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1. Introduction

In the face of increasing food insecurity and the intensifying effects
of global climate change, addressing the unsustainable practices in
agriculture, particularly concerning water and fertiliser management,
is imperative. Agriculture stands as a significant contributor to global
water consumption, utilising up to 90% of the world’s freshwater
resources. However, inefficiencies in irrigation methods contribute to
substantial water wastage, with approximately 50% of water used in
agriculture being lost due to ineffective practices (Menne et al., 2021;
Ahmed et al., 2022). The implications of these practices are profound,
contributing to food insecurity and compounding environmental strain
amidst changing climatic conditions. Moreover, they impose signifi-
cant negative financial impacts, amplifying the economic burden on
agricultural sectors worldwide.

To combat these inefficiencies, the integration of advanced sensor
technologies in agricultural practices has become crucial. Sensors play a
pivotal role in optimising water and fertiliser usage, thereby enhancing
the sustainability of agricultural practices. By providing real-time data
on soil moisture levels, nutrient content, and crop health, sensors
enable precise and targeted application of water and fertilisers. This
not only minimises waste but also ensures that crops receive the exact
amount of resources they need for optimal growth, leading to improved
yields and reduced environmental impact.

Fertilisers, nitrogen specifically, play a critical role in boosting crop
yield and ensuring food security globally. However, large inputs of
such fertilisers to croplands result in increased adverse environmental
impact and pose a threat to human health (Quan et al., 2021). Inad-
equate use of fertilisers, for instance placing fertilisers away from the
roots of the plant or in an inopportune moment of the plant’s growth
cycle, leads to the loss of fertilisers through leaching or conversion into
a harmful gas (Duncombe, 2021). Consequently, the use of fertilisers
should be monitored knowing that the nitrogen use efficiency is 46%
globally (Zhang et al., 2021).

Soil moisture, water matric potential, fertigation, temperature, pH,
metals, texture, and living organisms all play a role in influencing and
describing the properties of the soil. Soil moisture is the amount of
water contained in the soil (Kumar et al., 2016). Soil matric potential
refers to the tension exerted by the soil to retain water, which limits
the amount of water that plants can draw from the soil with their
roots (Menne et al., 2021). Fertigation is the act of applying fertilisers,
such as nitrogen (N), phosphorus (P), and potassium (K), to optimise
nutrient delivery to crops (Siontorou and Georgopoulos, 2016). The
above-mentioned soil properties can be monitored by using different
methods of sensing, such as chemical, optical, or electrical sensors,
which will be covered in the following paragraphs.

Chemical sensors, such as ion-sensitive field effect transistors (IS-
FET) or chemiresistors, are composed of selective materials surrounded
by one or multiple pairs of electrodes (Zheng et al., 2023). When the
selective sensitive film material encounters the target analytes, electron
transfer and acquisition occurs on the film surface (Zheng et al., 2023).
However, due to the degradation of selective membranes after a while,
and the cross-sensitivity of different ions available in the soil, it is very
difficult to assess the various concentrations of different ions contained
in the soil (Ohkawara et al., 2022).

Optical sensors such as visible light, infrared, and fibre optic sen-
sors, play a role in measuring soil properties. The concept of optical
light sensors is based on the interaction between the soil surface proper-
ties and the incident light. Nitrogen, phosphorus, and potassium, (NPK)
concentration levels in the soil are directly related to the measured
reflected light detected by a photodiode since different amounts of
RGB light absorption is caused by different NPK concentrations in
soil (Fan et al.,, 2022). However, this type of optical sensor is not
very accurate due to interference from the surrounding environment
(limited visibility and susceptibility to weather conditions) and it does
not convey any information about the in-depth soil characteristics (Fan
et al., 2022; Abdulraheem et al., 2023).

Electrical sensors and technologies, for example, time-domain re-
flectometry (TDR), frequency-domain reflectometry (FDR), amplitude-
domain reflectometry (ADR), capacitive, and impedemetric sensors, are
being widely used in assessing the different soil properties (Da Costa Ju-
nior et al., 2021). In soil, ions are the charge carriers, so the movement
of ions will lead to the movement of charges, therefore, the conduc-
tivity in soil is electrolytic (ionic) (Datsios and Mikropoulos, 2019).
Soil’s electrical conductivity correlates with the previously mentioned
diverse physical and chemical properties. Considering the challenges
encountered by chemical and optical sensors, along with the electrical
measurability of soil characteristics, it can be concluded that the most
suitable method for long-term soil monitoring involves sensing the soil’s
electrical properties, with the soil’s electrical conductivity being one of
the most important measurands.

Measuring the soil’s electrical characteristics is also useful for dif-
ferent applications of engineering and science, such as geological sur-
veys, remote sensing, soil contamination studies, grounding system
design and analysis, and electromagnetic transient studies (Datsios and
Mikropoulos, 2019).

However, despite a plethora of technologies and sensors being
available to measure the electrical characteristics of the soil, their
performance in measuring hydration and fertigation levels is lacking.
Therefore, reviewing the performance and in situ applicability of the
available methods and identifying their limitations is highly desirable.

Any soil sensor system comprises four different layers, namely,
soil physics, sensing element, instrumentation or circuitry, and data
processing. In this review, our focus will be on the first three layers (soil
physics, sensing element, and circuitry). This review aims to present the
latest methods used for measuring the electrical characteristics of soil
and to examine the potential errors in these systems. The underlying
theory behind these technologies will be discussed and reviewed. Then,
the technical aspects, such as the operating principles of different
soil electrical characteristics measuring techniques, will be critically
analysed to understand and highlight the limitations of the available
systems on the market.

While researchers and scientists commonly highlight the advantages
and benefits of their conducted research and developed sensors, this fo-
cus often makes it challenging to address the disadvantages. However,
in this paper, we aim to diverge from this trend by presenting a critical
examination of the challenges and limitations inherent in the current
theory and technology.
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Fig. 1. Number of resources per year group.

1.1. Review methodology

To conduct this review paper, we focused on research topics mainly
“electrical soil moisture sensor” and “electrical soil fertigation sensor”.
We primarily used google scholar and City St Georges University of
London library in conducting our research to find articles that are
published in different journals, mainly under Elsevier, IEEE, PubMed,
Mdpi, and Springer. In addition to the mentioned keywords, we also
researched the methods and techniques for measuring soil moisture
and fertigations through non-electrical properties, such as optical and
chemical methods. Our primary objective was to gather data from
contemporary articles, as evidenced by the fact that the majority of our
references have been published within the past five years. Nevertheless,
the comprehensive nature of this review, which encompasses the theo-
retical foundations of the technology, necessitated the inclusion of older
references to adequately address this aspect. More than 200 articles and
reports have been read but only 122 references were been used in this
review paper and these resources are distributed as listed in (Fig. 1).

2. Theoretical analysis of soil electrical properties

Soil in dry form is an insulating material with permittivity less than
10 (Datsios and Mikropoulos, 2019). Soil becomes a semi-conducting
material when it gets wet; the permittivity of wet soil is notably higher
than the permittivity of dry soil due to the presence of water because
water has a high relative permittivity equivalent to 80.3 at 20 °C (Dat-
sios and Mikropoulos, 2019; Hilhorst, 2000). Therefore, water content
and its soil spatial distribution strongly affect the soil electrical prop-
erties (Datsios and Mikropoulos, 2019). In addition to soil moisture,
other factors influence soil characteristics such as temperature, salinity,
texture, organic matter content, inorganic matter content, porosity, and
ion exchange capacity.

2.1. Soil electrical properties

Electromagnetic parameters (magnetic susceptibility, dielectric per-
mittivity, and electrical conductivity) of the soil are related to the
soil’s chemical and physical properties (Spikic et al., 2022). Permittivity
is a measure of the polarisation in a medium when subjected to an
electromagnetic field (Xu et al., 2012). When insulators are exposed
to an electric field, polarisation occurs (Xu et al., 2012). To understand

T T T
Double Layer —
Maxwell Wagner
Surface —

Conduction —

XCrystal H,0 -
Waterl/Water2

Dielectric Loss

Fig. 2. Contributions of the imaginary part (¢”) of the relative permittivity of soil
(dielectric loss) covering a large frequency spectrum. The mechanisms included in this
figure are: conduction (ionic conductivity), double layer (charged), Maxwell-Wagner
relaxation, conductivity of the surface, bound water or microscopically confined water
relaxation. Water 1 represents the principle free water relaxation, and Water 2 is the
second free water relaxation.

Source: Redrawn from Gonzélez-Teruel et al. (2020).

the theoretical basis of material properties, we need to examine the
properties of dielectric polarisation and relaxation. In our case, soil
is a medium composed of multiple phases, consisting of different ma-
terials that exhibit various polarisation mechanisms (ionic, electrical,
and orientational) (Xu et al.,, 2012). These mechanisms include the
Maxwell-Wagner relaxation in the kHz range, bound-water relaxation
in the MHz range, and free-water relaxation in the GHz range. These
mechanisms are related to the types of interactions between water
and soil particles (Zambrano et al., 2007). Fig. 2 illustrates the re-
lationship between dielectric loss mechanisms in the soil at different
frequencies (Ma et al., 2023).

As it can be seen from Fig. 2, multiple effects contribute to the
complex dielectric constant. The double layer contributes to the dielec-
tric loss at low frequencies. This is because at lower frequencies the
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electric field changes direction slowly allowing the ions in the water
molecules and the charged double layer to interact and respond with
the field (Hillel, 1981). This phenomenon leads to higher dielectric
loss at lower frequencies and it is absent at higher frequencies (Hillel,
1981). Another mechanism observed in Fig. 2 is the Maxwell-Wagner
relaxation effect. This effect is also observed at low frequencies (typ-
ically less than 100 MHz). It arises mainly due to the heterogeneous
nature of the soil (water, air, and solid particles) and the interface
between the different elements in the soil (Revil et al., 2016). So when
applying an AC signal into the soil, the different conductivities of the
different available elements will build up charges at the interface acting
like a mini-capacitor and limiting the flow of the current leading to
an increase in the dielectric loss (Revil et al., 2016). As the frequency
increases, the ability of the charges to accumulate at the interfaces
decreases, which will decrease the dielectric loss (Revil et al., 2016).
Another observed effect is the bound water relaxation. This effect refers
to the influence of water molecules held by soil particles interacting
with the applied electric field (Liu et al., 2020). The strong attraction
between bound water and soil particles limits the ability of this water
to move and align with the electric field (Liu et al., 2020). As the
frequency of the applied signal increases, the bound water molecules
try to reorient but cannot follow the rapid changes, leading to higher
dielectric losses (Liu et al., 2020). It is evident that the charged double
layer and the ionic conductivity play major roles in the imaginary
part of the soil’s permittivity at low frequencies. These two effects
are related to the ion concentration (Ma et al., 2023). In a situation
where more than one ion species is present in the soil, they all take a
role in the impedance spectrum. Additionally, the dielectric spectrum
covers other soil properties such as the microgeometry of the pores
and petrophysical parameters (Xu et al., 2012). Dielectric permittivity
sensors and circuitry and the polarisation mechanisms will be covered
later in this paper. On the other hand, the electrical conductivity of
soil (EC) indicates the soil’s ability to conduct electrical current. This
depends on the amount of soluble salts present in the soil, known as
salinity (Gong, 2022). Soil water-soluble salt, a vital indicator of min-
eral nutrients present in the topsoil that plants can readily utilise, plays
a key role in determining whether salt ions in the soil might enhance
crop growth (Gong, 2022). The value of EC is directly proportional to
the concentration of salt ions in the soil within a specific range, and
it is measured in milliSiemens/centimetre (mS/cm) (Gong, 2022). The
source of the soluble ions is mainly fertilisers and water (Gong, 2022).

There are two types of EC in soil, bulk EC (¢,) and pore water
EC (ap). Bulk EC represents the total value of measured EC in the
soil, including both solid particles and dissolved solution (Bafnén et al.,
2021). o, is the EC in the soil’s pore space (Bafion et al., 2021). It is also
known as plant-available EC, and this value is particularly significant
for plants as it indicates the water and nutrients accessible for plant
uptake (Bafién et al., 2021).

Soil is a matrix composed of air, pore spaces, water, and solid
material (Chan, 2018). Fig. 3 illustrates three different pathways that
can be taken by electrical current in soil. Pathway one represents
the route of electrical current through solid (soil) and liquid (water).
Conductivity is influenced by both water and soil and will rise as
the water content increases (Corwin and Scudiero, 2020). Pathway
two is the electrical pathway related to the electrical conductivity of
liquid (water) in soil pores. EC here is directly proportional to the
salts concentrations because the ions will dissolve and reside in the
large pores; however, it is also affected by the quantity of water,
with higher water content resulting in higher EC values (Corwin and
Scudiero, 2020). Pathway three is the pathway that is attributed to the
solid (soil) particles (Corwin and Scudiero, 2020). These soil particles
are in continuous and direct contact with one another (Corwin and
Scudiero, 2020). Due to the availability of these different pathways, the
electrical conductivity of the soil is being influenced by multiple factors
which will be discussed in the section entitled “Factors Influencing Soil
Characteristics”.

Computers and Electronics in Agriculture 237 (2025) 110480

Traditionally, o, used to be measured by two different methods,
mainly by extracting soil solution by suction or by using saturated paste
conductivity measurements (Aljoumani et al., 2018). However, these
techniques are costly and labour-intensive since the usage of suction
cups in extracting soil solution requires a lot of time and effort, as
well as, to prepare a soil-saturated paste to measure its conductivity
is destructive and time-consuming (Aljoumani et al., 2018; Kamewada
and Ooshima, 2024).

To avoid the complexity of the above method, the look for the
development of an in-situ soil electrical characteristics measurement
technique capable of measuring ¢, started years ago. A lot of research
has been done around this work, and it is found that there exists a
linear relationship between the soil bulk dielectric permittivity ¢, and
o, (Aljoumani et al.,, 2018). By the end of the 20th century, Max
A. Hilhorst utilised the relationship between ¢, and ¢, to develop
an equation that links o, to o, if ¢, is known. After the proposal
of the Hilhorst equation, multiple companies started following this
theory in developing soil sensors which will be discussed in the section
entitled ‘“Measurement of Soil Properties”. The equation is presented as
follows (Hilhorst, 2000):

€,0p

%p (€ — €gpm0) €y
where ¢, is the real part of the dielectric permittivity of the soil pore
water, with a value of approximately 80 (corresponding to the relative
permittivity of water at 20 °C), o, can be directly measured using an
EC sensor (will be discussed more in subsequent sections), ¢, is the real
part of the dielectric permittivity of bulk soil, and €, _, is an offset
term calculated from ¢, and o, values obtained at two arbitrary free
water content levels. £, can be calculated as follows (publisherCreate a
flipbook, 2008):

€, = 80.3 — 0.37(T,,; — 20) 2

where T, is the measured temperature of the soil. Therefore, ¢, is a
function of temperature also.

2.2. Factors influencing soil characteristics

The first influencing factor on soil characteristics is temperature.
Here is an explanation of how the different electrical conductivities in
soil are affected by the temperature. The bulk electrical conductivity
o, that is measured from the soil is the sum of the conductivity of
pore water o, and the conductivity of the diffuse double layer of
soil particles surface o, (Ko et al., 2023). A diffuse double layer is
formed by the distribution of the ions on the surface of a particle (such
as clay) describing the electrical potential’s variation near a charged
surface, and it behaves as a capacitor (Mojid, 2011). These two types
of conductivity will increase with the increase of temperature, such that
an increase of 1 °C will cause a 2% increase in bulk conductivity (Ko
et al., 2023). However, the factors influencing the relationship between
o, and o, and temperature are completely different (Ko et al., 2023).
While an increase in temperature leads to a rise in ¢, predominantly
caused by improved cation mobility in the diffuse double layer, the
corresponding increase in o, is primarily due to the decreased pore
water viscosity (Ko et al., 2023). The variations in the temperature
close to the surface double layer of the soil particles can lead to a large
change in the electrical conductivity (Hayley et al., 2007).

The second influencing factor is soil moisture. The increase in soil
moisture will affect the grain size and air space of the soil leading to
an increase in the available ions consequently affecting the dielectric
constant of the soil (Sriphanthaboot et al., 2021). Most soil electrical
conductivity sensors work by measuring the changes in the dielectric
permittivity of the soil (Sanchez et al., 2021). Any increase in water
content in the soil will increase the value of the dielectric constant of
the soil significantly because the difference in the relative permittivity
between water and dry soil is substantial (e, =~ 80 and 4,5, =
5) (Sanchez et al., 2021; Zawilski et al., 2022).
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Fig. 3. Soil cross-section showing the three pathways through which charges can propagate in soil (Aljoumani et al., 2018).

The third influencing factor is the salinity levels in the soil. These
levels significantly affect crop production and the overall quality of
soil ecosystems in arid and semi-arid regions (Ismayilov et al., 2021).
The conventional method for assessing soil salinity is by measuring
the electrical conductivity of the saturated paste extract from the soil
(ECe - explained in detail later) or by extracting the water from the
soil sample and measuring its o, with a meter (Hossain et al., 2020).
However, researchers and scientists follow the ECe method for the
following advantages over determining o,; Starting with the fact that
ECe is a standardised and consistent method since it involves the
addition of a controlled amount of water whereas when after it is
extracted by a sample its amount varies which makes measuring o,
non standardised. Another advantage is that measuring ECe reflects the
field conditions under irrigation since it gives results of the saturated
soil which is the actual measure of salinity after heavy rain or after
irrigation but directly measuring ¢, only provides information related
to the salinity of the current soil moisture. Measuring o, directly from
the soil extract is found to overestimate the salinity in the soil compared
to the saturated paste extract method since it follows the dilution
method reflecting the natural mechanisms of how salts behave in the
soil after adding water. In addition, measuring ECe is a more practical
method than determining o, because measuring ¢, directly from the
soil is very challenging, especially in extreme conditions but extracting
soil renders it a more practical and reliable method.

The first step of determining ECe includes the preparation of the
saturated paste by air-drying the soil and then removing the large
particles using a 2 mm sieve (Kargas et al., 2018a). Then, an amount of
this soil is transferred to a plastic container and weighed all together.
After that, the soil is mixed and stirred with deionised water until it
is nearly saturated (Rhoades, 1982). The mixture is then left covered
to stand for hours so the soil can imbibe the water. After several
hours, more deionised water should be added to the mixture to reach
a uniformly saturated soil-water paste (Rhoades, 1982). This paste
should be left to stand for at least 4 h (preferably overnight), and
then the criteria for saturation should be rechecked (the paste should
not stiffen or lose its glisten, nor free water should be collected on
the soil surface) (Rhoades, 1982). In case the saturation criteria check
resulted in negative outcomes, water or soil (depending on the results)
should be added to the mixture and the procedure should be followed
again starting from the weigh-in step (Rhoades, 1982). Later, the paste
should be transferred to a Buchner or Richards funnel with high-
retention filter paper for vacuum filtration (Rhoades, 1982). The filtrate

should be collected in a test tube or bottle after applying vacuum pres-
sure (Rhoades, 1982). The filtration process should end when air begins
to pass through it. After that, 1 drop of 0.1% (N aPOs), solution should
be added for each 25 mL of extract (Rhoades, 1982). Finally, ECe can be
measured by a conductivity meter (Kargas et al., 2018a). However, as
mentioned earlier, this technique requires considerable time and effort
due to the complex procedure. Therefore, various relationships have
been established between ECe and EC of different soil-water ratios for
soils from different countries (Hossain et al., 2020). Table 1 displays the
relations found between ECe and EC1:5 which is EC for 1:5 soil-water
ratio based on soil texture used for rapid and easy monitoring of soil
salinity in an area (Gharaibeh et al., 2021). The regression equations
developed in this table are used to calculate the value of ECe from
EC1:5. The coefficient of determination, R?, represents the accuracy
of the developed equations. However, these equations vary with the
region, type of salts, and soil texture. Therefore we cannot generalise
these relations (Gharaibeh et al., 2021). The procedure followed to
measure EC1:5 is simpler and less time-consuming than the one used
in ECe. To develop a 1:5 soil-water ratio, we need to add 5 g of
deionised water for each 1 g of air-dried sieved soil (Rhoades, 1982).
Then place the mixture in a mechanical shaker for 1 h (Rhoades, 1982).
After that, the mixture should be filtered using a high-retention filter
paper (Rhoades, 1982). Then, the same procedure as in ECe is followed
to measure EC1:5. After calculating the ECe value we can identify the
salinity of the soil using the following relationships: if ECe value is less
than 4 dS/m then the soil is salt-free; if ECe is between 4 and 8 dS/m,
the soil is slightly saline; if ECe is between 8 and 15 dS/m, the soil is
moderately saline; and if ECe is higher than 15 dS/m, the soil is strongly
saline (Alonge et al., 2019).

The fourth influencing factor is soil texture (clay, silt, and sand).
These soil textures can be distinguished by their particle size. However,
there is a difference in how scientists classify these sizes. For instance,
sedimentologists classify particles less than or equal to 4 pm as clay,
while geologists typically define clay particles as 2 um in size (Moreno-
Maroto and Alonso-Azcarate, 2018). Increasing clay particles in a soil
matrix will increase o, (Faruque et al., 2006). Loam is a soil composed
of 20% clay, 40% silt, and 40% sand particles. Silt loam soil (silt
particles dominating) exhibits higher electrical conductivity compared
to sandy soil and sandy loam (sand particles dominating) soil due to the
presence of higher quantities of clay minerals available in silt loam soil
than in the two other soil mixtures (Faruque et al., 2006). Moreover,
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Reported relationships between ECe and EC of 1:5 soil-water extracts. R? is the coefficient of determination, and EC1:5 is the conductivity of soil-water ratio used (Gharaibeh
et al., 2021; Spiteri and Sacco, 2024).

Reference Regression equation R? ECe range (dS/m) Country/region
Richards (1954) ECe=481-EC1:5 0.9 USA
Herrero and Pérez-Coveta (2005) ECe=17.63-EC1:5-0.51 0.9 2.9-4.6 Spain/Ebro basin
Ozcan et al. (2006) ECe=597-ECl1:5-1.17 0.9 Turkey
Sonmez et al. (2008) ECe=17.68-EC1:5-0.16 1 0.2-17.7 Turkey/Aldeniz
Chi and Wang (2010) ECe=11.68-EC1:5-577 0.9 1-227.0 China/Songnen
Khorsandi and Yazdi (2011) ECe=540-EC1 :5-0.61 1 0.5-171.0 Iran/Yazd
Visconti and de Paz (2012) ECe=57-ECl1:5-02 0.9 0.3-3.3 Spain/Southeast
He et al. (2013) ECe=286-EC1:5+296 0.7 0.0-17.0 USA/North Dakota
Klaustermeier et al. (2016) LoggECe = 12562 - Log EC1 : 5+ 0.7659 0.9 0.4-126.0 USA/North Dakota
Aboukila and Norton (2017) ECe=5.04-EC1:5+037 0.93 0.62-10.3 Egypt/Beheira
Aboukila and Abdelaty (2017) ECe=746-EC1:5+043 0.97 0.3-18.3 Egypt/Beheira
Leksungnoen et al. (2018) ECe=599-ECI :5+40.62 1 12.4-80.7 Thailand/Khorat & Sakhon basins
Kargas et al. (2018b) ECe=6.53-EC1:5-0.108 0.9 0.47-37.5 Greece/multiple locations
Jin et al. (2019) ECe=8.70-EC1:5 0.9 1-30 South Korea/multiple locations
Kargas et al. (2020) ECe=658-ECI:5 1 0.61-25.9 Greece/Three locations
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Fig. 4. Variation of CEC with clay content (meq/g stands for milliequivalent per hundred grams).

Source: Redrawn from Al-Moadhen et al. (2022).

Seo et al. have developed an equation that relates the sand content
with a conversion factor (CF) used to calculate ECe from EC of soil-
water extracts at a 1:5 ratio (EC1:5) (Seo et al., 2022). The following
equation displays the relationship between CF and sand content (Seo
et al., 2022):

8.9105‘30‘0106&07111
cr= 1.2984
Electricity cannot pass through sand particles; therefore, in sandy soil,
the conductivity of pore fluids is the conductivity of this soil (Al-
Moadhen et al.,, 2022). However, electricity can pass through clay
particles. So, the electrical conductivity of clay and pore fluid depends
on the quantity and type of clay present, influenced by factors such
as cation exchange capacity (CEC), porosity, and the conductivities of
both the pore fluid and the clay (Faruque et al., 2006; Al-Moadhen
et al., 2022; Choo et al., 2022).

CEC is the fifth influencing factor representing the ability of soil to
hold exchangeable cations (Choo et al., 2022). The surface of clayey
soil can generate electrostatic force because its surface is negatively

3

charged (Choo et al., 2022). Therefore, clayey soil can absorb and hold
cations (Choo et al., 2022).

Since ¢, will depend on the CEC of clay particles, a relationship
between CEC and clay content should be investigated. The following
figure illustrates the relationship between CEC and clay content (C,,).
In Fig. 4, the CEC of mixed sand-bentonite was measured by varying
the content percentage. The relation between CEC and clay content
is directly proportional. Therefore, an increase in clay content will
result in a corresponding increase in CEC, leading to an increase in
o,. Moreover, the inorganic content (minerals), plays a role similar
to ion concentrations in altering the value of the electrical conduc-
tivity in the soil. Soil having clay minerals with high CEC, such as
smectite, results in higher ¢, than the ones with lower CEC, such as
kaolinite (USDA-NRCS, 2024).

As previously mentioned, the bulk electrical conductivity, o, is the
sum of o, and ¢,. Both o, and o, depend on porosity n, which reflects
the volume fractions of pore space. This is presented in the following
equation (Choo et al., 2022):

oy =0,+0,= Gpn'" + A1 = n)? @
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Fig. 5. Effect of soil matrix temperature on ¢, expressed in % full scale (¢ = 80), with 20°C taken as reference.

Source: Redrawn from Balendonck et al. (2021).

where the matrix conductivity is represented by 4; the volume fraction
of solid particles is 1 — n; m represents the shape factor for pore water
conductivity; and p is the shape factor for surface conductivity. The
increase in porosity n will increase the connectivity of pore space which
will increase o,.

The sixth influencing factor is the organic matter content, such
as crop residue, livestock manure, green manure, compost, humus,
and their combination, which is regarded as a substitute for chemi-
cal fertilisers. It is considered a sustainable horticultural practice be-
cause it can enhance microbial biomass and associated activities, soil
fertility, and crop productivity (Shu et al., 2022). The relationship
between organic matter content and electrical properties is quite com-
plex. However, based on a study done by Iranmanesh and Sadeghi
in 2019, organic matter and electrical conductivity are negatively
correlated (Iranmanesh and Sadeghi, 2019). Therefore, an increase in
soil’s organic matter content will lead to a decrease in the electri-
cal conductivity because the soil moisture will decrease due to the
metabolic processes undertaken by the microbes and living organisms
in the soil (Trigona, 2020).

2.3. Limitations of soil theory

From the theory relating to soil electrical conductivity, it is apparent
that pore water electrical conductivity is of primary interest since the
conductivity of pore water contains a lot of information related to the
health of the plants. In addition, o, directly reflects the quantities of
the dissolved salts and water that are ready to be consumed by the
plants. This electrical characteristic depends on various factors, but the
most significant ones are ¢, and ¢,, . Following Hilhorst’s findings,
the values of ¢, _, can range from 3.1 to 7.6, and it was suggested
using ¢|,,_o = 4.1 as an average value to facilitate calibration (Hilhorst,
2000). However, under saline conditions, the accuracy of a sensor to
predict o, is very poor using this standard value (Zemni et al., 2022).
Hamed et al. found that by using the default value proposed by Hilhorst
(4.1), the estimated value of o, is 20% of the true value when o, >
1dS/m (Hamed et al., 2003).

Many factors can contribute to this significant inaccuracy, for in-
stance, the offset value (5|a,,:0) should not be fixed since each type of

soil mixture has a different ¢, value. This was illustrated in multiple
studies done by different researchers as Magnus Persson used different
values in his study in 2002 for different soil types ranging between 3.67
and 6.38 and later Decagon Devices, Inc., Pullman, WA used an offset
of 6 (Aljoumani et al., 2015). Then in 2009 Arquedas-Rodriguez used
the sensor developed by Decagon Devices and found that the relation
is nonlinear for the chosen offset (Aljoumani et al., 2015). Moreover,
in 2009, Bouksila et al. used the WET sensor (Delta-T Devices Ltd,
Cambridge, UK) which is a frequency domain dielectric sensor designed
for use with offset proposed by Hilhorst (g|,,—o = 4.1), and found diffi-
culty in predicting ¢, in saline gypsiferous soil (Aljoumani et al., 2015).
Furthermore, Al Joumani et al. have applied a new stochastic model
to find the relation between ¢, and €|, _, and they have discovered
that in the same soil profile, the offset was varying with depth. This
can be attributed to the change in the soil’s temperature (Aljoumani
et al., 2015). So, the offset value is not only changing between soil
types but it is changing within the same medium also depending on
the soil since water can quickly flow downwards. Another key element
could be ¢, which is influenced by soil temperature as shown in Fig.
5. Furthermore, both o, and o, (the ionic conductivities) are sensitive
to temperature variations. Additionally, the ionic conductivities are
influenced by the soil texture, porosity, CEC, organic matter content,
and inorganic matter content. All the previously mentioned factors are
assigned specific values in Hilhorst’s equation (Eq. (1)). o, is influenced
by the salinity, and when the moisture of the soil mixture changes, o,
calculated using Eq. (1) does not reflect the actual salinity (Bafién et al.,
2021). So, the Hilhorst model used to estimate ¢, has limitations when
applied in saline soils, because this model may lead to inaccurate pre-
dictions of €, due to the altered behaviour of ions in the soil solution.
The developed model does not account for this change adequately.

The Hilhorst equation requires that pore water conductivity domi-
nates the bulk conductivity measurement, a condition that is not met in
many real-world scenarios, for instance the availability of conductive
soil particles such as clay will exhibit high electrical conductivity even
in the absence of water (Goodchild, 2023). In addition, the Hilhorst
model does not take into consideration the surface conductivity of solid
particles, which could add to the error in estimating ¢, (Zemni et al.,
2022).
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The interference from the environment such as external factors
(temperature, salinity, vegetation, microorganism, and fungal content)
impacts the electrical properties of the soil by introducing noise and
affecting the measurement accuracy. In addition, soil type influences
the determination of the soil’s electrical characteristics because dif-
ferent soil types exhibit distinct electrical behaviours. For instance,
sand-rich soils behave in a different way from clayey soils, affecting
dielectric measurements. So, the understanding of each specific soil
type is essential for accurate calibrations and interpretations.

The theory behind the soils’ dielectric properties is incomplete and
complex. Excessive assumptions in a single model for measuring electri-
cal conductivity can lead to substantial errors. Therefore, efforts should
be directed towards minimising assumptions to achieve higher levels of
accuracy. In addition, soil should not be considered a uniform medium
because of differences in moisture, structure, and composition. As such,
the dielectric measurements will be affected by these inhomogeneities.

3. Measurement of soil electrical properties

The subsequent section will examine the measurement techniques
currently available in the market. Additionally, the challenges and limi-
tations associated with these techniques will be analysed and compared
with the traditional method. Moreover, this section will also address the
challenges and theoretical aspects of measuring electrical properties at
the system level.

3.1. Measurement techniques

This section is divided into many subsections to cover the most com-
monly used approaches to measure soil’s electrical characteristics. The
measurement techniques that are mentioned in this part are as follows:
traditional measurement techniques, capacitive sensors, time domain
reflectometry, frequency domain reflectometry, amplitude domain re-
flectometry, and broadband dielectric spectroscopy. Each method will
be described and analysed to provide the limitations and challenges of
it.

3.1.1. Traditional measurement techniques

Gravimetric and volumetric methods are the direct techniques used
traditionally to estimate soil moisture. The gravimetric technique re-
quires time and labour since the soil sample should be removed from
the ground, weighted, heated at 100 °C in an oven for 24 h to get
dry, and weighted again, so the weight of the soil with and without
the water can be obtained to calculate its water content (Tomar and
Patidar, 2019). Alternatively, the same procedure can be applied at
60 °C for 48 h (Robertson and VanderWulp, 2024). The following
formula is used to calculate the moisture M in the soil sample using
the gravimetric technique (Tomar and Patidar, 2019).

M(%) = ? x 100 5)

where x is the weight of wet soil, and y is the weight of dry soil.
Whereas, the volumetric soil moisture content is represented by the
ratio of the volume of moisture available in the soil sample to the total
volume of the same sample, by following the same procedure as in
the gravimetric technique (Susha Lekshmi et al., 2014). Alternatively,
we can get the volumetric water content indirectly by using a sensor
capable of measuring the dielectric constant, electric resistance, or
electrical conductivity (Tomar and Patidar, 2019). Midday Stems Water
Potential (SWP) is the most widely accepted method to determine
the status of water for a crop (Gonzalez-Teruel et al., 2022). SWP is
used to assess the status of water relevant to the plant indicating the
pressure or the tension exerted by the plant to pull water up from the
roots (Moriana et al., 2012). However, this technique is costly and soil-
destructive in terms of associated labour, time, the machinery used
(pressure chamber), and the procedure of taking the plants from the
soil (Gonzalez-Teruel et al., 2022). Therefore, researchers are trying to
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find an indirect way to measure SWP by creating a relationship with
other agro-climatic variables such as air temperature, solar radiation,
and vapour pressure (Gonzélez-Teruel et al., 2022).

Nitrate, like other types of fertilisers used in agriculture, play a
critical role in boosting crop yield and ensuring food security globally.
It has been measured using soil sampling and subsequent laboratory
analysis. This traditional approach is expensive and requires significant
labour resources as it requires a specialist capable of developing a
comprehensive soil sampling protocol and thorough laboratory sample
diagnosis (Bellosta-Diest et al., 2022). Recently, ion-selective elec-
trodes, a type of electrochemical electrode, were being used to measure
the nitrate concentrations in soil (Bristow et al., 2022). However, this
method has several disadvantages, mainly the electrodes are weak
and the system requires continuous calibration. For instance, the mea-
surements taken using this type of sensors remained stable for only
the first six weeks post-deployment, after which the values started to
drift (Bristow et al., 2022).

In addition to the measurement techniques discussed above, there
are numerous dielectric measurement techniques available for obtain-
ing o, and ¢, values, which are critical parameters for applying the Hil-
horst equation (Eq. (1)). Capacitive sensors, impedimetric sensors, time
domain reflectometry, frequency domain reflectometry, amplitude do-
main reflectometry, and broadband dielectric spectroscopy techniques
will be discussed in the following subsections.

3.1.2. Capacitive sensors

The galvanic cell method is widely used in soil moisture sen-
sors (Pieris and Chathuranga, 2020). This method relies on the gener-
ation of voltage resulting from the redox reactions occurring between
two dissimilar metals inserted into the soil. However, the electrodes
eventually corrode in a prolonged operation (Pieris and Chathuranga,
2020).

To overcome this issue, capacitive sensors (Fig. 6) are utilised to
measure the dielectric properties of the soil.

Fig. 6 illustrates the circuitry and the injected electrodes of a capaci-
tive sensor. The principle behind capacitive sensors is illustrated by the
following equation; assuming a model of a parallel plate capacitor:

Ag
c=de )
where C is the capacitance, A is the area of the surface of each plate,
d is the distance separating the two plates, and ¢ is the dielectric
permittivity of the material between the plates (soil in our case).
Whenever the soil moisture changes, the dielectric constant of the soil
will change, resulting in a change in the capacitance.

There are different methods to measure capacitance. For instance,
Pieris and Chathuranga (2020) have used a stable multivibrator circuit
to generate a square-wave output, from which they could derive the
capacitance. This circuit generates a square wave signal influenced
by the sensor’s capacitance, which is impacted by the soil’s dielectric
constant. The sensor’s capacitance, C, alters the duration during which
the signal is high in the square wave, 7, denoted according to the
relation below (Pieris and Chathuranga, 2020):

C= ' )
0.693(R; + R,)

¢ty was measured by a microcontroller, R, and R, are the resistors used

in the circuit (1 kQ both).

Goswami et al. (2019) have developed a circuit capable of reading
the soil moisture levels using a capacitive sensor and a capacitance-to-
voltage converter (Fig. 7).

Fig. 7 shows the soil moisture sensor’s block diagram, representing
the capacitive sensor’s signal conditioning circuit (Goswami et al.,
2019). An AC excitation signal with low frequency is used to excite the
bridge. Then a peak detector is used to capture the different amplitude
and phase generated from the probes.
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Electrodes

Fig. 6. Circuit and probes of the capacitive sensor.
Source: Redrawn from Sanchez et al. (2021).
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Fig. 7. Block diagram of soil moisture sensor.
Source: Redrawn from Goswami et al. (2019).

The output voltage of the peak detectors is then subtracted using
a subtractor, and a digital multimeter is used to measure the differ-
ence. Subsequently, the system output voltage is calculated using the
following equation (Goswami et al., 2019):

Ly abc-n
M @2C, +abCy+b+a "7

where a = 27fR, b = 1/C, C represents the capacitance of the used
capacitor in the circuit, ¥}, is the peak voltage of the bridge excitation
signal, and C, is the capacitance of the soil moisture sensor.

Other researchers have also developed capacitive soil sensors to
measure nitrate values using different shapes of sensors. For exam-
ple, Sanket et al. (2018) have developed a low-cost nitrate detection
soil sensor that is star-shaped (Sanket et al., 2018). The concept and
circuitry of their system are similar to those displayed in the previous
figures; however, they have modified the configuration to enhance
sensitivity.

(8

3.1.3. Time domain reflectometry

Time-domain reflectometry (TDR) is an increasingly used technique
for measuring soil moisture (Abdullah et al., 2018). TDR operates based
on the principles of radar systems, measuring and recording the propa-
gation of electromagnetic waves. The underlying idea of this technique
involves transmitting an impulse and then observing the time it takes
for the response. So, the first step in TDR measurement is to send a

signal through the probes to the soil (Walczak and Lipinski, 2021).
Then, since the medium (soil in our case) is not a full conductor and
its dielectric constant varies with the different water concentrations,
the speed of the reflected signal will be different from the generated
one (Walczak and Lipinski, 2021). In dry soil, minimal reflections
will occur and the signal will reflect at the same speed as gener-
ated (Walczak and Lipinski, 2021). Conversely, in wet soil, the signal
will encounter more water molecules which will reflect more of the
signal and make it slower (Walczak and Lipifski, 2021). The time taken
for the reflected signal to travel back to the TDR is measured (Walczak
and Lipinski, 2021). Knowing the speed of the pulse in the dry soil, the
measured time of the reflected signal is used to calculate the dielectric
constant of the soil following some calibration equations which will be
discussed later in this section (Walczak and Lipifiski, 2021).

A typical TDR measurement setup comprises a TDR device and a
transmission line system. The TDR device typically includes a pulse
generator, a sampler, and an oscilloscope (Lin et al., 2010). The trans-
mission line system consists of a probe connected to the TDR device via
a coaxial cable (Lin et al., 2010). Fig. 8 displays a typical setup for a
TDR measurement. The step generator sends an electromagnetic pulse
along the coaxial cable. Subsequently, the sampler records the reflected
signal from the probe, which occurs due to an impedance mismatch
between the probe and the soil (Lin et al., 2010).
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Fig. 8. Time Domain Reflectometry (TDR) measurement setup.
Source: Redrawn from Lin et al. (2010).

In the model mentioned in Fig. 8, the dielectric constant of the
mixture (air, soil, and water) ¢ can be calculated as follows:

(Lt
£= (ﬁ)
where 7 is the transit time for the signal to propagate and reflect along
the probe’s length L, and c is the speed of light in a vacuum (Regalado
et al., 2003). In 1980, Georges C. Topp generated an empirical model
to estimate the volumetric water content 6, of soil where he relates the
measured dielectric permittivity of the soil at a specific frequency to
0, (Topp, 1980). Then 6, can be calculated using the empirical model
given by Topp (Abdullah et al., 2018) using the following relation:

©)]

0, = (=530 + 292¢ — 5.562 4+ 0.043¢%) x 1074 (10)

3.1.4. Frequency domain reflectometry

The elements that form the frequency domain reflectometry (FDR)
system are similar to the ones for TDR.

The FDR system typically consists of an FDR probe, a coaxial
cable, and a magnetic wave generator (Minet et al., 2010). The wave
generator produces a signal, which is then transmitted to the probes via
the coaxial cable. The FDR probes serve as a coaxial medium in which
an AC signal oscillates between the external and central rods, with the
soil serving as the insulating material of the coaxial line (Minet et al.,
2010). The internal electromagnetic properties (permittivity, conduc-
tivity, and susceptibility) and dimensions, characterise each sequential
element of the FDR system to determine the complex impedance (Minet
et al.,, 2010). Any change in one of these properties will result in a
change between the transmitted and the reflected wave signal (Minet
et al., 2010). When a wave signal propagates through an inhomoge-
neous medium, the signal will be scattered and the reflected signal
will change from the original signal (Geyer and Karastergiou, 2016).
A vector network analyser (VNA) is a device used with the FDR system
to measure the frequency-dependent scatter function representing the
ratio between the reflected signal and the transmitted signal (Minet
et al., 2010). Fig. 9 displays a typical FDR system.

The complex dielectric constant (¢*) can be calculated as follows:

1D

« _ .
£ =E.—J§

where the real part of the equation ¢, represents the polarisability or
the capacitive characteristics of the soil, and the imaginary part ¢;
represents the losses contributed to conductivity and polarisation (Xu
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Fig. 9. Typical FDR system with VNA.
Source:
(2010).

Redrawn from Minet et al.

et al.,, 2012). g; is the result of molecular relaxation and electrical
conductivity, and it is represented by the following equation:

(12)

€ =€yt #j,;o
where ¢;,, represents the loss factor caused by the dielectric relaxation
losses, 6,4, in (S/m) represents the soil’s electrical conductivity when DC
signal is applied, f is the measurement frequency in Hz, and ¢, is the
dielectric constant of vacuum (8.854 x 10712 F/m) (Xu et al., 2012).
From the above equations, it can be concluded that ¢* depends on the
soil’s electrical properties, including its DC electrical conductivity and
frequency of the applied signal. Debye and Cole-Cole models describe
the relationship between these factors and it is summarised in the
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Fig. 10. Amplitude Domain Reflectometry (ADR) measurement setup.
Source: Redrawn from Wijaya et al. (2003).

following equation (Xu et al., 2012):
E(f) = by + = a3)
1+ (L)-r
fr
where ¢ and ¢, represent the values of ¢, at high and low frequencies,
respectively, f. is the relaxation frequency, and f represents the expo-
nent describing the spread of the relaxation peak (the permittivity of a
soil sample changes with the frequency change of an applied AC field
where in some cases the permittivity might show a peak at a specific
frequency range representing the delayed or lagged process of the soil’s
response at that particular frequency) (Xu et al., 2012).

3.1.5. Amplitude domain reflectometry

Amplitude domain reflectometry (ADR) implements a similar ap-
proach as in TDR and FDR but here the amplitude of the reflected
signal is captured and analysed. ADR is usually composed of three
major components: a sensing head, a probe body, and an input and
output cable (Fig. 10). The cable provides a power supply to the
system and a connection for the analogue signal output. An oscillator,
measuring circuitry, and a specially designed internal transmission line
are contained in the probe body within a waterproof housing. The
sensing head includes an array of four electrodes (the outer three
electrodes are connected to the ground and the central electrode is used
for the signal) (Wijaya et al., 2003). Fig. 10 represents a typical ADR
setup.

The working principle behind the ADR is similar to the one in
TDR but here the amplitude of the reflected signal is captured. First
of all, an ADR probe is inserted in the soil to act as a transmission
line with a specific impedance. Then, a high-frequency sinusoidal signal
(around 100 MHz) is sent into the soil down the probe. The electrodes’
impedance depends on the soil’s dielectric constant (including its wa-
ter content) surrounding it. When the impedance of the surrounding
environment differs from that of the transmission line creating an
impedance mismatch at the soil-probe interface, a proportion of the
transmitted signal will be reflected from the junction (J) which lies be-
tween the transmission line and the sensing array. The reflected signal
will interfere with the generated signal which will lead to a variation
in the voltage amplitude along the length of the line. After that, the
ADR system will measure the attenuated and reflected pulse. Then,
the measured amplitude and travel time are used to find the relative
impedance of the probe and hence the dielectric constant of the soil
will be known. The soil’s volumetric water content measured by ADR
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(64pr) can be determined following the below equation (15) (Wijaya
et al., 2003):

0,pr = 0.00111 + 1.5310 — 2.3420% + 1.4480° 14

where v is the output voltage measured from the ADR probe. However,
04pr depends significantly on the type of the soil (Wijaya et al.,
2003). Moreover, the relationship between the output voltage and the
dielectric constant is illustrated in the following equation (16) (Wijaya
et al., 2003):

Ve = 1.07 + 6.400 — 6.400° + 4.700° (1s)

where 1/e is the square root of the dielectric constant of the soil matrix.

3.1.6. Broadband dielectric spectroscopy

Broadband dielectric spectroscopy (BDS) or electrical impedance
spectroscopy (EIS) is another technique used to analyse the properties
of conductors, semiconductors, and insulating materials. It employs
a similar concept to TDR and FDR for obtaining the complex di-
electric constant. However, instead of a single frequency, a range of
frequencies is used. It has been demonstrated that employing various
frequencies to capture the magnitude and phase of the electromagnetic
signal can facilitate the determination of multiparameters in porous
media (Gonzélez-Teruel J.D. Jones et al., 2022a).

The potential applicability of this technique in soil monitoring is
justified by the fact that soil is composed of three phases, liquid, solid,
and gaseous. This results in a relative permittivity, or a dielectric
constant, ranging from 2 to 14, depending on the soil, knowing that
water is a polar liquid with a high dielectric constant (~80) at room
temperature. The liquid phase is represented by the ion solution with
nutrients available in the soil, necessary for the fertility of the medium
and it has a high static dielectric constant, which is inversely influenced
by the concentrations of the ion (Ma et al.,, 2023). When the ion
concentration increases, the ions make the water molecules oriented
around them, which will reduce the dielectric constant to 40 by a local
high-field effect (Ma et al., 2023).

This technique is based on the dielectric properties of the tested
material, focusing on the distribution of internal and external elec-
tric charges and their interaction with an induced electric field. EIS
measurements provide electrical properties in two different ways: ei-
ther through an equivalent electrical circuit consisting of inductive,
resistive, and capacitive elements or by providing an effective complex
dielectric constant (Kadan-Jamal et al., 2020). In an AC electric field,
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the soil solution mixture will absorb and store energy. The real part of
the permittivity relates to energy storage effects, whereas the imaginary
component of the permittivity relates to energy absorption.

3.2. Challenges and limitations of measurement techniques

All the previously mentioned methods for measuring the electrical
properties of soil come with their own set of limitations and challenges.
For instance, capacitive sensors demonstrate limited accuracy which
can vary depending on the composition of the soil mixture and tempera-
ture variations (Nagahage et al., 2019; Morais et al., 2019). Capacitive
sensors require good contact with the soil to avoid air gaps, as some
tests have shown that gap-graded soil can result in inaccurate soil
moisture readings (Teixeira Ricardo Correia dos Santos et al., 2021). It
is not recommended to use capacitive sensors technology for compacted
soil moisture measurements in field conditions as these sensors are
effective only for fine-grained soils and require proper calibration pro-
cedures (Teixeira Ricardo Correia dos Santos et al., 2021). Soil texture
plays a key role in determining the soil water content using dielectric
techniques (Gonzalez-Teruel et al., 2019). The type of soil influences
the sensitivity of this type of sensor because of the non-homogeneity
characteristic of the soil (Dey et al., 2022). In addition, pores play a
critical role in determining the electrical conductivity of the soil be-
cause the capacitance captured by the sensors is lower when the air has
a higher void in contact with the sensor electrodes (Teixeira Ricardo
Correia dos Santos et al., 2021). Also, capacitive sensors are strongly
affected by the water salinity impacting the accuracy (Placidi et al.,
2023). Therefore, each soil type needs a specific calibration procedure.
In addition, it is necessary to use and install multiple capacitive soil
sensors to correctly measure soil moisture within an agriculture field
to solve the problem induced by the heterogeneous nature of the soil
since each calibration curve only works for a specific soil type and
characteristics (Souza et al., 2020).

Moving to the technological challenges and limitations of capacitive
sensors, we can find that the feeding terminals of the plates should
be addressed properly in the layout of the sensor because it is found
that this can directly impact the self-resonance frequency of the sensor
due to parasitic inductance (Da Costa Junior et al., 2021). In addition,
multiple studies resulted in very low accuracies, for instance, the sensor
developed by Pieris and Chathuranga in 2020 has a 34% error accord-
ing to their calibration and evaluation (Pieris and Chathuranga, 2020).
Another technical limitation of the capacitive sensor is the shape of the
sensor since it is proposed that the change in the capacitance of the soil
sensor relies only on the change in the dielectric constant in the soil.
This was not the case in the study done by Biswas et al. in 2022, where
the width of the electrodes altered the results (Biswas et al., 2022). At
high frequencies (>10 kHz), the dielectric constant of the soil is small
and becomes independent of the soil moisture because the capacitance
of the soil is less at higher frequencies due to the polarisation of the
water molecule on the surface of the sensor unable to catch up with
high-frequency rate (Surya et al., 2019). Capacitive sensors are only
capable of measuring the soil water content and are unable to provide
further details related to the different soil properties (Shigemasu et al.,
2022). In addition, capacitive sensors have limitations in measuring
in-depth soil characteristics because this type of sensor is capable of
measuring soil moisture near the surface of the inserted electrodes in
the soil.

On the other hand, using time-domain reflectometry-based tech-
niques incurs high costs (Dey et al., 2022). TDR systems consist of many
instruments and subsystems as explained previously, making the device
large and costly (Shigemasu et al., 2022). Implementing TDR sensors
over an entire agricultural field is extremely costly, which can limit the
widespread adoption of such a measurement technique (Biswas et al.,
2022). Moreover, the penetration of TDR and FDR sensor probes into
the soil can easily damage their needle-like electrodes (Xu et al., 2022).
Also, dielectric measurement methods like TDR encounter challenges
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related to accuracy limitations, restricted sensing volume, and diffi-
culties in achieving depth resolution (Zhu et al., 2021). Furthermore,
TDR sensors may not perform well in high saline environments, as the
signal reflection is restricted due to the high electrical conductivity in
such conditions (Chan, 2019). Environmental conditions sensitivity and
salinity limit the accurate performance of TDR technology (Tomar and
Patidar, 2019). Soil moisture measurements resulting from TDR can
also be affected by local ion concentration in water and the alterations
done by the presence of the actual sensor in the soil (Shen et al.,
2019). In addition, in a heterogeneous medium, the increased number
of stones in the soil can cause trouble with the installation of the TDR
probe and it can result in false measurements (Loewer et al., 2014).

FDR technologies share common drawbacks with TDR, including
sensitivity to soil salinity and the need for soil-specific calibration due
to variations in soil texture and bulk density (Yu et al., 2021). FDR
sensors require soil-specific calibration before their installation in the
soil (John et al., 2021). However, this type of calibration requires a
tedious job-consuming lot of labour work, and it does not reflect the
actual field conditions (John et al., 2021). FDR sensors are relatively
sensitive to soil temperature, have a small sampling volume, and do
not work well in some soils (Bangi et al., 2021). In addition, multiple
factors have been reported affecting the FDR sensor, for instance, water
quality (dissolved oxygen, temperature, organic matter content, and
electrical conductivity) has been reported to alter the readings of the
sensor (Zemni et al., 2022).

Furthermore, ADR techniques have the same drawbacks as FDR
and TDR in terms of sensitivity towards air gaps, stones, or water
travelling through channels (Mukhlisin et al., 2021). In addition, the
studies done by Wijaya et al. stated that 6,,; depends significantly
on the type of soil and they only used two different types. So, a soil-
specific calibration equation should be established in order to use this
system. Moreover, this study revealed higher accuracy measurement
results using a specific relationship between the water content and
the measured voltage compared to using the generalised equations
developed by Topp et al. leading to more complexity and incurring high
costs for implementation (time and labour work).

These in situ soil moisture sensors are only capable of measuring
the moisture at one single point and are unable to get complete mea-
surements along the soil depth (Xu et al., 2018). In addition, the bulky
shape of these sensors often disturbs the original texture of the soil
causing errors in the measurements (Xu et al., 2018).

Like all measurement techniques, BDS has its drawbacks. Firstly, for
accurate measurements, the electrodes must maintain good electrical
contact with the soil (Popov et al., 2022). Additionally, the salinity of
the medium can increase the EC, therefore affecting and potentially
dominating the BDS spectra (Popov et al., 2022). Furthermore, soil
heterogeneities can distort dielectric spectra by causing a polarisation
effect at the interface, thus complicating data interpretation (Popov
et al,, 2022). In addition, the availability of more than one ionic
species will contribute and change the impedance spectrum imposing
a challenging problem in chemical sensing (Ma et al., 2023).

As we can see from the above analysis, all these different mea-
suring techniques are used to measure the dielectric characteristics of
the soil to provide useful information related to the soil’s electrical
characteristics. Additionally, they share common drawbacks, such as
sensitivity to salinity, the need for proper soil contact, and limited
sensing volume. Moreover, these different soil electrical characteristics
measurement techniques require some sort of calibration to provide
reasonable results. On the other hand, the traditional method to mea-
sure soil moisture remains the only accurate method available in the
market. Although the traditional method requires a lot of effort and
time, researchers and engineers are still relying on this method to
calibrate their developed devices. Hence, exploring the causes of these
limitations is crucial to enhance sensor performance.
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Fig. 11. Electrical impedance spectroscopy measurements electrodes configuration.
(a) Four-electrode technique. (b) Two-electrode technique. “I” denotes the injection
electrode, “V” is the measurement electrode, and “M” is a mixed electrode for injection
and measurement.

Source: Redrawn from Bera (2014).

3.3. Theory and challenges of the electrical properties measuring techniques
at system level

This review article has thus far presented the limitations of the most
commonly applied soil electrical characteristics measuring techniques
related to the impedance and the dielectric properties of the soil. How-
ever, all these technologies have more problems at the system level.
The following section discusses the theory of the systems to measure
the electrical properties of a medium and their sources of errors. The
three main stages of impedance measuring techniques (injection, load,
and output) will be critically analysed in the following subsections.

To calculate the impedance of the soil we have to inject a cur-
rent/voltage into the soil via electrodes and measure the resulting
output voltage. Then we will be able to calculate the impedance of
the medium by applying Ohm’s law. Two different electrode config-
urations are being widely used in impedance measuring techniques.
Fig. 11 represents the electrode configurations being used (Bera, 2014).
The medium’s impedance measuring process is done by either the
four-electrode or the two-electrode method. In both methods, the elec-
trodes that inject the current are labelled as driving electrodes and
the electrodes used to read the potential difference are called sensing
electrodes. From their names, to measure the soil’s impedance, the
two-electrode method uses only two electrodes so the signal injection
and measurement are done via the same electrodes (Bera, 2014). The
four-electrode configuration uses two separate pairs of electrodes; two
to inject and two to measure, hence this method is represented as
an impedance measurement technique with a linear array of four
electrodes (Bera, 2014). The four-electrode method is developed as a
solution for the problems faced with the two-electrode method which
will not be covered since it is out of the scope of this review. In the
context of system-level electrical property measurement techniques, as
previously mentioned, there are three distinct stages, each present-
ing unique challenges. These different stages will be covered in the
following paragraphs.
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Fig. 12. Ideal model of a current injection source with the stray capacitance.
Source: Redrawn from Bertemes-Filho (2018).

3.3.1. Injection stage measuring technique

The nature of the driving signal is current. There exist multiple
configurations for the injection part but they all follow the current
injection method. The ideal model of a current injection source is
represented in Fig. 12 (Bertemes-Filho, 2018).

In Fig. 12, V, is the controlled input voltage, I, is the output
current of the current source controlled by V;, Z, represents the output
impedance of the current source, C, is the stray source capacitance,
and Z; is the load impedance which will be discussed in details later.
Generally, a voltage-controlled current source (VCCS) circuit is used
to convert a sine wave voltage V, into an AC current I; which is
not affected by the load voltage V;. The voltage at node A is equal
to the load voltage and I, is the summation of I, and I; ideally.
However, in practice, at high frequencies, the stray capacitance C,
decreases the magnitude of Z, which will decrease I, (Bertemes-Filho,
2018). Therefore, it is very challenging to develop a VCCS capable of
maintaining high output impedance at high frequencies.

Another current injection configuration is the improved Howland
current generator topography (Fig. 13).

In Fig. 13, resistors are used to achieve an infinite output impedance
(ideally) if the resistors are equal. Furthermore, a lot of researchers
tried to enhance this topology to reduce the errors faced but with
no positive results. The errors associated with the injection part are
numerous, mainly, the output impedance will be limited due to the
mismatching between the input resistors, stray capacitance, and the fre-
quency (Bertemes-Filho, 2018). In addition, the output voltage across
R; is limited by the closed-loop gain and the supply voltages. High
values of load will put the output of the operational amplifier in
saturation mode, which will affect the performance of the VCCS. More-
over, despite the efforts put in to overcome these challenges, it is
very hard to prevent the circuit from oscillating at high frequencies
(>1 MHz) since it is very difficult to maintain the output impedance
high over a whole frequency range. Other problems were raised when
multifrequency systems were required (Bertemes-Filho, 2018). A lot of
detailed adjustments must be made to the feedback network to raise
the output impedance and retain its stability. Some researchers intro-
duced a buffer (voltage follower) in the feedback loop (Bertemes-Filho,
2018). However, over a wide range of frequencies, current generators
do not have a constant output current nor high impedance at the
output. Another source of error found is related to the common-mode
voltage appearing as an unwanted potential caused by the impedance
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Fig. 13. Improved Howland injection module.
Source: Redrawn from Bertemes-Filho (2018).
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Fig. 14. The simplified equivalent circuit of the soil.
Source: Redrawn from Takimoto et al. (2023).

of the electrode and that of the load in the four-electrode system.
This error can be minimised by following the bipolar injection method
which is composed of two-phase controlled current sources in oppo-
sition (Bertemes-Filho, 2018). However, common-mode voltage will
be generated at the inputs of the receive circuit due to any mis-
match between the output current (Bertemes-Filho, 2018). Also, any
other mismatch between drive electrode impedances will generate
common-mode voltage (Bertemes-Filho, 2018).

3.3.2. Load stage measuring technique

The impedance of moist soil is represented by a parallel connection
of capacitive and resistive components (Futagawa et al., 2018). This
model is displayed in Fig. 14.

Here the resistance changes inversely with water and total ion
contents, while the capacitance varies directly with the water con-
tent (Takimoto et al., 2023). In a multimodal system of sensors, the
measurement of this resistance and capacitance are used to derive
the water content and the total ion content in the soil (Takimoto
et al., 2023). Combined information is presented by the resistance mea-
surement. The capacitance component is utilised for assessing water
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content, while the total ion content can subsequently be derived (Taki-
moto et al., 2023). The soil’s resistive and capacitive elements can
be determined in the laboratory by employing the procedure outlined
below and implementing the circuit depicted in Fig. 15 (Takimoto et al.,
2023).

First, an electric current is injected into the soil. Then the output
voltage will be measured resulting in a transient response characteristic
(Fig. 16). The output response changes with the variations of the
capacitance and the resistance of the soil. Then the following equations
can be used to calculate the resistance and capacitance of the soil under
test (Takimoto et al., 2023):

2V

t, =—RCIn(1 - ——L (16)
R|+I|+Vp

2y
ty=—RCin(1 - ——L 17
2 = o) an

1

= 18
H+1 (18)

where 7, and t, represent the time needed to reach V; and -V;
(threshold voltage of the comparator) respectively, f is the frequency
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Fig. 15. Feedback type impedance measurement circuit for water content and electric conductivity sensor.

Source: Redrawn from Takimoto et al. (2023).
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Fig. 16. Output waveform of the measurement circuit in Fig. 15.
Source: Redrawn from Takimoto et al. (2023).

of the square wave outputted by the measurement circuit, I is the
injected current into the soil, R is the soil resistance, and C represents
the capacitance of the soil (Takimoto et al., 2023).

Many different bulk material (soil) equivalent circuits have been
developed by multiple researchers which are summarised in Fig. 17.

From Fig. 17, it can be observed that multiple equivalent models
exist to represent a material.

(a) is the model previously discussed and it is usually used to
represent pure electrolyte (Manjunath et al., 2023).

(b) was developed in 1992 by Gu et al. to represent the impedance
of one layer of cement paste, and this model can be replicated multiple
times depending on how many layers are under test; R, represents the
summation of the bulk solid and liquid phase resistances, R, is the
resistance of the solid-liquid interface, and C, is the capacitance of the
solid-liquid interface (Gu et al., 1992).

(c) is the model developed by Song in 2000 to illustrate concrete
also based on the different paths available in the soil; Cgp and Rpp
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represent the capacitance and the resistance at the discontinued point
of the soil particle-pore path, Cogp is the capacitance of the contin-
uous pore path, and R.pp is the resistance of the continuous pore
path (Song, 2000).

(d) is a simplified equivalent circuit proposed by Song in 2000
and used by Han et al. in 2015 to represent a concrete material; R,
R,, C, and C, are the parameters of the electrochemical impedance
spectroscopy spectrum, and these parameters are related to the pa-
rameters in Fig. 17(c) representing physical meanings for the soil
microstructure (Han et al., 2015).

(e) represents the model developed by Dias in 1972 illustrating the
interface effects with clays; C,, is the double layer capacitance, Z,
represents the Warburg impedance, R represents a simple resistor de-
scribing the pure ohmic conduction of a free ionic path, R, is a resistor
which value is proportional to the length of the average zone affected
by the electrical double layer presence, and R; is the resistance caused
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Fig. 17. Bulk material equivalent circuits.
Source: Redrawn from Manjunath et al.

(2023).

by the polarisation associated with the metal-electrolyte interface (Dias,
2000).

(f) represents an R-C ladder network proposed in 1972 by Longmire
and Longley; here R, is the bulk medium DC resistance, C, represents
the capacitance at infinite frequency, R, — C, series branches present
the responses with different time constants to characterise the multiple
relaxations with frequency, and the number » is determined from the
order of the frequency response (Longmire and Longley, 1973).

From the preceding discussion concerning load representation, it is
evident that there is no singular equivalent circuit for the soil’s matrix,
and researchers continue to adhere to these traditional representations.
This increases the ambiguity about which model to follow, affecting the
entire measuring system. In addition, the non-homogeneity character-
istic of soil makes it very difficult to develop a unified soil electrical
equivalent circuit.

3.3.3. Output stage measuring technique

This section discusses the output instrumentation for measuring
soil impedance. When current is injected into the medium, a potential
difference is generated across the load, which represents the output
voltage to be measured. Typically, an instrumentation amplifier is used
in the output stage of this type of instrument. However, alternative
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output circuits can also be employed, such as the one shown in Fig.
15. In this figure, the previously discussed procedure for identifying
resistive and capacitive elements in the soil is also used to calculate its
impedance. Changes in soil moisture or ion concentration affect soil
impedance, which in turn alters the resistive and capacitive compo-
nents, thereby modifying the output threshold voltages (Fig. 16). Thus,
variations in impedance can be used to estimate soil moisture and ion
content. Another example is shown in Fig. 18.

The circuit in Fig. 18 is used to amplify the signal, making it compat-
ible with A/D converters. Electrode construction and positioning can af-
fect measurements by inducing interference and noise (Bertemes-Filho,
2018). Additionally, artefacts and noise may result from electrode
impedance and displacement (Bertemes-Filho, 2018). The instrumen-
tation amplifier is being used for its key characteristics, for instance,
high input impedance, high CMRR (common-mode rejection ratio),
and low noise. However, instrumentation amplifiers are not perfect,
and they may also amplify unwanted signals. Another issue with the
output stage is related to gain. As mentioned earlier, signals need to be
amplified to be measurable. However, the load introduces ambiguity,
making it challenging to optimally tune the instrumentation amplifier.
If the gain is high, the amplifier will go into saturation resulting
in erroneous measurements. Moreover, if both the injected current
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Fig. 18. Instrumentation amplifier used as the acquisition module.

and amplifier gain are too high, the outputs may saturate, producing
incorrect results. Therefore, the output of the instrumentation amplifier
is directly influenced by the magnitude of the injected current.

Many efforts have been made to resolve the aforementioned issues
associated with electrical property measurement techniques but with-
out success. Various solutions have been employed to reduce errors in
these systems. One solution involves the use of a variable gain instru-
mentation amplifier, allowing the gain to adjust if saturation occurs.
Another approach is implementing a feedback circuit to modify the
injected current and prevent saturation. Additional solutions to these
problems include applying multiple frequencies, as the resistive and
capacitive elements of the soil vary with frequency. Manual calibration
techniques, as previously mentioned, are also used to achieve accurate
results, and this method is the most commonly employed. However, all
these proposed solutions require significant time and labour, making
the systems costly, highly power-consuming, and very complex.

4. Conclusion

Food insecurity and climate change are pressing issues that de-
mand immediate attention. Unsustainable agriculture practices, such
as excessive use of fertilisers, wasteful irrigation, and inadequate soil
conditioning, are major contributors to these challenges. The reasons
for following unsustainable agricultural practices include a lack of
access to accurate technology and limited knowledge about these tools.
Even when sensors and technology are employed, they often have
significant inaccuracies. As a result, a large percentage of water wasted
in irrigation can be attributed to not initially using technology, and
when technology is available, it may not be advanced enough to
provide accurate results that would help prevent excessive irrigation.
This article investigates the causes of inaccuracies in soil moisture mea-
surements and the factors influencing them. It explores the theory and
instrumentation behind various techniques used to assess the electrical
properties of soil.

An examination of the limitations of existing theories reveals that
relying on current models often produces inaccurate results. This is
primarily due to the presence of numerous assumptions inherent in
these models when measuring soil electrical conductivity. On the other
hand, the measurement techniques result in inaccurate results mainly
caused by the effect of salinity inside the medium and the complexity
of the soil matrix.
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Consequently, it is evident from the preceding discussion that both
theoretical frameworks and practical instruments exhibit errors and
shortcomings. This underscores the link between flawed agricultural
practices, such as wasteful irrigation and excessive fertiliser applica-
tion, and the inadequacies in theory and instrumentation. Since every
instrument relies on theory for calibration, the crucial question arises:
how can we develop precise measurement techniques based on flawed
theories? This question is of paramount importance for researchers
addressing these pressing challenges with far-reaching consequences.
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