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Abstract - One of the key factors that influence adequate water management in irrigation districts is accurate knowledge of 
soil hydraulic conductivity properties. Although there are many commercial devices available for measurement of soil water 
content, it is common to find in developing countries that irrigation practices lack technification and planning based of specific 
soil data.The authors present advances of an international initiative to develop ad hoc, versatile soil moisture instrumentation 
directed towards optimizing water resources. The initiative identifies electrical impedance measurements as a suitable 
candidate for implementing soil moisture sensing instrumentation that can also be used for modelling soil hydraulic 
conductivity properties for optimizing water resources.This paper focuses onthe results of comparing the electrical impedance 
data with gravimetric and time domain reflectometry (TDR) data on a laboratory setup. The quantitative results indicate that 
using electrical impedance measurements can be used to infer soil water content, in agreement with TDR measurements. 
 
Index Terms - Irrigation efficiency, soil moisture, instrumentation, water resources management.  
 
I. INTRODUCTION 
 
In the context of global commercial systems, 
producers are being forced to increase productivity, 
and with better quality while preserving the 
environment. In particular for farmers in developing 
countries, technificationis required to increase crop 
yield, to ensure food security, and increase 
profitability to guarantee job security. Rosegrant& 
Cline [1] address the importance of facilitating 
farmers with access to new techniques and 
technologies, as well as providing means for 
implementation to increase farmers’ productivity. 
On the other hand, increased crop yield is 
accompanied by grave environmental impacts ranging 
from pollution and depletion of water resources to soil 
erosion and loss of biodiversity [2].For instance, over 
the past 20 years, the North American Free Trade 
Agreement (NAFTA) between The United States, 
Canada and Mexico has functioned as a driving force 
to increase international competitiveness in the global 
market place. One of the key areas is agriculture; 
NAFTA removed tariffs, but not subsidies, which 
imposed strains on small farmer to maintain 
competitiveness. Despite NAFTA’s overall trade 
benefits, the high US subsidized production caused 
displacement of millions of Mexicans and productivity 
shift to higher productivity agriculture [3-4]. In early 

2017, the US triggered the (currently ongoing) 
renegotiation of NAFTA, which will likely impose 
further pressure on Mexican farmers to increase 
productivity.  
 
Investment on agricultural research and development 
has been neglected in developing countries [5], thus it 
is necessary to dedicate research efforts to develop 
dedicated technological solutions to give producers a 
competitive edge. Water managementis identified as a 
key factorto increase food production while 
decreasing water usage.  
 
A. International initiative 
 
The are any factors that influence farmers resistance to 
invest in technology for improving water management 
systems; for instance reduced availability of versatile 
measurement and control systems capable of 
integration with current water management systems, 
lack of technical support and lack of education and 
information about the return of investment (ROI) 
benefits. One candidate technology that can lead to a 
cost-effective versatile measurement solution for 
water management is electrical impedance 
measurements. This document describes the advances 
of an international initiative funded by the Newton 
Fund British Council- National Council for Science 
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and Technology (CONACYT) to develop dedicated 
instrumentation in accordance with Mexico´s regional 
agricultural development needs. The initiative 
identifies the advantages of electrical impedance 
measurements as a versatile, cost-effective water 
management tool capable of providing detailed 
information of soil hydraulic conductivity properties. 
There are continuous reports of electrical impedance 
methods to measure soil moisture content. In [6] the 
authors conclude that electrical impedance methods 
can be used to measure the soil hydraulic conductivity 
properties for modelling the dynamics of water 
propagating through the soil sample; in turn the results 
can be used for irrigation scheduling. Another reported 
application is directed to obtain two-dimensional 
profiles of water propagating through soil [7]. The 
reported works are important advances but are 
generally confined to research and are seldom adopted 
for commercial use. Thus, these reports work well on 
trial basis; however in order to convert research into a 
viable cost-effective commercial application it is 
necessary to plan a technologic road map to elevate the 
technology readiness level (TRL). The current work 
corresponds to TRL 3: prototype proof of concept. The 
proposed methodology includes validating the results 
of the proposed measurement method with 
readily-available technologies and involves a 
commercial stakeholder to continue the development 
of TRL to a commercial stage.  
 
II. SOIL MOISTURE ELECTROMAGNETIC 
MEASUREMENT METHODS 
 
In general, there are three main techniques used 
regularly for measuring soil water content: gravimetric 
techniques, nucleonic (eg, neutron probe) and 
electromagnetic techniques [8]. Gravimetric methods 
is the only direct method to measure the amount of 
water in soils whereas nucleonic and electromagnetic 
techniques are indirect measurements. During the last 
two decades, electromagnetic techniques have gained 
popularity because they facilitate rapid, safe, 
non-destructive and automated estimation of soil 
moisture. Amongst the preferred electromagnetic 
techniques are electromagnetic induction, capacitance 
probes and time domain reflectrometry (TDR). 
However, electromagnetic techniques are constrained 
by the soil depth. For instance, Taghizadeh-Mehrjardi 
et al [9]use electromagnetic induction to measure 
apparentsoil electrical conductivity (ECa) to model 
vertical and lateral variations of soil salinity. Amongst 
the results presented, it was found that there is a high 
correlation of ECa with electrical conductivity in 
saturation paste (ECe) closer to the surface (0-30 cm); 
the correlation with their model decreases as a 
function of depth increases. Capacitance probes 
areinserted into the soil sample to measure changes in 
dielectric as a function of water content and thus 
provides a volumetric measurement,delimited by the 
sensing field. TDR measurements also rely on a set of 

electrodes in the soil sample. The TDR method 
measures propagation speed of a high-frequency pulse 
along a waveguide inserted in the soil sample. The rate 
of pulse propagation depends on the dielectric 
constant (Ka) of the materialsurrounding the 
transmission line. Volumetric measurements are 
simple to use but no dot allow detailed description of 
soil properties along the soil depth.  
 
Another electromagnetic technique that can be used to 
investigate soil hydraulic conductivity properties is 
electrical impedance. In a similar manner to other 
electromagnetic techniques, electrical impedance 
measurements rely on the use of a set of electrodes 
inserted in the soil sample; the measurement method 
consists of applying a fixed alternating electrical 
current between pairs of electrodes, while measuring 
the voltage to calculate the impedance in the sensing 
field. Water content greatly influences the soil 
impedance resulting in large impedance changes that 
can easily be detected with instrumentation 
electronics. However, many factors influence the soil 
electrical impedance: type of soil, physical and 
chemical content, soil management. Therefore, it is 
necessary to develop compensation methods so as to 
provide a true value of soil impedance that can be 
correctly correlated to soil water content.  
 
III. MATERIALS AND METHODS 
 
The aim of this work is to validate an electrical 
impedance measurement and compensation method to 
measure soil water content, in comparison with readily 
available commercial technologies. The proposed 
measurement method consist of using pairs of 1.5” x 
1” stainless steel electrodes separated 1”, to drive an 
electrical current excitation signal through the soil 
sample; a signal conditional unit measures the 
resulting voltages (Fig. 1).If the applied current is 
known and the voltages are measured, it is possible to 
calculate the soil impedance.  

 
Fig. 1 Simplified schematic diagram of the soil water 

content measurement technique. 
 
In order to reduce the effect of variables other than 
water, electromagnetic impedance methods often use 
high frequency excitation signals. 
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Fig. 2. Double layer feedforward ANN for temperature 

compensation 
 
The result is a complex electronics and signal 
processing circuitry. In this work, one of the aims is 
simplify the design so it leads to a fully integrated 
sensing system. The current frequency used in this 
work ranges from 10 kHz to 100 kHz, which means 
that impedance measurements will be influenced by 
other variables. One of the main variables that greatly 
influence soil impedance is soil temperature; therefore 
it is necessary to compensate the resulting 
measurements for temperature variations. Current 
electronics technologies allow on-line implementation 
of complex compensation algorithms. One of the most 
simple, yet powerful multivariable compensation 
methods is the use of Artificial Neural Networks. 
Previous results of using 30 cm-long rod sensors and 
temperature compensation techniques have shown to 
provide a close approximation to commercial 
technology measurements [10].  
 
However, the geometry and operating conditions of 
using smaller, rectangular sensors may influence 
further impedance measurements in soils. Thus, the 
first part of the experimental procedure consists of 
measuring the electrical impedance changes of the soil 
samples for different water content and soil 
temperature, using rectangular electrodes. The results 
areused to train a double layer, feed forward neural 
network (Fig. 2) where the input layer is logsigmoid 
and the output layer is linear. The input values are 
electrical impedance and soil temperature, measured 
with a semiconductor transducer (LM35). The target 
values are soil moisture measured by the gravimetric 
method. A 0.1 error goal is used for training with 
momentum.  

 
Fig. 3 Experimental setup. A) The electrode array is inserted in 

the container filled with acrisol soil. B) Irrigation is applied 
near the sensor array location 

 
Once the network has been trained, the following step 
is to compare the electrical impedance measurements 
with TDR and gravimetric data. The experimental 
setup consists of an array of rectangular electrodes 
inserted into a 4,700 cm3 container filled with acrisol 

soil (Fig. 3), commonly found in the Michoacán 
region. A voltage controlled current source generates 
the current excitation signal. Signal conditioning is 
performed using an instrumentation amplifier and the 
resulting voltages are measured using a data 
acquisition unit. Irrigation is applied daily at a rate of 4 
l/hour during two hours for 30 days during 
August-September 2017.  
 

 
Fig. 4. Soil impedance change as irrigation is applied. Data 
corresponding to electrode site at 15cm from the surface 

 
Measurements were performed 4 hours after irrigation 
is applied allowing the soil properties to settle.The 
sampling rate was set to 1 minute. The measurements 
process consist of obtaining the electrical impedance 
and soil temperature at 15 cm depth. The soil 
impedance decreases as water content increases (Fig. 
4). 

 
Fig. 5 Comparison of soil moisture content measurements 

using electrical impedance, TDR and gravimetric 
measurements. 

 
Fig. 6 Comparison of measurement differences of TDR and 

electrical impedance measurements taking gravimetric data as 
reference. 
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Once the electrical impedance and temperature values 
are registered, the following step consists of using a 
TDR probe (CS616) to measure the water content. The 
final measurement stage consist of taking a ~100g 
sample of the soil to measure water content by the 
gravimetric method. 

 
V. RESULTS AND DISCUSSION 
 
Fig. 5 shows a comparison of the results of measuring 
percentage of water content using the electrical 
impedance, Time Domain Reflectometry and the 
gravimetric methods.The error plot shown in Fig. 6 
indicates that the values obtained using electrical 
impedance measurements yield a closer water content 
prediction than that obtained with the TDR probe.The 
Sum of Squared Error (SSE) was chosen to issue a 
quantitative value of the measurement accuracy of 
TDR and electrical impedance measurements, taking 
gravimetric data as the reference value.  
 

 
Fig. 7Correlation of TDR and electrical impedance 

measurements with gravimetric data. 
 
The SSE value for electrical impedance measurements 
was 0.0567 whereas the TDR SSE was 0.3125. In 
addition, it appears that electrical impedance yields 
closer correlation to gravimetric data (Fig. 7).  
Various factors account for measurement differences. 
First, the TDR electrode location does not exactly 
correspond to the electrical impedance sensing field; 
although the TDR probe was located close to the 
electrical impedance measurement site, the water 
propagating unevenly through the soil can yield slight 
measurement differences.  
In addition, the TDR technique is a volumetric 
measurement whereas the electrical impedance 
measurement is a localized measurement yielding 
information close to the sensing field.Last, the data 
used for training the neural network proceeds from the 
acrisol soil used for the experiments, so the electrical 
impedance mesaurements are prone to yield close 
water content measurement results. 
In any case, the results indicate that electrical 
impedance information can yield water content 
information in agreement with TDR information, and 
thus is a viable alternative for implementing a 
relatively simple measurement solution that can lead 

to a versatile cost-effective water management 
strategy. 
CONCLUSION 
 
This paper presents a quantitative evaluation of 
electrical impedance derived measurements to infer 
soil water content. The results are compared with 
Time Domain Reflectometry (TDR) measurements. 
The measurement strategy was tested in a laboratory 
setup using soil commonly found in the Michoacán, 
México region. The results indicate that electrical 
impedance measurements can yield a measurement 
error (Sum of Squared Error: SSE) of 0.0567, whereas 
the TDR SSE was 0.3125. The measurement 
differences can be attributed to the inherent nature of 
Electrical impedance and TDR techniques. Overall, 
the electrical impedance measurements are in 
agreement with TDR data and are a suitable candidate 
for measuring soil moisture in situ, and can lead to a 
cost effective water management tool. 
The authors acknowledge the support the Newton 
Fund institutional Links program British Council- 
CONACYT (273817194 (UK) and 277688 (México)) 
to spearhead the international initiative to carry out 
this work. 
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