compiled
after pin assignment, the program is ready to be downloaded to the DE1 Cyclone V family
and 5CSEMA5F31C6 board as a device. Figure 11 shows that the VHDL code is successfully
downloaded to the board.
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Figure 11. Validation of simulation and implementation of the smart monitoring system results on
the liquid-crystal display (LCD) of DE1 Altera Cyclone V.

The synthesis and implementation results presented in this section were obtained
with Altera’s Quartus II synthesis tool targeting a DE1 Altera Cyclone V FPGA. The
functionality of the RTL implementation produced by our compiler has been validated by
RTL simulation. (Figure 8) shows that the temperature at 20 °C corresponds to 15 at 100%
relative humidity level. This method can be applied in any type of environment to obtain
improved performance to control temperature and humidity levels.

4. Discussion

This paper illustrates the development potential of a moisture sensor for intelligent
monitoring and irrigation decisions. The good results obtained allow to provide accurate
maps of water quantities usable by farmers through irrigation.

The future work will be tracking using zonal maps, which can be focused on problem
areas to reduce and avoid water waste using drip irrigation technology. Farmers could also
transfer this data into their application equipment to take the necessary actions at the scale
of variations in their fields.

Today, irrigation is a management of section openings and closings on half or the
whole boom. In addition, from the perspective of avoiding water waste, the reduction
of applied plant protection products is the key to sustainable agricultural management.
This step requires a reactive and precise management to the problems detected moisture in
the plots.

5. Conclusions

The main goal of this work was to develop an intelligent monitoring system to
save water and avoid water waste using drip irrigation technology. In this technology,
plant moisture and temperature were accurately monitored and controlled in real time
on roots in the form of droplets. To accomplish this, a prototype was constructed and
embedded monitoring system was simulated and validated on Cadence tools, as well as
implementation on the FPGA DE1 Altera Cyclone V board, was be performed. To achieve
FPGA implementation the use of the VHDL code and its test bench was necessary to
describe the behavior of our smart sensor. Drip irrigation using a sensor integrated into
embedded systems was one of the most practical techniques used to save farmers water,
time, and energy. As presented in this paper, the use of embedded system and sensor such
as in 65 nm CMOS technology in agricultural practices would facilitate agriculture and
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enable farmers to monitor crops. We have validated our monitoring system by simulating
and implementing on the FPGA board our intelligent sensor that measures air humidity as
a function of soil temperature.
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