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ABSTRACT 

Magnetic induction (MI) is a physical layer technology that is effective for 

underground wireless communications. The underground communications involve 

three major communication links, namely underground to underground (UG2UG), 

underground to aboveground (UG2AG), and aboveground to underground 

(AG2UG).  

AG2UG and UG2AG links are special in a sense that they cross two different media, 

which are soil and free space. While this is the case, the soil electrical conductivity 

(EC) is proved to be among the factors that affect MI underground communication. 

Therefore, this study looked at the impact of the changes in soil EC on UG2AG and 

AG2UG links. 

Channel models were reviewed and the model for communication between 

underground and aboveground devices that included the attenuation factor of soil EC 

was proposed. Experiments were also done in four different fields; at Agricultural 

Research Institute – Uyole, The University of Dodoma, Tanzania Research and 

Career Development Institute and Gairo area. These fields were used as they had 

different soil types and varying soil ECs. Experiments were done using GNU radio, 

HackRF One transceivers, MI coils and soil EC tester. The results of the 

experiments were analyzed using MATLAB software. 

 The results showed that the AG2UG and UG2AG had a similar performance in 

terms of power received. Also, the increase in soil EC value increases the rate of 

attenuation of magnetic field signal. However, changes in EC were seen to have 

more impact on higher frequency (433.92 MHz) than on lower frequency (13.56 

MHz) due to skin effect. Thus, 13.56 MHz can provide a preferable performance for 

UG2AG and AG2UG communications. Based on the results of the experiments, a 

hybrid MI and electromagnetic waves architecture for underground wireless 

networks was proposed. 
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CHAPTER ONE 

INTRODUCTION 

1.1 General Introduction 

Wireless underground sensor networks (WUSNs) consist of the majority of sensor 

nodes buried and communicating wirelessly in the underground. The underground 

infrastructure comprises of sensing, processing and communicating features for 

observation and response to environmental phenomena. WUSNs can be applied in 

fields ranging from environmental and infrastructure monitoring, location 

determination, security monitoring and geophysical exploration (Akyildiz & 

Stuntebeck, 2006; Silva, 2010; Silva et al., 2014). 

Two major physical layer technologies have been under study in relation to WUSNs. 

These are electromagnetic (EM) waves and magnetic induction (MI). MI is preferred 

in the underground media due to its lower path loss, it is less affected by channel 

dynamism and has smaller antenna size compared to EM waves (Akyildiz et al., 

2009). 

Changes in soil condition, especially the soil electrical conductivity (EC) is one of 

the factors affecting the performance of communication in the underground. One of 

the notable studies on underground to underground communication link confirm that 

soil EC does affect MI performance is that of  Ma et al. (2015). It is also revealed 

that soil EC is affected by several factors, the main one being moisture content. 

Other factors include minerals, soil texture and structure, and electrolytes in soil 

water (USDA, 2014). Due to the variations of these factors with locations, different 

soils will have different EC values; thus, having different communication 

performance.  
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A complete communication process in WUSNs involves three major transmission 

links: the underground to underground (UG2UG), underground to aboveground 

(UG2AG) and aboveground to underground (AG2UG) links (Silva, 2010; Sun, 

2011). Figure 1.1 illustrates these three links and explanations for each link follow 

thereafter. 

 

Figure 1.1: Communication Links in WUSNs (Silva & Vuran, 2010) 

Underground to underground (UG2UG) link 

This is the communication link where both nodes (sender and receiver) are 

underground. It is mainly used for multi-hop information delivery between sensor 

nodes (Silva & Vuran, 2010; Sun, 2011). 

Underground to aboveground (UG2AG) link 

In this link, the sending node is in the underground while the receiving node is 

above the ground. It is employed for information retrieval purposes where the 



3 

monitored data is transferred to the aboveground sink nodes for further processing 

(Silva & Vuran, 2010; Sun, 2011). 

Aboveground to underground (AG2UG) link 

Through this link, the aboveground node sends management information to the 

underground sensors (Silva & Vuran, 2010; Sun, 2011). 

Specifically, the UG2AG and AG2UG links involve two different media, which are 

air and soil. The EC of air is zero, whereas that of soil changes with moisture 

content and other factors. Thus, these two links have a different setting compared to 

UG2UG link. 

Several studies have been done to characterize MI communication in the 

underground, especially for UG2UG link. In papers (Akyildiz et al., 2009; Sun & 

Akyildiz, 2010) an MI channel model was developed for both direct transmission 

and MI waveguide communication. MI is found to have less signal path loss and is 

more energy efficient compared to EM waves. Also, it is less affected by the 

changes in the soil properties. 

However, there are two factors that need to be considered with regard to MI 

underground communication. First, in most of the previous studies, it was 

considered that the only environmental factor impacting the communication is 

magnetic permeability. Nonetheless, it has been proved that the electrical 

conductivity of the media also contributes to the attenuation of the signal (Kisseleff 

et al., 2013; Ma et al., 2015). It is, therefore, worthy studying how changes in soil 

electrical properties have an impact on the performance of MI communication. 
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Second, there is a need for characterizing the UG2AG and AG2UG links based on 

MI communication with the inclusion of soil EC attenuation factor. Because of 

similar magnetic permeability of soil and air, it was considered that MI 

communication performance is similar in the two media (Agbinya & Masihpour, 

2010). However, introducing the conductivity factor implies that MI will have 

varying performance between over the air and in the soil because free space has zero 

conductivity while soils have varying conductivity values  (USDA, 2014; Sharma et 

al., 2016).  

Third, because of better performance of EM waves over the air compared to MI 

induction, studies discouraged the use of MI for UG2AG and AG2UG 

communications. Hybrid solutions proposed the use of EM wave-based device on 

the topsoil level for communication with aboveground devices (Silva, 2010; 

Parameswaran et al., 2013; Silva et al., 2014). Since this study was focused on MI 

based UG2AG and AG2UG communication, based on the results a modified hybrid 

MI and EM wave solution needed to be considered. 

1.2 Statement of the Problem 

Early studies made in MI-based WUSN were based on simple system design. Such a 

design took into account the magnetic permeability of soil as the only environmental 

factor affecting MI communication. The influence of the electrical conductivity of 

the medium was not considered (Sun & Akyildiz, 2010; Kisseleff et al., 2013).  

Nevertheless, it has been confirmed that the electrical conductivity of a medium 

significantly impacts underground magnetic induction based communications (Ma et 

al., 2015). This poses a need of including the conductivity factor in the channel 

model for MI-based underground communications. 
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Agbinya and Masihpour (2010) considered that MI communication performance 

over the air could be similar to that of the underground. This is because the two 

media have similar magnetic permeability. However, the inclusion of soil EC makes 

the two media to have different MI communication performances (Ma et al., 2015). 

Thus, a channel model for underground communication will have an additional 

attenuation effect due to soil EC, which is not the case for over the air 

communication. 

The UG2AG and AG2UG links involve communication across the two media, 

which are soil and air. Because different soils can have different electrical 

conductivities, MI communication needed to be studied in different soils. Thus, 

developing a channel model for UG2AG and AG2UG that includes the attenuation 

effect of soil EC was required. Also, it was necessary to conduct MI-based UG2AG 

and AG2UG communication experiments in different soils and use the results as the 

basis for proposing an architecture for hybrid MI and EM wave WUSNs. 

1.3 Research Objectives   

1.3.1 Main Objective 

To analyze the impact of soil electrical conductivity on magnetic induction-based 

underground to aboveground and aboveground to underground communication 

links.  

1.3.2 Specific Objectives 

The specific objectives of this research work were:  

1. To review different channel models related to underground magnetic 

induction communication.  
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2. To develop a channel model for UG2AG and AG2UG communication links 

based on MI that includes the attenuation effect of soil electrical 

conductivity. 

3. To conduct experiments for UG2AG and AG2UG communication using MI 

in different soils with different electrical conductivities. 

4. To propose a hybrid architecture for MI and EM waves based on the results 

of the experiments. 

1.4 Research Questions 

To achieve the specified objectives, this research work has answered the following 

questions in line with the main purpose of the study. 

1. What are the channel models representing the MI based underground 

communication links from literature? 

2. How can the UG2AG and AG2UG communication links be modelled, 

considering the attenuation effect of soil electrical conductivity? 

3. How does MI perform in the UG2AG and AG2UG communication links 

when tested experimentally in soils with different electrical conductivities?  

4. Considering the performance of MI-based UG2AG and AG2UG 

communication, what is a suitable architecture for hybrid MI and EM wave 

solution for WUSNs? 

1.5 Significance of the Research 

This study has attempted to develop a channel model for UG2AG and AG2UG links 

based on MI communication with the inclusion of soil EC attenuation factor. The 
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models have been tested experimentally and found to correspond to the experimental 

data. 

Also, the effect of changes in soil electrical conductivity values on the 

communication performance has been studied in this work. It can be used as a basis 

for the design of MI-based WUSNs, especially considering that the underground 

environment is very dynamic.  

Additionally, the performances of different frequencies and how each frequency is 

affected by changes in soil conditions have been presented in this work. The fact that 

higher frequencies are more affected by soil EC changes than the lower frequencies 

provides a suggestion in the choice of operating frequency. 

Moreover, a new architecture for hybrid EM and MI solution for WUSNs have been 

proposed based on the result of the experiments done in this work. Thus, it provides 

a basis for further researches in this line. 

1.6 Organization of the Study 

This chapter has served as an introduction to this research work. The remaining part 

of this research work is organized as follows. Chapter two presents the review of the 

literature that has been consulted with regard to the problem under study. Chapter 

three provides a description of the methods and materials used to accomplish the 

stated objectives. Chapter four analyses the results and findings of this study. 

Finally, chapter five gives out the conclusions and recommendations. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

It has been introduced that communication in WUSNs involves both underground 

and over the air transmissions. There is a notable difference between the propagation 

of Electromagnetic (EM) waves in the air and in the soil such that a practical 

wireless channel model specific for the underground environment had to be 

developed (Akyildiz et al., 2009; Silva, 2010; Sadeghioon et al., 2017). The 

literature shows that the performance of EM wave propagation in the underground is 

severely affected by various factors. Such factors include the surrounding 

temperature, soil moisture content, soil composition, sensor burial depth and the 

carrier frequency (Li et al., 2007; Sun, 2011). 

Specifically, EM waves suffer much deterioration in the underground due to three 

major factors: high path loss, dynamic channel condition and large antenna size. 

Absorption due to soil, rocks and moisture in the underground attenuates the signal 

to the extent that the maximum internode transmission distance that can be achieved 

by EM waves could be less than five meters. Moreover, the path loss depends on 

several properties of the soil such as soil composition (sand, silt or clay), water 

content and soil density. These properties can change significantly over time. For 

example, an increase in soil moisture content due to rainfall or irrigation alters the 

soil dielectric properties. This, in turn, alters the performance of communication. 

Due to these factors, efficient communication in the underground becomes a 

challenge, sensor devices and networks fails to achieve efficient and reliable 

connectivity (Akyildiz et al., 2009; Li et al., 2007). 
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Frequencies lower than 300 MHz could achieve a satisfactory performance in the 

sense of reducing path loss and increasing the communication range. However, the 

lower the frequency is, the larger the antenna that is required for transmission and 

reception of EM waves. Larger antenna sizes are not practical, making lower 

frequencies infeasible for underground applications (Akyildiz et al., 2009; Silva, 

2010).  

As an alternative to EM waves, magnetic induction (MI) is seen to have a promising 

performance in the underground wireless communication. MI works by inducing 

voltage between two coupled coils instead of using dipole antennas, thus solving the 

problem of requiring large antennas. Also, the magnetic permeability of soil, water 

and air are nearly similar, hence the challenge of dynamic channel condition is 

largely minimized. Through the deployment of passive relay coils, MI can achieve 

larger transmission distances as compared to EM waves. The major limitation of MI 

though is the smaller bandwidth which is in the range of 1 KHz to 2 KHz. 

Nevertheless, this bandwidth is quiet enough for low data rate monitoring tasks of 

WUSNs  (Mittu & Joseph, 2014; Silva et al., 2014; Sun, 2011; Sun & Akyildiz, 

2010). 

MI has found its application in several areas including leakage detection in 

underground water, gas and oil pipe lines (Silva & Moghaddam, 2015; Sun et al., 

2011). Also, in disaster detection and military purposes in submarines, surveillance 

and underground mines (Akyildiz et al., 2015; Sun & Akyildiz, 2013). MI can also 

be used for monitoring purposes, such as in agriculture, underwater pollution, and 

mining and transport tunnel condition. These and several other applications have 

triggered an extensive research recently in the use of MI-based WSNs.  
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2.2 Magnetic Induction 

Magnetic induction has been used as a physical layer technology for different 

applications, especially for small distance and unconventional media 

communication. In MI systems communication occurs through the coupling of 

magnetic flux between conducting coils. Its application ranges from personal area 

networking, wireless power transfer, biomedical monitoring, underwater 

communication, underground communication and several others (Agbinya et al., 

2009). 

MI technique works by the principle of near field induction between two coupled 

coils. Figure 2 below shows the basic setup and operation of a MI based 

communication systems. The system is made of a transmitter with a transmitting coil 

of several turns and radius r1 and a receiver with a receiving coil of several turns and 

radius r2. The two coils are separated by distance d, which is basically the 

communication range between the transmitter and the receiver (Jing & Wang, 2008). 

Figure 2.1: MI Communication System (Jing & Wang, 2008) 
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Several studies have been made to realize MI communication for WUSNs recently. 

The underground media imposes several challenges to communication. The 

challenges include a high path loss, dynamic underground conditions, especially 

changes in moisture content. This subsection presents a review of different studies 

made so far with regard to MI communication. It also points out the need for further 

research to efficiently realize MI underground communication. 

2.3 Related Works 

Akyildiz and Stuntebeck (2006) made a suggestion of using MI as a possible 

alternative to EM waves for WUSNs. His paper stated the advantages of MI being 

little variation of the rate of attenuation of magnetic fields under varying 

underground conditions. Other advantages are the absence of multi-path fading and 

the use of a small coil of wire instead of a large antenna. His suggestions triggered 

further research works to validate MI usability in the underground media.  

The primary work was to characterize MI communication for underground wireless 

communication. Sun and Akyildiz (2009) developed a channel model for direct MI 

communication and for MI waveguide technique. By simulation, it was observed 

that, a high operating frequency the path loss of EM wave system is higher than that 

of MI system. Also, MI systems were not affected by the environment since the 

model considered only the permeability of soil which remains constant. However, 

the model was based on simplifications and assumptions which could only allow 

simple system design and not for practical systems.  

A resonating circuit model for over the air MI communication was developed in Jing 

and Wang (2008). An equivalent circuit model was used to determine the received 
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power and the capacity performance in free space. The results, after simulating the 

models, were to be used as a basis for capacity estimation and antenna design. The 

model could be used for underground medium; however, the attenuation factor due 

to the effect of soil conductivity was needed to be included.  

Using the model developed by Jing and Wang (2008), a link budget model was 

developed and simulated in Agbinya and Masihpour (2010). The link budget models 

considered air-cored antennas and then ferrite-cored antennas to enhance the 

magnetic fluxes. Although the link budget was for free space MI communication, it 

could serve as a basis for link budget equation for underground medium. 

Agbinya and Masihpour (2010) used the channel model developed by Sun and 

Akyildiz (2009) to develop a link budget equation for underground MI 

communication. Based on the factor of similar magnetic permeability between air 

and soil, the model was compared to the one in Agbinya and Masihpour (2010). The 

results of the simulation proved that a circuit model that had resonance had a better 

performance compared to the one without resonance. At an operating frequency of 

13.56MHz, 300MHz and 900MHz, a model from Agbinya could achieve a longer 

communication range than that of Sun. Nevertheless, all these works considered 

magnetic permeability as the only environmental factor affecting MI 

communication. 

Despite a comparatively good performance of MI in the underground, when coming 

to over the air communication, EM waves have an advantage over MI. In free space, 

the MI receiving power loss is a 6th-order function of the transmission range, 

whereas for EM waves, it is a 2nd-order function of the transmission range (Sun & 
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Akyildiz, 2010). Thus, EM achieves a longer transmission range in free space 

compared to MI. 

Because of this, it has always been proposed that UG2AG and AG2UG 

communications be accomplished using EM waves. MI has been considered 

infeasible for communication with aboveground devices (Silva et al., 2014; Sun, 

2011). However, this study has tried to consider using MI for communication with 

aboveground devices despite the large attenuation rate of the magnetic fields over 

the air. This is because, MI has other advantages including energy efficiency, which 

is crucial for underground communication.  

Considering the hybrid EM and MI model proposed by (Silva, 2010; Silva et al., 

2014), as shown in Figure 2.2, an EM waves-based device is deployed in the topsoil 

for UG2AG and AG2UG communication. Among the challenges of this architecture 

is the energy inefficiency of EM-waves compared to MI which might demand 

frequent battery replacements. Also, the device is deployed in the topsoil area which 

is prone to the disturbances from surface movements.  Based on the experimental 

results of this study, a modified hybrid architecture has been proposed. This includes 

MI-based devices only buried in the subsoil level, without any device on the topsoil 

region. 
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Figure 2.2: Example of how a hybrid (EM and MI) solution  can be achieved 

(Silva, 2010) 

2.4 Effect of Soil Electrical Conductivity 

Electrical conductivity (EC) is a measure of how well a substance can transmit 

electrical current. The EC value is highly influenced by the number of free ions that 

get involved in electrical conduction. Its value is measured in milliSiemens per 

centimeter (mS/cm) (Hubbard, 2017). Early literature on MI underground 

communication considered not the attenuation effect of soil electrical conductivity. 

However, Soil EC has a significant attenuation effect on the performance of MI and 

must be considered. 

Kisseleff et al. (2013) considered the attenuation of magnetic field as influenced by 

skin effect in the conducting materials. The skin depth δ, is the reciprocal of the 

attenuation constant α, i.e.  
1

𝛼
= 𝛿, and is given by the following equation. 

𝛿 = [𝜔√
𝜇 ′

2
(√1 + [

𝜎

𝜔 ′
]

2

− 1)]

−1

                                        (1) 

Whereby, ω is the angular frequency obtained by 2𝜋𝑓, ε’ is the real part of the 

electrical permittivity, µ is the magnetic permeability and σ is the electrical 
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conductivity of the media. When the material is of high conductivity, the term 
 𝜔 ′

𝜎
≪

1 , then the skin depth reduces to 𝛿 = √2
𝜎𝜔𝜇⁄  .  Though Kisseleff et al. (2013) 

considered the attenuation effect of EC, his study focused only on the channel 

capacity for waveguide MI system. EC influence on path loss and communication 

range required a study, both theoretically and experimentally. 

The electrical conductivity of soil introduces an attenuation factor, 𝐺(𝑟, δ) which 

depends mainly on the skin depth effect and the distance that the magnetic field 

covers in the underground. Sun et al. (2013) deduced the approximate attenuation 

effect of soil conductivity to be given by (2), 

𝐺(𝑟, 𝛿) ≅ 1.004. exp (−0.1883. (
𝑟

𝛿
)

1.671

)                                     (2) 

Where, 𝑟  is the distance the signal covered within the soil and, 𝛿 is the skin depth. 

An experimental study on the impact of soil conductivity on underground MI 

channel was done in (Ma et al., 2015). The study was conducted in a field with 

transmitting and receiving coils buried in the soil. A computer generated signal at a 

frequency f = 5 KHz was processed, transmitted, received and observed in the 

receiving end. The results showed that the channel model incorporating the impact 

of soil EC was in a better agreement with the measurement data than the model 

without EC effect. The study proved the impact of soil EC, but it is important to 

point it out again that soil conductivity varies from one field to another; thus, it is 

not enough to conduct the experiment on a single field only. What makes the current 
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research different from Ma et al.’s research is that experiments in this study were 

done in different soil environments.  

There are several factors that could cause the electrical conductivity of soil to vary. 

Some of those factors include the soil type and its water content, the salinity of the 

soil, the soil temperature level, applied fertilizers and the depth of the soil (Hubbard, 

2017). These are the factors that cause the EC of a soil to change its value from time 

to time. Also, they make one field to have a different EC value from another field; 

hence, having different MI communication performance. That is why there was a 

need to confirm this experimentally, under different soil types and conditions. 

2.5 MI Experimental Studies 

The experiment which was done by Ma et al. (2014) aimed at the design of a near-

field magnetic induction communication device for WUSNs. The study was done in 

the underground medium and using computer generated signal. It provides a good 

guide for the design of a transmitting and receiving antenna coils. However, the 

study was made using a very low operating frequency of 5 kHz which might limit 

the capacity of WUSNs, though good for localization applications. The experiment 

was also done in the UG2UG link, thus there was a need to do the same for UG2AG 

and AG2UG links. 

A nearly similar experiment was done by Ma et al. (2015) to study the impact of soil 

conductivity. This study was also done in the underground environment using 

computer generated signals operating at a frequency of 5 kHz. Yet, the experiment 

was also done using very low frequency and only in the UG2UG communication 

link. 
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Tan et al. (2015) developed a test bed for studying MI-based communications in the 

underground. The study was done in both direct MI communication and MI 

waveguide communication. The results of the experiment were compared with the 

equation model developed by (Akyildiz et al., 2009; Sun & Akyildiz, 2009, 2012). 

The experiment was done for three different frequencies: 4 MHz, 6 MHz, and 8 

MHz. This study provided a framework for the design of MI-based underground test 

bed and test of theoretical channel models. Nevertheless, the impact of soil EC was 

not considered in this study and it was done for UG2UG link only. Also, the 

laboratory environment might not perfectly reflect the real underground 

environment. 

Sharma et al. (2016) made a review study on MI-based communication in non-

conventional media like the underground. In it, a test bed was developed to test the 

communication in all the three communication links: UG2UG, UG2AG and 

AG2UG. The study also provided a good guideline for system requirements when 

conducting MI-based experiments. Like other previous works, this study used very 

low operating frequencies, in the order of kHz. Also, the coils had 600 number of 

turns, which makes them so bulky and unsuitable for practical WUSNs. Moreover, 

the study considered not the impact of soil EC on MI communications.  

2.6 Choice of Operating Frequency 

The choice of the frequency of operation is very crucial in the design of an 

underground wireless communication network. The frequency of operation 

determines several things, including the communication range, signal attenuation, 

the induced voltage in the secondary coil and the signal bandwidth (Abrudan, 

Kypris, Trigoni, & Markham, 2016; Jing & Wang, 2008; Sun & Akyildiz, 2012). 
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There is a difference in optimal frequency for underground communication 

depending on the purpose of a particular magneto-inductive system. For instance, 

underground localization functions require very low frequencies, in the order of 

kHz. This is because, lower frequencies penetrate deeply into many natural 

underground rocks and are less distorted by the environment. Frequencies in the 

order of MHz are suitable for underground communication purposes because they 

offer a wide signal bandwidth.  However, these higher frequencies face much 

attenuation in a conductive material due to the skin effect (Abrudan et al., 2016; 

Ramadan, 2017). 

The optimal operation frequency can be obtained by mathematical computation. 

Abrudan et al. (2016) proposed a formula to determine the optimal frequency of 

operation for a magneto-inductive system, especially in a conductive material. The 

optimal frequency depends on the electromagnetic properties of the medium, the 

separation between a transmitter and a receiver and their orientation. It is shown that 

there is an optimal communication distance for which the attenuation is minimized. 

An optimal frequency f, for a given distance r, can be computed using (3): 

𝑓 =
𝑇2

𝜋𝑟2𝜎µ
                                                              (3) 

Whereby, 𝜎 is the electrical conductivity of the media and µ is the magnetic 

permeability of the media. T is the number of skin depths, which equals 2.83 for co-

axially and tri-axial aligned coils and 3.86 for co-planar coils. The optimal distance 

between transmitting coil and receiving coil is estimated by 𝑟 = 𝑇𝛿: where δ is the 

skin depth value, obtained by equation (1) above. 
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Despite obtaining the optimum operating frequency by computation using equation 

(3) above, it is preferable to use the Industrial, Scientific, and Medical (ISM) bands 

for WUSNs. Several studies chose the resonance frequency of 13.56 MHz as an 

operating frequency (See for example, Agbinya, 2013; Agbinya & Masihpour, 

2012). The aforementioned studies used such a frequency and obtained suitable 

power transfer, capacity and less skin effect. In this work also, this operating 

frequency was also considered for use, since it is also free from regulatory 

restrictions. 

2.7 Review of Channel Models 

MI communications have been studied for over the air, underwater and underground 

communications. Similarly, different channel models have been developed for MI 

communications in those three media. The equivalent circuit model for MI based 

communications, is as shown in Figure 2.3. 

 

The process of magnetic inductive coupling between the two coils is what 

establishes the communication between the transmitter and the receiver. M is the 

mutual inductance and L1 and L2 are the inductance of the transmitter and the 

Figure 2.3: Equivalent circuit of an MI Communication System (Jing & Wang, 

2008) 
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receiver respectively.RL1 and RL2 are the resistance of the coils, and C1, C2 are the 

capacitors for the purpose of establishing resonance with the transmitter’s and 

receiver’s coils for maximum coupling sensitivity. At resonance, the angular 

resonant frequency is given by 𝜔0 =  
1

√𝐿1𝐶1
 =  

1

√𝐿2𝐶2
. 

The mutual inductance, M is given by 𝑀 = 𝑘√𝐿1𝐿2, where k is the coupling 

coefficient between the transmitter and the receiver. 

Several channel models have been developed for MI based communications. 

However, there are two main ones that have been linked with underground 

communications. Such models are the one developed by Sun and Akyildiz and the 

other is known as Agbinya-Masihpour (AM) Model. The two models are presented 

hereafter. 

2.7.1 Model by Sun and Akyldiz 

Sun and Akyildiz (2009) provided a characterization of the underground MI 

communication channel. In their work, a MI transmitter and receiver were modeled 

as the primary coil and secondary coil of a transformer respectively. The analytical 

expression of the relationship between transmitting power and receiving power was 

derived for peer to peer MI communication. A low resistance loop and a large 

number of turns was assumed to obtain a simplified model which is given by; 

𝑃𝑟 ≅
𝜔𝜇𝑁𝑟𝑎𝑡

3𝑎𝑟
3 sin 2 𝛼𝑃𝑡

16𝑅𝑜𝑟6
                                                 (4)     

Whereby, 

Pr is the received power 

Pt is the transmit power 
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𝜔 is the angular frequency of the signal 

𝜇 is the magnetic permeability of the soil. 

at and ar are the radii of the transmitting and receiving coils respectively 

Ro is the resistance per unit length of the coil used 

r is the distance between the coils             

90 − 𝛼 is the angle between the axes of the two coupled coils.  

2.7.2 Agbinya-Masiphour (AM) Model 

Agbinya and Masihpour (2010) did a study to investigate the impacts of 

magnetically coupled transceiver antenna coil on the received power and the 

capacity of the link. The model is based on free space line of sight using near field 

magnetic induction communication. Using the same circuit model in Figure 2.3, the 

AM model is given by equation (5). 

𝑃𝑟 ≅
𝜔2𝜇2𝑎𝑡

3𝑎𝑟
3𝑃𝑡

16𝑁𝑡𝑁𝑟𝑅𝑜
2𝑟6

                                                       (5)     

Although equation (5) was developed for peer to peer free space communication, it 

can be adopted based on the fact that the magnetic permeability of air and soil are 

nearly the same.  

Both equations (4 and 5) represent the received power formula for peer to peer 

communication. However, two more things need to be considered. First, the models 

do not include the attenuation factor due to soil conductivity. Second, the models are 

only for UG2UG communication link. This study went further to compare the two 

models, make a choice of the suitable one, to extend the model to include soil EC 

effect and consider UG2AG/AG2UG links. 
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2.8 Chapter Summary 

This chapter has offered a review of the literature works that have been referenced 

relating to this study. A general introduction relating to MI has been discussed. A 

critical review of the related studies has been done. The issue of soil EC has been 

reviewed also. The need for this study was substantiated and, finally, the MI circuit 

model and channel models for UG2UG were reviewed. The next chapter explains 

the different methodologies adopted for accomplishing the objectives of the study. 
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CHAPTER THREE 

METHODS AND MATERIALS 

3.1 Comparison of Channel Models 

Two models have been presented in the previous chapter by equation 4 and 5. 

Equation (4) was developed by Sun and Akyildiz based on MI underground 

communication, whereas equation (5) developed by Agbinya and Masihpour was 

based on MI free space communication. However, based on the nearly similar 

magnetic permeability of air and soil, the two models can be compared. Letting, 

equation (4) be represented by Pr(1) and equation (5) by Pr(2), the relationship 

between the two models is given by (6). The assumption is that, the axes of the two 

coils are parallel to each other, that is α = 0o. 

𝑃𝑟(2)

𝑃𝑟(1)
=  

𝜔𝜇

𝑁𝑡𝑁𝑟
2𝑅𝑜

                                                           (6) 

This simple comparison shows that, at higher frequencies and a fewer number of 

turns in the coils, the Model by Agbinya and Masihpour will have a better 

performance than that of Sun and Akyildiz. The case is opposite in the lower 

frequencies and a large number of turns. For instance, as per the parameters in this 

work, Nt=Nr=10, and Ro = 0.1339Ω. For 13.56 MHz, 𝑃𝑟(2)
𝑃𝑟(1)⁄ ≈ 0.8, whereas at 

433.92 MHz, 𝑃𝑟(2)
𝑃𝑟(1)⁄ ≈ 25.6. Thus, the performances of the two models largely 

depend on the frequency of operation and the number of turns. 

The AM model was developed based on the MI coils operating at resonance. It is 

preferable to operate at resonance but, with this mode, only a single frequency can 

be an optimum to achieve resonance. For a system to remain at resonance when 
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changing from one frequency to another, then a variable capacitor needs to be used 

for varying the capacitance value every time the frequency of operation is changed. 

This study used two different frequencies. For the sake of simplicity in carrying out 

the experiment, the model by Sun and Akyldiz was preferable. 

Moreover, in Tan et al. (2015) and Ma et al. (2015), MI-based communication 

experiments in the underground were done and the results were seen to concur with 

the Sun and Akyldiz channel model. Meanwhile, most of the studies done on AM 

model are by simulation or over the air experiments. This is proof that the Sun and 

Akyldiz model is more suitable for underground communications. However, the 

model needed some modifications to include the attenuation effect of soil EC and 

UG2AG and AG2UG communication links. 

3.2 UG2AG and AG2UG Channel Model 

Figure 3.1 shows an underground (UG) device communicating with aboveground 

(AG) device. The two devices form the UG2AG and AG2UG communication links. 

The UG device is hu meters below the ground surface while the AG device is ha 

meters above the ground surface. As seen from the figure, the two devices are 

separated by a distance of r meters. Distance r1 is the distance covered by the 

strongest line of the magnetic field in the underground while r2 is in the 

aboveground. Thus, r = r1 + r2. 



 

Since soil has magnetic permeability value similar to that of the air, there will be no 

refraction of the magnetic field lines when crossing from one medium to another. 

This is due to the law of refraction of magnetic field lines at dielectric boundary 

conditions. According to the law,  
tan 𝛼1

tan 𝛼2
⁄ =  

𝜇1
𝜇2

⁄  where α1 and α2 are the 

angles of incident and refraction and µ1 and µ2 are magnetic permeability of the two 

media (Notaros, 2017). 

Thus, the power received by either AG or UG device will be equal to the transmit 

power minus the power loss in the underground and over the air. The path loss 

equation for the UG path will include loss due to the electrical conductivity of the 

soil. The conductivity of free space is zero; thus it has no contribution to the path 

loss for the AG path. 

Considering the value of angle 𝛼 = 0𝑜  and associating the power ratio equation (4), 

and the attenuation factor given in equation (2), generates: 

𝑃𝑟

𝑃𝑡
≅

𝜔𝜇𝑁𝑟𝑎𝑡
3𝑎𝑟

3

16𝑅𝑜𝑟6
. 𝐺(𝑟, δ)                                                 (6)                    

r2 

r1 
r 

hu 

ha Air 

Soil 

UG2AG/AG2UG 

link 

UG Device 

AG Device 

Figure 3.1: UG2AG and AG2UG Communication Links 



 

Since, the distance of transmission in the underground medium is 𝑟1, the attenuation 

factor will be a function of 𝑟1 only. Thus, power received by a coil located at a 

distance r, from the transmitting coil will be given by: 

𝑃𝑟(𝑟) ≅ 𝑃𝑡.
𝜔𝜇𝑁𝑟𝑎𝑡

3𝑎𝑟
3

16𝑅𝑜𝑟6
. 𝐺(𝑟1, δ)                                        (7) 

Equation (7) can be presented in decibel format as; 

𝑃𝑟(𝑑𝐵) = 𝑃𝑡(𝑑𝐵) + 10 log
𝜔𝜇𝑁𝑟𝑎𝑡

3𝑎𝑟
3

16𝑅𝑜𝑟6
+ 10 log (1.004. exp (−0.1883. (

𝑟1

𝛿
)

1.671

))     (8) 

Equation (8) represents the power received for the UG2AG and AG2UG 

communication links, which depends on several factors including the transmit 

power, the frequency of operation, the number of turns, the distance of separation 

and the attenuation due to skin effect. 

The values of the parameters used in this study are as given in Table 3.1: 
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Table 3.1: Values of the Parameters Used 

Parameter Value Unit 

Transmit Power, Pt -22          dB 

Frequency, f 13.56 

433.92 

      MHz 

      MHz 

Angular Frequency, 𝜔 2πf        rad/s 

Number of turns of a receiving coil, Nr 10  

Number of turns of a transmitting coil, Nt 10  

Radius of a transmitting coil, at 0.095            m 

Radius of a receiving coil, ar 0.095            m 

Resistance per unit length of a coil, Ro 0.1339        Ω/m 

The distance between transmitter and receiver, r 1 – 3            m 

Distance covered in the underground, r1 0.707            m 

Skin depth effect, 𝛿 (Assuming a conductive 

media) 
𝛿 = √2

𝜎𝜔𝜇⁄  
 

Soil Electrical Conductivity,𝜎 Table 3.2          S/m 

Magnetic Permeability, 𝜇 4π x 10-7          H/m 

 

3.2 Frequency of Operation 

Equation (3), 𝑓 = 𝑇2

𝜋𝑟2𝜎µ⁄  whereby, T = 2.83 for co-axially aligned coils is used 

in this study. The distance of transmission in the underground, r1 equals 0.707m and 

the average conductivity value measured from locations of this study is 0.01S/m. 

Computing the value of frequency, 405.9 MHz is obtained. The closest ISM 

frequency band to this is 433.92 MHz which was chosen as one of the frequencies of 

operation in this study. 

Because higher frequencies are more affected by skin effect than lower frequency 

values, 13.56 MHz is suggested by several kinds of literature to be used for 



 

underground MI communications. So, despite the above computed value, 13.56 MHz 

was also used under this basis. 

3.3 Experimental Setup 

The experiment involved a design and implementation of a magnetic induction based 

on underground communication. Induction coils were designed, i.e. one on the 

sending side and another on the receiving side. Using a software defined radio (SDR) 

and its corresponding SDR peripheral, a signal was generated and transmitted using 

MI.  Upon receiving, the signal was received, processed and observed using an SDR 

on a receiving side computer.  

Figure03.2: Setting of the Experiment 



 

Figure 3.2 depicts the general experimental setup. In each particular experiment, the 

belowground coil was fixed at a depth of 50cm, which is suitable for most 

applications. The aboveground coil was moved after each test to vary the distance of 

separation between the transmitter and the receiver. For each distance, the received 

power was observed at the receiving end. The experiment also had two cases. The 

first is when the UG device was transmitting and the AG device was receiving. The 

opposite of it was the second case. 

3.4 System Components 

Several components, both hardware and software, were used to build this system for 

studying MI underground communication characteristics. Sharma et al. (2016) 

mentioned the general requirements for this system. The system included the 

Universal Software Radio Peripheral (USRP), the transmitter and receiver, the 

external electronic circuitry, the MI coil and the underground environment. In this 

study, the components used correspond to those proposed by Sharma, the only 

difference being the use of HackRF One rather than a Field Programmable Gate 

Array (FPGA). HackRF One was chosen because it is of a cheaper price compared 

to FPGA and can accomplish the important functions of an SDR peripheral. The 

components used are hereafter described. 

3.4.1 Transmitter and Receiver 

For signal transmission and reception, Personal computers (PCs) installed with a 

GNU radio and spectrum analyzer software were used. These two software were 

selected because they work with HackRF One, a software defined radio peripheral 

that was used in this study. Other studies might use LABVIEW and SIMULINK 

which works with USRPs such as Field Programmable Gate Array (FPGA). 
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One PC was used to generate a signal to be transmitted, whereas the other was used 

for receiving and observing the received signal. Both, the sending and receiving PCs 

were installed with GNU radio companion (GRC) software and in one case the 

receiving PC had a spectrum analyzer software. For the observation of other 

parameters, like FFT plot, waterfall diagram, signal constellation and scope plot, 

both PCs used a GRC software. 

GRC is a free and open-source software development toolkit that offers signal 

processing blocks to implement software radios. It can be used with external RF 

hardware such as HackRF One or field-programmable gate array (FPGA) to create 

software-defined radios. GRC can also be used without hardware in a simulation-

like environment. With software radios, signal processing functions can be done 

without dedicated integrated circuits in hardware. It has diverse radio components 

such as filters, synchronization elements, modulators, demodulators, equalizers and 

many others (GNU Radio Foundation, 2018). 

Using a GRC, a signal was generated by transmitting a text file. Figure 3.3 shows 

the arrangement of the blocks used for generating the signal. A simple text file was 

attached in a file source block, which was then encoded, modulated and transmitted 

through the open source mobile communication (OSMOCOM) sink. Observation of 

the transmitted signal was done using the WX GUI FFT sink, waterfall sink, scope 

sink and constellation sink. The reverse is done at a receiving program as shown in 

Figure 3.4. 

The aforementioned frequencies, 13.56 MHz and 433.92 MHz were used as 

operating frequencies in carrying out the experiments. For each location, both 

frequencies were tested for UG2AG and AG2UG communication. 



 

 

Figure03.3: GNU Radio Program for Modulation and Transmission 



 

 

Figure03.4: GNU Radio Program for Reception and Demodulation 



 

Gaussian minimum shift keying (GMSK) was used as a modulation technique for 

this transmission. GMSK has an advantage of being frequency efficient and enabling 

high efficiency radio power amplifiers. Although the issue of efficient modulation 

scheme is not within the scope of this study, GMSK was used on the basis of its 

power efficiency. 

OSMOCOM sink block is what engages the HackRF One for signal transmission 

after it has been encoded and modulated. The OSMOCOM was tuned to the two 

frequencies, 13.56 MHz and 433.92 MHz during signal transmission. The received 

signal from a receiving coil is also fed to a HackRF One module and by using USB 

cable fed to the PC where a GNU radio processes it using OSMOCOM source 

block. 

Additionally, to clearly observe the power received, a software based spectrum 

analyzer was used. HackRF Sweep is a spectrum analyzer that works with HackRF 

One in Windows Operating System. HackRF sweep enables the choice of a 

frequency range from 1MHz to 6 GHz. It enables the observation of the received 

signal power in a spectrum and also in a waterfall diagram. However, it was only 

used in one location, due to reasons explained later in chapter four. 

3.4.2 HackRF One 

HackRF One is a Software Defined Radio (SDR) peripheral capable of the 

transmission and reception of radio signals from 1 MHz to 6 GHz. It is connected by 

a universal serial bus (USB) cable to a PC and is able to transmit signals processed 

by an SDR and receive RF signals to feed them to a PC installed with SDR. Figure 

3.5 below is the picture of a HackRF One device (Ossmann, 2018). 



 

 

Generally, HackRF One has the following specifications: 

 1 MHz to 6 GHz operating frequency 

 Half-duplex transceiver 

 Up to 20 million samples per second 

 Compatible with GNU Radio, SDR#, and more 

 Software-configurable RX and TX gain and baseband filter 

 software-controlled antenna port power (50 mA at 3.3 V) 

 SMA female antenna connector with 50 ohms impedance 

 SMA female clock input and output for synchronization 

 Convenient buttons for programming 

(a) 

(b) 

Figure 3.5: HackRF One SDR Peripheral (a) HackRF One without a case (b) 

HackRF One with a case 



 

 Internal pin headers for expansion 

 Hi-Speed USB 2.0 

 USB-powered 

 open source hardware (Ossmann, 2018) 

A HackRF One device is usually connected to either a transmitting or receiving PC 

by a USB cable for transmitting or receiving the signal. Its main functions include 

analog to digital conversion (ADC) and digital to analog conversion (DAC), 

intermediate frequency (IF) to radio frequency (RF) conversion and vice versa. It is 

also attached to a female Sub-miniature version A (SMA) connector which is used to 

connect an antenna. Figure 3.6 shows the hardware architecture of HackRF One. 

(Ossmann, 2014) 

3.4.3 External Electronic Circuitry 

An external electronic circuit made of a capacitor, resistor and a copper wire is 

required for connecting it to the MI coil and create a resonance between a 

Wideband 

front end 

IF 

transceiver 
ADC/ 

DAC 

MCU 

Antenna 

USB 

1 MHz – 6 GHz RF 

Baseband 

(Analog) 

Figure 3.6: HackRF One Hardware architecture (Ossmann, 2014) 



 

transmitter and receiver. A 220 pF ceramic capacitor was used on the transmitting 

and receiving circuits for resonance. One leg of the capacitor is connected to an 

induction coil and another to one terminal of a coaxial cable. 

3.4.4 MI Coil 

The induction coil has replaced a dipole antenna function. Communication is 

accomplished by voltage induction between the transmitting and the receiving coil. 

A magnetic coil was wound on a circular frame with 19 centimeter diameter. The 

coil had ten circular turns, both at the transmitting and receiving side. 

A 26 American wire gauge (AWG) which has a resistance per unit length of 0.1339 

Ω/m and a diameter of 0.045mm was used to make induction coils. The ends of a 

coil are connected to a coaxial cable which is terminated by a male SMA connector 

for connecting to the antenna terminal of HackRF One. Figure 3.7 is the magnetic 

induction coil with a coaxial cable. 

 

Figure03.7: Magnetic Induction Coil 

3.4.5 Underground Environment 

The experiments were carried out in four different locations. The locations included 

the farms of Agricultural Research Institute-Uyole (ARI-Uyole) in Mbeya and 

Tanzania Research and Career Development Institute (TRACDI) in Dodoma. Other 



 

locations were UDOM and Gairo District of Morogoro. Different locations were 

chosen so as to get different soil types and different values of soil EC. 

The soil types of these locations were obtained from the respective institutes for the 

case of ARI-Uyole and TRACDI. For other locations, soil information was obtained 

from different research publications related to those areas. Table 3.2 hereafter 

summarizes the locations and their different properties. 

Table 3.2: Soil Properties of Locations of Experiments 

S/N Location Soil Texture Soil EC (mS/cm) 

1 ARI-Uyole Silt loam 0.1 

2 TRACDI Sandy Clay Loam 0 

3 CIVE-UDOM Sandy Loam 0.1 

4 Gairo Sandy Clay Loam 0.2 

 

The soil electrical conductivity (EC) values were obtained by using a soil EC tester. 

This device is manufactured by ZD Instrument Corporation and has an EC 

measuring range of 0.0 mS/cm to 19.9 mS/cm. It weighs approximately 100g, has a 

resolution of 0.10 mS/cm and an accuracy of ± 0.1 EC. Figure 3.8 is a picture of ZD 

soil EC tester. 

 

Figure 3.8: Soil EC Tester 



 

For each field of experiment, the soil electrical conductivity value was obtained. 

First, at the surface of the soil, then in the underground after a hole for burying the 

antenna was dug. The EC value was measured in different locations within the 

underground and the average value was taken to be the soil EC value of a particular 

environment.  

3.5 Experimental Procedures 

The experiments done were repetitive; similar procedures were followed in each 

location. The description of the activities observed is given hereafter.  

1. Excavation: A circular hole of almost 25cm diameter and 57cm depth was 

dug. This is where the underground antenna was buried. Figure 3.9 shows 

the arrangement and dimensions considered. 

2. Using the soil EC-tester, the electrical conductivity of the soil was measured. 

The conductivity was measured at different locations within the hole and the 

average reading was taken to be the EC of such soil. 



 

3. The induction coil was placed in the hole leaning at an inclination of 45o on 

the wall of the hole. The coaxial cable connected to the coil was extended to 

the outside of the hole before covering it back with soil. 

4. The coil on the aboveground is hanged on a rod such that there is a straight 

line path between its center and that of the coil in the underground. The 

length of the line joining the centers of the two coils is the distance of 

separation between the transmitter and the receiver, r. 

5. The coaxial cables from each coil are connected to the HackRF one antenna 

ports, then using the USB cable the HackRF One is connected to the laptop. 

6. The GNU radio companion software is run from the sending computer to 

transmit a signal, and on the receiving computer to study the received signal 

strength (RSS). In one case, at TRACDI, a spectrum analyzer was used for 

studying the RSS. Other features observed were the waterfall diagram, the 

signal constellation, the FFT plot and the scope plot. 

45o 

45o 

Air 

Soil 

50 cm 

r cm x 

y 

Center of UG coil 

Center of AG coil 

Figure 3.9: Dimensions of the Experiment Setting 



 

7. Distances x and y were altered to vary the distance of separation between the 

UG and AG coils. The two parameters were varied such that the distance 

could change from 100cm to 300cm at an interval of 50cm. 

8. For each particular separating distance, UG2AG and AG2UG 

communications were done and RSS value observed. For each distance, five 

RSS values were recorded in the length of 5 minutes, then the average value 

was computed to imply mean RSS. 

9. Procedures 6 to 8 were done for 13.56 MHz operating frequency, then 

repeated for 433.92 MHz frequency. 

10. On completion of the experiment, the system was disconnected, the buried 

UG coil unearthed back then similar procedures (1 to 9) repeated in other 

locations. 

 

 

 

 

 

 

 



 

 

Figure03.10: Carrying out Field Experiments: (a) The Process of Burying a 

Coil and Taking EC measurement at ARI-Uyole, (b) Conducting 

an experiment at TRACDI 

3.6 Observation of Transmitted and Received Signals 

Several tools existing in GNU radio were used to observe the transmitted and 

received signals. These tools, as can be seen, were included in the transmitting and 

receiving block diagrams presented in Figures 3.3 and 3.4. The tools include the Fast 

Fourier Transform (FFT) plot, the waterfall diagram, the constellation and the signal 

scope plot. A spectrum analyzer, on the other hand, could display the FFT plot and 

the waterfall diagram of the received signal. 

Fast Fourier Transform (FFT) Plot 

The spectrum of the transmitted signal at a particular frequency was observed using 

an FFT plot of the GNU Radio. FFT plots are used to observe the spectrum of 

received frequencies and their respective signal strength. Figures 3.11 and 3.12 show 
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the FFT plots of the transmitted and received signals respectively. The signal can be 

observed to be transmitted at an average power of -22dB. The center frequency is 

433.92 MHz and the 3dB bandwidth is approximately 440 kHz.  

The received signal as per the captured FFT plot has an average received power of -

40dB. This same tool was used to record the received signal strength values in all 

locations of experiments, except at TRACDI where a spectrum analyzer was used. 

This was later on found to have a contradicting performance. Further information 

about this is given in the analysis section. 

 

Figure 3.11: Example of FFT Plot of the transmitted signal at 433.92 MHz 
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Figure 3.12: Example of FFT Plot of the received signal at 433.92 MHz 

Constellation Plot 

A constellation plot is used to represent a GMSK modulated signal in the four 

quadrants. As shown in the signal transmission block, 2 bits/symbol was used for file 

encoding and transmission, which in turn implies 4 samples/symbol.  Using an 

OSMOCOM sink, the modulated signal was transmitted with these parameters.   

Figure 3.13 shows the constellation plot of a transmitted GMSK modulated signal. 

Consequently, Figure 3.14 is a constellation plot of the received signal, which to a 

considerable extent, is in phase with that of a transmitted signal with some out of 

phase symbols. The signal can then be demodulated to regain the transmitted 

information. 
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Figure 3.13: Constellation Plot of the transmitted signal 

 

Figure 3.14: Constellation Plot of the received signal 
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Signal Scope Plot 

The signal scope diagram is used to view the signal in real time, contrary to the FFT 

plot which presents the signal in the frequency domain. Figures 3.15 and 3.16 

present the signal scopes of the transmitted and received signals respectively. 

 

 

Figure 3.15: Signal scope plot of the transmitted signal at 433.92 MHz 
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Figure 3.16: Signal scope of the received signal at 433.92 MHz 

Spectrum analyzer 

Apart from the parameters observed using GNU radio program, a spectrum analyzer 

was used to observe the power received at different distances of separation between 

the transmitter and the receiver. The analyzer also displays the waterfall diagram to 

observe the received signal in the form of variation of the colour brightness. Figure 

3.17 is an example of the displays of a spectrum analyzer observing the received 

signal at 13.56 MHz. 
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Figure 3.17: A spectrum analyzer observing a signal at 13.56 MHz 

3.7 Analysis of Results 

MATLAB software was used for the numerical analysis of both the channel model 

and the experimental results. The plotting function was used to study the impact of 

varying the soil EC and changing the distance between the transmitter and receiver 

on the RSS and path loss. 

Using the channel model developed in section 3.2, a graph of path loss against the 

distance of separation between the transmitting and receiving coil was plotted. A 

single model is used for both UG2AG and AG2UG as contrary to EM waves; 

magnetic fields do not reflect when at the boundary of the two media, thus there is no 

energy loss due to reflection. The only factor that was varied is the value of soil EC 

as it changed from one soil environment to another. The aim was to study the impact 

of EC on RSS and path loss. 



 

Also, for each location, using the experimental data recorded, a graph of RSS 

against distance was also plotted. A single graph represented the UG2AG and 

AG2UG links for both 13.56 MHz and 433.92 MHz operating frequencies. Through 

this, it was easier to compare the performance of the two links under similar 

underground environment. Also, it was possible to compare the performance of the 

two operating frequencies. 

Further description of the plots is in the next chapter of this work, where the results 

of the experiments are presented and discussed. 

3.8 Challenges in Outdoor WUSNs Experiments 

There were several challenges encountered in carrying out field experiments, which 

also have impacted the realization of the experiments. Several challenges range from 

the burying and unearthing of the MI coils, coil alignment and temporal variation of 

received signal strength. These challenges are discussed in this subsection. 

3.8.1 Excavation 

The digging process has an impact on the soil involved. First of all, it disturbs the 

compactness and hence the density of the soil. Thus, when the dug hole is filled 

back, the soil is no longer in its original compactness. This could affect the 

properties of the soil, especially the electrical conductivity of the soil. The more 

compact the soil is, the closer the molecules are, thus the higher the conductivity.  

To reduce the effect that the digging process introduces in the soil the soil was 

compacted, during the covering of the hole, to ensure that, at least, it returns back 

closer to its original state. Also, the soil had to be returned back in the order with 

which it was dug. Subsoil first then the topsoil, as there is some variation in the 

texture of the soils at different depths. 
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3.8.2 Coil Alignment 

For better performance, there was a need for the existence of a perpendicular straight 

line path between the centers of the two coils. It is with this arrangement that there is 

a high received signal strength value. To ensure this, accurate mathematical 

computations were done to obtain the right dimensions to pace the UG coil and the 

AG coil. During the burying process, the UG coil was placed according to the 

calculated dimensions. Also, the AG coil was located above the ground surface 

based on the calculated height and horizontal separation with the UG coil as 

illustrated in Figure 3.9. 

3.8.3 Temporal Signal Variations 

In carrying out the experiment and observing the received signal strength, there was 

a varying value of RSS. Within a period of 5 minutes, different RSS values that 

could differ up to 3dB were observed. This signal variation could introduce the error 

in obtaining the accurate RSS. However, during the experiments, five different 

readings were taken in a period of five minutes and, later, the average value was 

computed to represent the RSS. 

3.9 Chapter Summary 

In this chapter, methods and materials used to come up with the findings have been 

informed. Also, the considerations made in proposing the channel model and system 

and materials used for conducting experiments were also informed. In the chapter, 

there are also experimental procedures, observation of results and how analysis of 

data was conducted. The part has concluded with some of the limitations or 

challenges of doing underground experiments. The coming chapter is the discussion 

of the obtained results. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.0 Introduction 

This chapter presents the results of the study along with the answers to the research 

questions mentioned earlier. The choice of the channel model, it’s modification for 

UG2AG and AG2UG links and the inclusion of the attenuation factor of soil EC has 

been done in the methodology part. In this chapter, the developed model have been 

analyzed using MATLAB software. Moreover, the experimental results have also 

been analyzed and compared to that of the model. The results of the analysis have 

been presented and the hybrid MI and EM wave architecture have been proposed.   

4.1 Channel Model 

Using equation (8) and the parameters given in table 3.1, a graph of received power 

against distance, r was plotted by using MATLAB. Figures 4.1 and 4.2 show the 

graph of received power for different values of soil EC at 13.56 MHz and 433.92 

MHz respectively. 



 

 

Figure 4.1: Received power at 13.56 MHz for different Soil EC 

 

Figure 4.2: Received power at 433.92 MHz for different Soil EC 



 

It can be observed that, the strength of the received signal decreases with increasing 

distance r. A soil with zero conductivity has higher received signal strength (RSS) 

value than other soils. Also, introduction of an increase in the value of soil electrical 

conductivity results in a corresponding decrease in the value of the received power. 

For 13.56 MHz, the RSS values for different ECs are close to each other, with a 

difference of less than 1dB for 0.01S/m EC change. The effect of EC change is more 

notable at 433.92 MHz where an increase of 0.01S/m EC values resulted in a 

corresponding decrease of about 5dB RSS.  

Also, the higher frequency receives the signal at a large RSS value compared to the 

lower frequency. For instance, at 1m the RSS of 13.56MHz at 0S/m is -57dB 

whereas that of 433.56 MHz is -41dB. That is a difference of about 18dB between 

the received RSS of the two signals. This is because the RSS value (especially in 

poor conductive medium) increases with increasing frequency of operation. 

However, comparing Figure 4.1 and 4.2, changes in soil electrical conductivity have 

more effect at higher frequencies than at lower frequencies. For 13.56 MHz, the 

difference of RSS between communications at different soil whose EC differ by 

0.01S/m is almost negligible. Whereas, for 433.92 MHz, a change of 0.01S/m soil 

EC, causes a decrease of about 8dB in the RSS value. The implication of this is that, 

higher frequencies are more affected by changes in soil EC than lower frequencies. 

The reason behind is the skin effect, which causes more signal attenuation at higher 

frequencies than at lower frequencies. 

Thus, in a very conductive medium, 13.56 MHz will perform better in terms of RSS 

than 433.92 MHz. For instance, at soil EC value of 1S/m, at a distance of 1m 

between the two coils, and -22dB transmit power, the RSS of 13.56 MHz is about -



 

69dB while that of 433.92 MHz is -275dB, which is far beyond the normal receiver 

sensitivity values. This is why lower frequencies are preferred for MI based 

underground communications than higher frequencies. 

Equation (8) can be rearranged for the purpose of computing the path loss of the 

signal as a function of distance and the soil EC. Generally, path loss is given 

by 𝑃𝑡(𝑑𝐵) − 𝑃𝑟(𝑑𝐵). Figure 4.3 is the plot of path loss with respect to distance for 

13.56 MHz and 433.92 MHz signals at different EC values. 

 

Figure 4.3: Path loss with respect to the distance for different Soil ECs 

The path loss increases with increasing distance as seen in Figure 4.3. A soil 

environment with zero electrical conductivity value has less path loss compared to 

other soils. The effect of increasing soil EC value is seen in the corresponding 

increase in the path loss effect to the transmitted signal. Consequently, higher 

frequencies are more affected by changes in soil EC values than lower frequencies.  

4.2 Experimental Results 

From the data obtained using a GNU radio FFT plot, the strength of the received 

signal was studied at different distances of separation. For instance, Figure 4.4 is a 

13.56 MHz 433.92 MHz 
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plot of the data recorded at ARI-Uyole which had a soil electrical conductivity of 

0.01S/m. The farm is used for growing and experimenting with beans. The soil 

texture is silt loam which has a PH value of around 6.10. 

 

Figure 4.4: Received signal strength for UG2AG and AG2UG at ARI-Uyole – 

EC 0.01S/m 

Considering the frequency of operation, it can be observed that 433.92 MHz signal is 

received at a higher signal strength compared to 13.56 MHz. For instance, at a 

distance of 2.5m, the AG2UG signal at 433.92 MHz is received at -67dB whereas at 

13.56 MHz it is received at around -77dB. This is a difference of about 10dB. The 

case is similar for other links also. At small soil conductivity values, higher 

frequencies are received at higher RSS than lower frequencies. 

Comparing the UG2AG and AG2UG links, it can be observed that the two links have 

a nearly similar performance. The power received is nearly similar for both links. A 
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maximum difference of about 2dB appears at 1m for 433.92 MHz and 1dB at 2.5m 

for 13.56 MHz. Generally, it can be said that the two links have a similar 

performance. The RSS is equal for UG2AG and AG2UG communication links. 

Comparing the plot of the channel model (Pr1 and Pr2) with the experimental data, 

the two are approximately equal for both frequencies. For 433.92 MHz, the largest 

difference is almost 7dB at 1m distance, whereas for 13.56 MHz is almost 4dB at 

3m. The difference might be due to the fact that, in computing the skin depth value, a 

conductive media was assumed. Thus, a simplified equation of skin depth was used. 

Nevertheless, there is a very close match between the experimental data and the 

proposed channel model. 

Figures 4.5 to 4.7 shows plots for observations from UDOM, Gairo and TRACDI 

respectively. 

 

Figure 4.5: Received signal strength for UG2AG and AG2UG at UDOM – EC 

0.01 S/m 
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Figure 4.6: Received signal strength for UG2AG and AG2UG at GAIRO – EC 

0.02 S/m 

 

Figure 4.7: Received signal strength for UG2AG and AG2UG at TRACDI- EC 

0 S/m 



 

A close observation of figures 4.5 and 4.6 tells that there is nearly similar received 

signal strength for UG2AG and AG2UG links for both 13.56 MHz and 433.92 MHz. 

The largest difference is observed in Figure 4.6 at a distance of 3m where a 

difference of 3dB exists for 433.96 MHz. But, generally, the two links, UG2AG and 

AG2UG have a similar performance with regard to RSS just as observed from 

previous cases. 

The results of the experiments and the model are close to each other, especially for 

Figure 4.5 and 4.6. The maximum deviation of experimental data from the model 

can be observed in Figure 4.5 at a distance of 2m for 433.92 MHz. There is, 

however, a huge mismatch between the experimental data and the channel model in 

Figure 4.7. A maximum mismatch of about 25dB can be observed at 3m for 13.56 

MHz. This huge difference is mainly due to the kind of software that was used for 

observing RSS values in the beginning of the experiments. 

When starting the experiments at TRACDI, a spectrum analyzer software was used 

to observe the RSS and waterfall display for the received signal. Although it was 

easier to observe the readings using RSS, there was a vivid deviation of the readings 

from the model. Further investigation showed that there is a big difference between 

the readings done using a spectrum analyzer and those made using a GNU radio FFT 

plot. Because of this, in all other locations, only the GNU radio was used for 

observing the received signal. This challenge is further explained in section 4.5. 

4.3 Effect of Changes in Soil EC 

Considering the effect of changes in the nature of the soil and the conductivity of the 

soil, the readings from all the four locations at each frequency of operation for 

UG2AG link were plotted in a similar graph as shown in figures 4.8 and 4.9. 



 

 

Figure 4.8: UG2AG links for different locations at 13.56 MHz 

 

 

Figure 4.9: UG2AG link for different locations at 433.92 MHz 

At 13.56 MHz, Figure 4.8 shows that the three readings at UDOM, Uyole and Gairo 

had RSS performances that are closer to each other despite the slight variation in 

their soil EC values. The readings from TRACDI seem to deviate so much from 



 

other locations. This difference could, as well, be due to the different tools used for 

observing the readings at those locations. 

At 433.92 MHz, there is a notable difference in the received signal strength value at 

the four locations under study. There is a large difference between the RSS of these 

four different locations. For a difference of 0.01S/m EC between Gairo and UDOM, 

for example, there is a difference of up to 8dB in RSS value. Also, for UDOM and 

Uyole which had similar soil EC values had RSS values that are somehow closer to 

each other. The readings of TRACDI still differ much from other locations due to 

the use of a spectrum analyzer, instead of a GNU radio FFT plot.  

Generally, the changes in soil EC have an impact on the performance of UG2AG 

and AG2UG communication links. Increase in soil EC value causes a corresponding 

increase in signal attenuation. Particularly, higher frequencies are much affected by 

changes in soil EC than lower frequencies.   

Because of the large impact of soil conductivity on high frequencies, 13.56 MHz 

will be a suitable frequency of choice for UG2AG and AG2UG communication. 

First, because the underground channel is very dynamic, changes in moisture 

content, especially during the rainy season will introduce huge variation in soil EC. 

These changes will not bring much impact on the performance of the 

communication compared to when 433.92 MHz is used.  

Second, because, even at high soil conductivity values, 13.56 MHz can still achieve 

a good communication range with acceptable path loss. Thus, with the use of this 

frequency, it is possible to have a working MI-based UG2AG and AG2UG 

communication. Based on experiments done, communication with 3m transmitter-
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receiver separation is possible, with one coil buried 50cm belowground and another 

coil placed up to 1.5m above the ground surface. 

4.4 Hybrid (MI and EM-Waves) WUSNs Solution 

The challenges of the hybrid architecture presented by Silva (2010) and Silva et al. 

(2014) were mentioned in chapter two, majorly being energy efficiency and the 

presence of network nodes in the topsoil level. Following the results of this study, it 

is possible to have a short range UG2AG and AG2UG communication using MI; 

therefore, an alternative hybrid architecture has been proposed. The proposed hybrid 

solution considered the following important factors. 

1. The possibility of having underground devices existing only in the subsoil 

region; that is, 30 – 100cm below the ground surface. The UG2UG, UG2AG 

and AG2UG communications should all be MI-based. 

2. In the case of energy challenges, it is known that MI based devices are more 

energy efficient than EM based devices. What if a MI based device is used at 

the subsoil level to communicate with a long-range module above the 

ground? With this, an aboveground module can take advantage of renewable 

energies like solar, thus resolving the issue of frequent replacement of 

batteries. 

3. From this study, it has been observed that it is possible to have a working 

communication between UG and AG devices using MI induction buried in 

the subsoil level. Thus, a MI based sensor node can be buried in the subsoil 

and still communicate with aboveground devices.  



 

4. For a long range communication in the aboveground, then the device placed 

aboveground should be able to receive from MI device, process the signal 

and retransmit it to wherever required using EM waves.  

Figure 4.10 shows the proposed architecture of the hybrid solution (EM and MI) for 

WUSNs. 

 

 

 

 

 

 

 

 

 

4.5 Possible Sources of Errors 

4.5.1 RSS Difference Due to Software Used 

As stated earlier, in one of the locations, specifically at TRACDI, the 

HackRF_Sweep spectrum analyzer was used for recording RSS values for varying 

distances of separation between transmitter and receiver. In other locations, the GNU 

radio FFT plot was used for recording RSS values.  

Figure 4.10: Proposed hybrid (EM and MI) architecture 
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However, reading from the graphs of Figures 4.8 and 4.9, it can be observed that 

there is a big difference between the RSS values read using GNU radio and those 

read using a spectrum analyzer. Because of this discrepancy which was observed, an 

assumption came that, the cause of this difference might be the software used for 

collecting data. To test the validity of this assumption, a simple over the air MI 

communication experiment was conducted and the RSS values read using GNU 

radio and those read using a spectrum analyzer were compared at 433.92 MHz.  

Figure 4.11 shows the graphical comparison of these two measurements. The 

evidence obtained through this study revealed that there is a difference of about 8dB 

in the values of RSS values read using the two software programs. The spectrum 

analyzer reads RSS values that are higher than the GNU radio companion program. 

This is what was also observed in Figures 4.8 and 4.9. Therefore, it can be concluded 

that the difference in readings of TRACDI from those of other locations is majorly 

due to the change in the software used for observation. 

 

Figure 4.11: RSS discrepancy due to software used 
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Generally, giving a look at figures 4.4 to 4.7, it can be seen that the data read by 

using GNU radio (at UDOM, ARI-Uyole and Gairo) has values closer to those of a 

channel model compared to those read by using a spectrum analyzer (at TRACDI). 

Thus, for future experiments done in this line, it would be preferable to take RSS 

measurements using GNU radio than using a spectrum analyzer, despite the fact that 

it is easier to use the later. 

4.5.2 Variation of Observed RSS 

While conducting the experiments, challenge of temporal variation of the RSS at 

each particular instance of observation was encountered. This behavior could have 

an impact on the reliability of the readings. However, the readings were taken in the 

period of five minutes, at an interval of one minute. Later, the average was computed 

to represent the mean RSS value at a particular distance of observation. Figure 4.12 

shows the variation of the RSS values when taking readings at UDOM. 

 

Figure 4.12: Temporal RSS variation 



 

4.5.3 External Influences 

While conducting the experiments, some external factors that could have or had an 

influence on the outcome of the experiments were observed. The major 

environmental factor observed was the sunlight. For instance, the experiments 

conducted at ARI-Uyole and Gairo were done under direct sunlight. Electronic 

devices alter their performances when subjected to high temperature. At ARI-Uyole, 

sometimes the PC could get stuck several times in the middle of the experiment 

because of hot sun, and it demanded a restart. Also, the HackRF One devices might 

have been impacted by the sunny environment, thus having an impact on the 

observed results. A similar case was observed at Gairo. To avoid this problem, 

future experiments should either be done in a lab environment or early in the 

morning and late in the evening when the sun effect is minimum. 

4.6 Chapter Summary 

Analysis and description of the results are presented in this chapter. From the 

channel model to the experimental results, different plots have been used to visualize 

the results. The effect of changes in soil EC has been explained for the two 

frequencies used; 13.56 MHz and 433.92 MHz. Moreover, based on the results of 

the experiments, a hybrid MI and EM wave solution for WUSNs has been proposed. 

Finally, some of the challenges that might have had an impact on the results of the 

experiments were mentioned. The next chapter is the conclusion, recommendations 

and proposed areas for further research. 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusions and Recommendations 

The effect of soil electrical conductivity on MI-based underground to aboveground 

and aboveground to underground communication links have been studied in this 

work. Channel models related to MI-based underground communications have been 

reviewed and modified to include the impact of soil electrical conductivity. Analysis 

based on the model showed a notable effect of soil EC on the RSS, especially the 

fact that signal attenuation increases with increasing EC value. 

The experiments for UG2AG and AG2UG links were done in four different 

locations, with different soil texture and conductivities. Changes in soil EC value is 

seen to have more effect at higher frequencies than at the lower frequencies. At 

higher conductivity values, it is difficult to communicate with 433.92 MHz signal. 

On the contrary, 13.56 MHz can still have a good communication performance even 

at relatively high soil EC values. 

Generally, the UG2AG and AG2UG communication links are seen to have 

approximately similar performances when using MI. Also, it is possible to have a 

working communication between underground and aboveground devices using 

magnetic induction, even to a separation of 3m. This is with a UG device at a depth 

of 50cm and an AG device at a height of 162cm. This is, however, possible when 

using 13.56 MHz frequency, especially due to the dynamic nature of the 

underground environment in relation to soil EC. 

The possibility of having MI based UG2AG and AG2UG communication brought 

about a suggestion of architecture for hybrid MI and EM waves WUSNs. In the 
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proposed architecture, the underground communication takes place within the 

subsoil level with UG devices being completely MI based. An aboveground device 

for long range communication will be a hybrid that incorporates both MI and EM 

wave technologies. The hybrid device can also take advantage of solar energy for 

continuous operation. 

5.2 Suggestions for Further Research 

Future studies in this line can focus on several areas, including the implementation 

of an underground sensor node that could communicate the acquired information 

using MI. This could be implemented as a data acquisition system that has sensor 

nodes in the underground; which may include the moisture sensor, temperature 

sensor, etc. The sensors should be linked to a MI based transceiver for 

communication with the aboveground device.  

Another area of focus is the design of a hybrid MI and EM wave device. This could 

be a device that can receive information using MI and retransmit using EM waves 

and vice versa. The presence of this device would facilitate the actualization of 

hybrid EM waves and MI WUSNs. 

Also, in this study the power used was sourced from PCs, thus it is difficult to 

measure the power efficiency of the overall communication system. In the future, in 

experimenting for energy efficiency, a complete hardware system can be developed 

for both, transmitting and receiving, excluding the computer simulations so as to 

study the energy efficiency of the system. 
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