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Abstract

In the last decades, the use of wireless communication has proliferated, which has

mushroomed the amount of electromagnetic radiation (EMR) in the environment.

Human body interacts directly or indirectly with these EMR, which may cause

adverse health impact. The exposure of EMR is regulated by the guidelines antic-

ipated by the standardisation bodies. Specific absorption rate (SAR) determines

the amount of electromagnetic energy absorbed in human tissues and is used as an

index to regulate EMR exposure to humans by standard regulatory authorities.

Underground mining is an important industry and especially vital for the South

African economy. Underground mining processes can be made more productive

and reliable by deploying different systems for monitoring, tracking and controlling

different activities in the underground mines. Different tracking systems are de-

ployed in the underground mines to track the exact location and vitals of the miner,

particularly after a disaster. Most of these devices are wearable and mounted on

the head or torso of the miners. Due to the proximity of these devices to human

organs in a confined environment of underground mines and continuous operations

for extended hours, the public concern for the use of these devices has arisen in

recent years. This study evaluates the SAR variations for wearable wireless devices

used in underground mines using frequencies of relevant ISM bands i.e. 433 MHz,

868 MHz and 2400 MHz. The SAR variations are evaluated by numerical simula-

tions using two high resolution (1× 1 × 1 mm3) human anatomical models and by

modelling different underground mine scenarios. The SAR results of two human

models on head without helmet, torso and head with helmet are compared for open

space and underground mine scenarios for all frequencies. The results show that

the SAR values are higher in all underground mine scenarios than the open space

scenarios, and the SAR values are also higher for higher frequencies than the lower

frequencies. It is observed that in terms of SAR, the torso is a suitable location to

mount these devices on the body of the miner compared to the head. Recommen-

dations based on the SAR guidelines are provided on head for maximum transmit

power level of 1 W, 0.5 W and 0.12 W can be used at 433 MHz, 868 MHz and

2400 MHz, respectively, for short duration of time in case of a disaster to aid the

rescue operation in underground mines. Finally, the SAR was investigated with

variation of distance between human model and underground mine structure. It

was concluded that the SAR values are higher than the open space scenario when
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the distance between the boundaries of the underground mine and miner is less

than 200 mm.
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Chapter 1

Introduction

1.1 Introduction

The use of wireless technology has increased drastically due to its diverse ap-

plications in daily life, particularly for communication, monitoring and control

systems. With the development of wireless technology, more and more commu-

nication devices are becoming wireless. A commonly used wireless technology is

cellular communication, which is growing enormously worldwide and has attracted

the study concerning the exposure of electromagnetic radiation (EMR). A human

body absorbs supplementary EMR radiated by a mobile phone throughout the

communication. A human head is directly exposed to these radiations which can

cause adverse health effects and has thus increased the public concern. Many

studies have investigated adverse health effects of these radiations, such as cancer,

genetic damage, tumours, DNA defects, memory loss, increased body temperature

and immune system problems [1, 2].

The International Commission on Non-Ionising Radiation Protection (ICNIRP)

and the Institute of Electrical and Electronic Engineering (IEEE) provide guide-

lines for the exposure of EMR to humans. The first report of ICNIRP was pre-

sented in 1998, which provided the guidelines for electromagnetic exposure for

frequencies up to 300 GHz. It is frequently amended with the current literature

on possible health risks associated with the exposure of EMR. The specific ab-

sorption rate (SAR) is the index parameter used by regulatory bodies to regulate

the exposure of EMR for humans. At higher frequencies, the absorption rate of

EMR becomes superficial, whereas for lower frequencies, the penetration of EMR

1



Chapter 1. Introduction 2

is more deeper.

Underground mining is one of the endeavours of humanity to excavate the minerals

from the underground earth and it is important for economy of South Africa [3].

In the last few decades, many causalities of the miners working in underground

mines have been reported. Most of the causalities are due to expanded duration of

the rescue operation and no communication between the control room and miners,

specifically after a disaster.

Communication systems play an essential role in optimizing mining processes and

can ameliorate the health and safety conditions in the underground mines. Wired

communication systems in underground mines are inconvenient and require ex-

pensive maintenance owing to dynamic environment of underground mines [4].

Wireless communication systems have low maintenance cost and are adaptive in

nature. In recent years, different wireless communication systems are deployed in

the confined environment of the underground mines. Different tracking and mon-

itoring devices are used in underground mines to monitor the vital signs and for

rigorous location tracking of the miners. The tracking devices are advantageous

for the rescue team, especially to find the accurate location of the trapped miners

after a disaster. These tracking devices are based on different architecture of wire-

less communication such as wireless sensor network, radio frequency identification

and wireless local area networks. Recently, wireless sensor network based wearable

devices have been proposed to determine the location of the miner in underground

mines using different frequencies, i.e. 433 MHz, 868 MHz and 2400 MHz [5]. The

impact of different frequencies electromagnetic signals on the health of miner can

be distinct due to different characteristics. These tracking devices are suggested to

be mounted on the head or torso of the miner for communication in the confined

environment of underground mines. Therefore, there is a need to investigate the

effect of wearable wireless devices on the body of the miner in underground mines.

Moreover, these devices can increase the levels of transmit power when the con-

nection between the two devices is lost. In this scenario, it is critically important

to investigate how much power can be increased in underground mines without

violating the SAR guidelines. Furthermore, the electromagnetic signals undergo
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reflections from the surrounding rocks, walls and roof of the underground mines.

The propagation of electromagnetic signal in the confined environment of under-

ground mines mainly depends on the characteristics of the surrounding environ-

ment such as type of rocks, surface roughness, and geometry of the tunnel. Some

studies have suggested less degradation of electromagnetic signals with respect to

distance in tunnels of the underground mines than in the free space environment

[6]. It is due to the confined spaces of the underground mines which reflect the

electromagnetic signals and thus can travel for a longer distance. Therefore, the

miners are exposed to the direct and reflected electromagnetic signals in the un-

derground mines, which can potentially enhance the absorption of EMR by the

body of the miners and can cause more adverse health effects than in the open

space environment. Consequently, it is crucial to investigate the impact of EMR

on the health of the miner before deploying these wearable tracking devices in the

underground mines.

In this study, SAR is investigated by numerical modelling of different underground

mine scenarios, and using two high-resolution anatomical models at 433 MHz,

868 MHz and 2400 MHz. Different underground mine scenarios similar to the

wits mock mine are modelled for wearable devices at different frequencies. The

SAR values are then compared for open space and underground mine scenarios for

head without helmet, torso and head with helmet scenarios. The EMR exposure

at different frequencies recommends the safer frequency in terms of SAR that can

be used in underground mines. Recommendations based on minimum SAR val-

ues are also provided for the better place to mount these wearable devices on the

body of the miner in underground mines. The variation of SAR values are also

investigated for maximum power levels and different distances between the miner

and boundaries of the underground mine. Finally, the recommendations based on

SAR values are provided for maximum power levels that can be used in case of no

communication with a miner after a disaster.
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1.2 Classification of Radiations

All the wireless devices use different types of EMR to communicate with each

other using air and vacuum medium. The propagation of the electromagnetic

fields from the source results in EMR. When these fields interact with different

materials, the impact of EMR on atoms and molecules of those materials depends

on the properties of the material such as permittivity, conductivity and density.

Similarly, when electromagnetic fields interact with the human body, the radia-

tions are reflected and absorbed by the human body depending on the properties

of the exposed human organs. The absorbed radiations cause the motion of the

atoms and molecules present inside the human body which results in heating.

The classification of electromagnetic spectrum and their possible health hazards

are shown in Fig. 1.1. Based on the energy levels and interaction with the human

body, EMR has been divided into two categories of 1) Non-Ionizing Radiations

and 2) Ionizing Radiations. Non-ionizing radiations are referred to as low fre-

quencies and low power radiations. These radiations do not have adequate energy

to affect at the atomic level and have insufficient energy to damage the human

tissues. However, recently, increasing evidence suggests that non-ionizing EMR

have the potential to cause biological effects in the human body [7]. In everyday

life, the use of a mobile phone has increased exponentially, and has increased the

public concerns about the exposure of EMR. Non-ionizing radiations include the

extremely low frequencies (ELF), very low frequencies (VLF), radio frequencies

(RF), Microwave and Infrared radiations [2]. Ionizing radiations usually have high

frequencies and contain sufficient energy to exert a force on polarised molecules,

and free moving electrons and ions present in the human body. The ionizing ra-

diations causes the polarised molecules to rotate and free electrons to move as a

current. Gamma and X-rays are ionizing radiations; these rays creates free-radicals

in the body when the body is exposed to them even for a few seconds [8].
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Figure 1.1: Classification of radiations in electromagnetic spectrum and asso-
ciated health risks.

1.2.1 Possible Health Effects of Non-Ionizing Radiations

In recent literature, adverse health effects of Non-ionizing EMR has been reported

[7, 9, 10]. Different medical journals have reported potential risks linked to the

exposure of non-ionizing EMR in humans, such as the risks of cancer, reproduc-

tive dysfunction, central nervous system disorders. The health effects associated

with EMR exposure are frequency-dependent. Therefore, at different frequencies,

different health risks have been observed. Possible health effects linked to EMR

exposures are described below:

1. Brain Tumor and nervous system: For long-term exposure, the current

guidelines used for non-ionizing EMR exposure may still carry risks for brain

tumours and nervous system defects. Alzheimer’s disease, Parkinson’s dis-

ease, and motor neuron diseases have studied during EMR exposure [7, 9].

Due to Alzheimer’s disease, defect in the structure of a neuron and progres-

sive loss in neuron function occur in the brain. In Parkinson’s disease, a

long-term degenerative disorder of the central nervous system occurs. The

effects of both diseases are irreversible and have only temporary treatment.

2. Breast Cancer: It is suggested that if the human chest is exposed to EMR,

the cancer cells grow faster [7]. Similarly, it has been investigated that animal

breast cancer and tumours are sensitive to EMR exposure. Reduction in

EMR exposure can thus reduce the effect of breast cancer in humans.
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3. DNA Damage: Some studies reported DNA damage in rats exposed to

low-intensity of magnetic fields [10]. It was concluded that the exposure to a

60 Hz magnetic field increases the free radial formation in brain and causes

DNA strand breaks and cell death.

4. Stress Response: EMR causes damage to the tissues by heating, but at

lower safety limits, it is sufficient to cause cell damage. The molecular dam-

age activates the stress response in the body, which can lead to headache,

dizziness, depressive symptoms, and difficulty in focusing [10].

1.3 Research Questions

In underground mines, miners are exposed to EMR within the confined environ-

ment, which may exceed the recommended guidelines of electromagnetic exposure

and can cause harmful health effect for miners. In the concerned literature, to the

best knowledge of the author, no study has been reported to observe the effect of

electromagnetic signals on miners in underground mines, especially for wearable

devices. The exposure to EMR in the confined space environment of underground

mines has not been investigated. Therefore, it is vital to investigate the effect of

EMR in the underground mine using a similar methodology used in recent studies

for different wireless applications in the open environment.

The main research question addressed in this research is: What is the health

impact of electromagnetic radiations in term of specific absorption

rate when the wearable devices are mounted on the body of the miner

in underground mines?

Concerning this question, it is required to investigate the following sub-questions:

1. What is health impact in terms of SAR for a selected set of commonly used

frequencies in wearable devices in an underground mine?

2. Between head and torso, which is a better location on the body of the miner

to mount the concerned wearable device, with respect to the SAR impact?
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3. What is the health impact in terms of SAR if the concerned wearable device is

mounted inside or outside of the safety helmet of the miner in an underground

mine?

4. In case of a disaster, how much increase is possible in the transmit power

level of these wearable devices without causing serious health concerns in

terms of SAR, when the connection is lost with the miner especially after a

disaster?

After a disaster, it is required to evacuate the trapped miner quickly. In this case,

it is crucial for a rescue team to rescue all the miners present in the underground

mine without any fatalities. For this short duration of time, the communication

between the trapped miner and the rescue team is critical than the long term

effects of EMR exposure. During this time, the power levels of the devices can

be increased for better communication which implies a higher electromagnetic

exposure to the miner. Therefore, it is critical to investigate how much power

level can be increased without violating the SAR limits in underground mines.

1.4 Objectives of the Research

The objectives and sub-objectives of this research are as follows:

1. To evaluate the health impact on human head at different frequencies com-

monly used in wearable devices.

• To model electromagnetic source for all frequencies commonly used in

wearable devices in underground mines, i.e. 433 MHz, 868 MHz, and

2400 MHz.

• To model the underground mine scenario for head without helmet.

• To perform SAR analysis for all frequencies.

2. To find a better location on the body, between head and torso, to mount

these wearable devices.
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• Analysis of SAR on torso for all frequencies in underground mines.

• To provide a recommendation of a better location amongst head and

torso whether the SAR values will be minimal.

3. To evaluate SAR based impact of safety helmet in an underground mine.

• To model the safety helmet in an appropriate electromagnetic analysis

software.

• To compare SAR impact on the miner for wearable devices, with and

without a safety helmet in underground mines.

4. To evaluate maximum power level that should be allowed after a disaster in

the underground mine.

• Analysis of SAR at different power levels for head and torso.

• To provide a recommendation, based on SAR impact, for a maximum

power level that can be used after a disaster to communicate without

causing health damage to the miner.

1.5 Thesis Outline

Chapter 2 provides an overview of the concepts required for the SAR studies,

particularly in underground mines. In the first section, types of communication

devices used in underground mine communication are explained briefly. Relevant

electromagnetic quantities are briefly explained in the next section. The SAR

guidelines provided by the standardisation bodies for the safe exposure of EMR

are also discussed. Then, the overview of the numerical techniques used in evalua-

tion of SAR is described in detail. In last, the standard procedure for the numerical

computation of SAR is explained. It assists to validate the SAR analysis in hu-

mans for underground mines.

Chapter 3 elaborates the current literature and methodologies used for the SAR

evaluation. This chapter also classifies the literature based on the research method-

ology used in numerous studies. The current literature of classified medical and
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engineering approaches has been described. Lastly, a critical analysis of literature

and factors affecting the variation of SAR is explained briefly.

Chapter 4 illustrates the proposed research methodology. This chapter explains

the methodology to model the electromagnetic sources, underground mine scenar-

ios and hard helmet used in the evaluation of SAR in this study. It also explains

the voxel based high-resolution human models used in this research. In this chap-

ter, the simulation setups for human head without helmet, torso and head with

helmet, and variable power levels and distance for open and underground mine

scenarios are described.

Chapter 5 provides the analysis of results for all the simulations scenarios. The

results for open space and different underground mine scenarios are compared for

both the human models in order to investigate the difference in the exposure level.

Two different models were used to validate the investigation of SAR, and it also

provides analogy for human body of different sizes and masses. Similarly, for head

without helmet and torso, SAR analysis provides the recommendation in terms of

SAR for the better location to mount wearable devices on body of the miner. An

investigation is conducted for maximum power levels which can be used in case

of a disaster for short duration of time in underground mine scenarios without

contravening SAR guidelines. Finally, an analysis of SAR for varying distance

with both voxel models is provided.

Chapter 6 highlights the conclusion of the study and includes future research

directions that can be used for further investigation.



Chapter 2

Background Review

In this chapter, concepts related to this research are discussed in detail. In section

2.1, the feasible wireless communication systems used in underground mines will

be discussed in brief. Section 2.2 briefly explains the electromagnetic quantities

related to exposure of EMR. In section 2.3, the guidelines of SAR prescribed by

standardised bodies are explained. Lastly, in section 2.4 different techniques for

numerical computation of SAR and standard procedure for numerical simulations

has been explained.

2.1 Communication in Underground Mines

Mining can be defined as an excavation in the earth to extract different minerals

whereas mining engineering is an occupation and industry to extract minerals from

the earth. According to the extraction methods used in mines to extract different

minerals, mining can be divided into two groups: 1) Surface (strip) mining, and 2)

Underground mining. In surface mining, both the machinery and people work on

the ground surface, whereas in underground mining, the work is to be done under

the surface of the ground. Underground mining can be further divided into sub-

groups depending upon the access methods, such as shaft, slope and drift mining

[11]. In underground mining, emergency operations are needed to be continued

in an uncertain environment such as vehicle accidents, toxic gases, fire explosions,

and in floods. These fatalities make difficulties for emergency response teams to

respond more quickly in underground mines. In such scenario, communication in

underground mines plays a vital role to locate and communicate with the trapped

10
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miners. In underground mines, communication is also crucial for other day-to-day

operations to increase the productivity of the mining process. Extraction and mov-

ing of mineral products, control and remote monitoring operations are carried out

only with the aid of communication. Based on environmental characteristics and

transmission methods, the communication in the underground mine can be divided

into two main categories 1) wired, and 2) wireless communication as shown in Fig.

2.1. These communication systems are further divided into subgroups depending

on the mode and application of communication. Due to the harsh environment

of the mines, the devices used for communication in underground mines should

be capable of operating in broad temperature ranges, immune to dust and high

moisture, small and light in weight [11].

The dynamic structure of underground mining introduces a change in radio propa-

gation characteristics of wireless communication as the propagation of radio signals

are susceptible to its surrounding environment.

Underground Mine Communication Systems

Wired Systems Wireless Systems

Magneto Phones

Voice Powered 

Phones

Dial & Page Phones Wireless Networks

In-Mine Systems

Through the Earth 

Systems

Ultra-Wide Band 

Systems

Figure 2.1: Classification of underground mine communication systems.
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2.1.1 Wireless Communication Systems

In the underground environment, the behaviour of the radio signal is very un-

predictable as compared to a typical above-ground environment. Therefore, it

is essential to investigate the behaviour of the signal before deploying wireless

communication system in underground mines. Generally, the structure of under-

ground mines is not uniform due to the tunnel geometry. Similarly, the ceiling

of the tunnel may be supported by pillars, and the ceiling generally consists of a

rough surface of different materials. Thus, it is vital to deploy a communication

system which has to cover the entire working space in order to communicate with

workers especially in emergency conditions [11]. Wireless communication systems

for underground mines are generally divided into the following types:

1. Through-the-Earth communication: Through-the-Earth systems can provide

wireless communication in underground mines. Through-the-Earth systems

are more suitable to underground explosives with less infrastructure than the

typical communication systems. These systems operate at lower frequencies,

usually less than 4 kHz (wavelength in thousandth of meters). The signal is

transmitted vertically through the earth or horizontally in the tunnel. The

half-duplex mode provides communication between the miner and surface

of the earth. This communication provides voice, text or periodic beacon

signal, which allows the rescue team to estimate the location of the miner.

Through-the-Earth communication is affected by a number of factors such

as transmitter power, frequency, the electrical properties of the overburden

(rocks between the underground tunnel and ground surface) and its geo-

logical variations. The transmitted signal is also affected by the electrical

noise, made by human-made and natural sources. Therefore, performance of

system depends upon received power of signal, after attenuation of received

power of signal through the earth. A large loop antenna can be used to

transmit signal through the overburden, and a small loop antenna is used

inside the mine. The signal reception depends upon the coupling between

antennas, the surface and underground antenna [12]. In South Africa, the
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first Through-the-Earth system was deployed successfully in 1946 [13]. This

system was operating at 100 kHz and 350 kHz to transmit a signal to a

distance of 6000 ft in the mine where the miner was wearing a helmet with

a built-in loop antenna.

2. In-mine Communications:, A complete underground mine communication

systems should also be able to communicate within the galleries of the mine.

The propagation of the radio signal in mine tunnels can be investigated using

two approaches 1) Theoretical Channel Modelling, and 2) Empirical Channel

Modelling. The surface of the mine tunnels is rough and non-uniform, which

requires a modelling for a better understanding about the propagation of the

signal. Different methods are investigated to measure the wave propagation

in the mine at 200 MHz, 415 MHz and 1000 MHz [14].

3. Wireless Networks used in mines: Wireless networks are divided into two

subgroups 1) based on infrastructure, and 2) without infrastructure. Wire-

less local area network is example of a network with infrastructure, whereas,

ad-hoc networks can be deployed without any infrastructure. Wireless lo-

cal area network has been used for underground mine communication using

different frequencies such as 900 MHz and reported in [15].

4. Ultrawideband Systems: Ultrawideband systems are defined as systems occu-

pying a fractional bandwidth of more than 20% or 500 MHz absolute band-

width. These systems are based on the low power very narrow pulses which

result in high data rates. In underground mine communication, the Ultra-

wideband systems are used for location and tracking applications. These

systems have a large bandwidth which provides precise distance measure-

ment between the transmitter and receiver [16].

5. Wireless Sensor Networks: In an underground mine, different wireless sensor

networks are deployed to track the accurate location of the miner. These

systems are comprised of one central node, and other nodes are carried by

the miners. The devices are mounted on the body of the miner. Different
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systems were proposed for wireless sensor network at different frequencies

[5].

2.2 Overview of Electromagnetic Quantities

It is essential to understand the concept of fundamental quantities used in the

evaluation of SAR. The quantities relevant to the evaluation of SAR are explained

briefly below:

1. Conductivity is the ratio of the magnitude of the conduction current density

to the strength of the electric field in a particular medium. It is represented

as σ, and its unit is siemens per meter (S/m).

2. Relative permittivity is the ratio of the complex permittivity to the free space

permittivity. The expression of relative permittivity (ε∗r) [17] is given as

ε∗r = ε
′

r − jε
′′

r = ε
′

r − j
σt
ωεo

, in general

= ε
′

r − j
σc
ωεo

, for low frequencies

σt = σc + σd

where, σd = ωε0ε′′rd

where, εo is the free space permittivity (8.854 × 10−12F/m), ε
′
r is the real

part of relative permittivity, ε
′′
r is the imaginary part of relative permittivity,

σt is the total conductivity in siemens per meter (S/m), σc is the ionic

conductivity, σd is the dipole conductivity, σ
′′

rd is the dielectric loss and ω is

angular frequency.

3. Permeability at any point is the ratio of the magnetic flux density to the

magnetic field strength. The unit of permeability is Henry per meter (H/m).
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4. Penetration depth is defined as the depth at which the electric field strength

of an incident plane wave penetrates into a lossy medium for a given fre-

quency. The penetration depth δ [18, 19] can be written as

δ =
1

ω

[
µ0ε

′
rε0

2

(√
1 + (

σ

ωε′rε0
)2 − 1

)]− 1
2

(2.1)

where, ω is the angular frequency, µ0 is the permeability of free space, ε
′
r

is the relative permittivity, ε0 is the free space permittivity and σ is the

conductivity of the medium.

5. Electromagnetic Field is a time-varying field associated with electric and

magnetic forces described by Maxwell’s equations. It can be expressed as

scalar or vector as a function of space and time.

6. Antenna is a part of transceiver system used to radiate and receive electro-

magnetic waves. It is designed to radiate and receive electromagnetic waves

at particular frequencies or band of frequencies.

7. Near-field region is the region located near in the field of the antenna, in

which angular field distribution is dependent upon the distance from the

antenna. This region may not exist for the antenna which has a maximum

dimension not larger compared to the wavelength. The outer boundary for

the near-field of the antenna is taken to be distance R < 2D2

λ
[20].

8. Far-field region is a region of the antenna where the electric and magnetic

field has substantial plane-wave characteristics. The region with a distance

R > 2D2

λ
is referred to as a far-field region of the antenna. In this region,

angular field distribution is independent of the distance from the antenna.

9. Antenna Reflection Coefficient provides the relation between output of trans-

mitter and input of antenna usually knows as S-parameters. When the volt-

age or current signal is applied to the port, the reflection coefficient explains

the power transmitted to the structure of the antenna and the mismatch

between the port and the antenna structure, which reflects the power to the
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signal source. The S11 parameter provides information about the forward

power to the antenna structure and bandwidth of the antenna. The lower

and upper frequencies at which the S11 < −10 dB is regarded as a band-

width of the antenna. If S11 = 0 dB, all the power is reflected from the

antenna structure, and subsequently no power is radiated. If S11 = −10 dB,

it implies that if 3 dB of power is transmitted to the antenna structure then

-7 dB of power is the reflected [21].

10. Specific Absorption Rate (SAR) is the measure of the energy absorbed by the

human body when it is exposed to the EMR. The expression that describes

SAR in term of an electric field can be expressed as [22]:

SAR =
σ · E2

2ρ
(2.2)

where, σ(S/m) represents conductivity of the material exposed to exposure,

ρ (kg/m3) represents the density of the material and E(V/m) represents

the electric field strength. From Eq 2.2, it can be observed that the ab-

sorbed electromagnetic energy is proportional to the square of the electric

field strength and the conductivity of the material and inversely proportional

to the density of the material.

Note: The evaluation of SAR for tissues can be for a mass of 10g, 1g or

any custom value. The SAR value averaged with 10g of tissue (with cubical

shape of volume) is referred as SAR10g whereas SAR value averaged with 1g

of tissue (with cubical shape of volume) is referred as SAR1g.

11. Peak spatial-average specific absorption rate is the maximum average SAR

value within a local region (any human organ under observation) based on a

specific average volume. It is written as SAR10g peak and SAR1g peak for 10g

and 1g averaged volume, respectively.

12. Whole body average specific absorption rate is calculated as power absorbed

in the entire body divided by its total mass. It can be written as SARWB.
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2.3 Guidelines of Specific Absorption Rate

Different guidelines for non-ionizing radiations were prescribed by different reg-

ulation bodies such as Federal Communication Commission (FCC), Institute of

Electrical and Electronics Engineers (IEEE) and International Commission on

Non-Ionizing Radiation Protection (ICNIRP). These guidelines are based on the

current literature available to observe the effect of electromagnetic signals on hu-

man health. The IEEE [23] and ICNIRP [8] guidelines incorporate the SAR av-

eraging with 10g cubic volume of tissues, whereas the FCC [24] standard averag-

ing the SAR with 1g cubic volume of tissue. Therefore, the FCC and ICNIRP

standards cannot be compared for SAR limits as both standards have a different

averaging mass of the tissue. It is remarkable to specify that the volume of tis-

sues used to average the SAR value has a significant influence on the SAR values.

The prescribed limit of peak spatial SAR1g by FCC is 1.6 W/Kg, whereas the

prescribed limit of peak spatial SAR10g by IEEE and ICNIRP is 2.0 W/Kg. Most

of the countries are using the ICNIRP and IEEE C95.1 [25] guidelines to protect

humans from electromagnetic exposure. There are no guidelines provided by any

standardisation body for the exposure of EMR in any confined environment, such

as underground mines. Therefore, in this dissertation, the SAR limits provided

by IEEE C95.1 and ICNIRP will be followed for the evaluation of SAR on hu-

mans in underground mines. Table 2.1 summarises the SAR limits prescribed by

standardized regulatory bodies.

Table 2.1: Guidelines of SAR by different standard bodies with their averaging
masses of tissues and time [26]

Standard bodies SAR (W/Kg) Averaging
Mass (g)

Averaging Time
(min)

IEEE C95.1 [25] 2 10 6
ICNIRP [8] 2 10 6
FCC [24] 1.6 1 30
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2.4 Computation of Electromagnetism

In recent years, a wide range of applications in the propagation of the electromag-

netic wave has led to the development of a large number of numerical techniques

for modelling of electromagnetic wave and propagation [27]. All the numerical

techniques have advantages and drawbacks depending on the applications. The

existing and emerging numerical techniques are summarised in [28] with their

drawbacks and advantages. Most of the software packages used for numerical

simulation of electromagnetism is based on the following numerical techniques:

1. Finite Element Method (FEM);

2. Method of Moments (MoM);

3. Finite-Difference Time-Domain Method (FDTD);

4. Finite Integration Technique (FIT).

The following sections explain the FEM, MoM and FDTD briefly, whereas FIT is

explained in detail since it is used in this thesis for evaluation of SAR on humans

in underground mines.

2.4.1 Finite Element Method

Finite Element Method is used to find the approximate solution of a partial dif-

ferential equation and integral equation, and was initially proposed by Courant

in 1943 [29]. This method has been used in waveguide problems, microstrips and

absorption of EMR by biological bodies. The partial differential equations are

eliminated by rendering the partial differential equation into an ordinary differ-

ential equation in order to provide the solution. Finally, the standard techniques

are used to solve the equation. Finite element method is preferred for solving the

partial differential equations for complex domains, specifically when the precision

varies over the entire computation domain. It comprises four steps to solve any

problem [30]:
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1. Discretisation of the region into a finite number of sub-regions or elements;

2. Deriving governing equations for a typical element;

3. Assembling of all the elements in the solution region; and

4. Solving the system of the equation obtained.

2.4.2 Method of Moments

The method of moments is the first full-wave numerical method used for antenna

applications and electromagnetic compatibility. In the last few years, the drastic

increase in the computation power has reduced the importance of method of mo-

ments, but it still provides advantages for certain structures such as metal objects

and wires. This method is used to solve linear partial differential equations by for-

mulating as integral equations. The procedure to apply the method of moments

comprises of the following four steps:

1. Derivation of the appropriate integral equations;

2. Conversion of the integral equations into a matrix equation using basic

weighting functions;

3. Evaluation of the matrix elements;

4. Solving the matrix equation and obtaining the parameter of interest.

2.4.3 Finite-Difference Time-Domain Method

The finite difference time domain method is a popular technique for computational

electromagnetic modelling such as evaluation of SAR. It is easy to understand and

implement in different software packages used for the computation of electromag-

netism. A wide range of frequency problems can be solved in a single run due

to the time-domain characteristics of the method. This method provides a direct
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solution of Maxwell’s curl equations. The following steps are applied in the finite

difference time domain method to solve the electromagnetic problem:

1. Maxwell’s equations are modified to central difference equations and discre-

tise in the software;

2. The leapfrog manner [31] is followed to solve the equation for the electric

and then the magnetic field at a given instant in time;

3. This process is repeated over and over for the whole simulation domain.

The finite difference time domain technique has some limitations for its suitability

to handle complex problems.

2.4.4 Finite Integration Technique

Finite integration technique was developed by Weiland in 1977 [32], it discretises

the integral form of Maxwell’s equations rather than the differential form. The

resulting matrix equations can be used for efficient numerical simulations on the

computer. The finite discretisation of the volume for Maxwell’s equation depends

on the usage of integral balances which proves the stability and conservation of

the discrete fields before starting the numerical simulations. The discrete formu-

lation enables the development of long term stable numerical time and accurate

eigenvalue solvers. By starting with a general cell-based approach to spatial dis-

cretisation, it is obvious that the finite-integration theory is not restricted to the

three-dimensional cartesian meshes. It provides consideration of all type of coor-

dinate meshes [33].

In Faraday’s law, in the integral form (Fig. 2.2, Equation A), the unknowns are

electric voltages and the magnetic fluxes denoted by e on the edge of discretisation

mesh and b on the mesh faces, respectively. To discretise (Equation A) on a mesh

face, it is clear that the left-hand side of (Equation A) encompasses a line integral

of the electric field whereas the right-hand side is a time derivative of the magnetic

flux through the face. These integrals can be represented as an algebraic sum of
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Equation A

Equation B Equation C

Equation D

i

Figure 2.2: Discretisation of Faraday’s law using finite integration technique.

the edge unknowns.

No supplementary equation discretisation error is involved when passing from the

continuous to its discrete form for any fixed mesh with a space discretisation er-

ror. Alternatively, the passage from (Equation A) to (Equation B) depends on

the mathematical properties of the integral. Contrarily, an equation discretisation

error will exist when discretising the material property relations. By organizing

the +1 and -1 coefficients of the algebraic sum into a matrix C, and the electric

and magnetic unknowns in vector e and b, respectively, a matrix form results,

similar to the differential form of Faraday’s law i.e. ∇×
−→
E = −

−→
b .

In the same manner, all Maxwell’s equations can be discretised with the FIT

to return the discrete counterparts with a matrix form [32]. The discrete curl

operator (C) and the discrete divergence operator (S) are topological matrices,

containing 1, -1 and 0 entries. The finite element method uses the same form

to discretise Maxwell’s equations [34]. The discretisation of Maxwell’s integral
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equations are given as:

�

∂A

−→
E · d

−→
S = − ∂

∂t

�
A

−→
B · d

−→
A Ce = −b (2.3)

�

∂A

−→
H · d−→s =

�
A

(
∂
−→
D

∂t
+
−→
J

)
· d
−→
A C̃h = ḋ + j (2.4)

�
∂V

−→
B · d

−→
A = 0 SB = 0 (2.5)

�
∂V

−→
D · d

−→
A = Q S̃d = q (2.6)

It is also the mathematical base for simulation software CST MICROWAVE STUDIOr

(CST MWS) [35].

2.4.5 Commercial Software Packages for Computation of

Electromagnetic

With the development in the computation power of computers and software, a

variety of electromagnetic simulation software is commercially available. All the

software have not the same capabilities and performance, and suitable for a par-

ticular type of problem. The critical factors for the selection of proper simulator

for a particular type of problems are accuracy, setup time and speed of execution.

Table 2.2 shows the different well-known commercial simulators for electromag-

netic field analysis with their numerical methods, applications and providers. In

this study, CST MWS has been used for the numerical computation of SAR on

humans in underground mines.

2.4.6 IEEE Standard for Numerical Simulations of SAR

The numerical evaluation and measurements of SAR comprise different standard

procedures to be followed for accurate investigation of SAR on human bodies. For

this, IEEE presents different standards according to the methodology used for the

investigation of SAR. The IEEE and International Electrochemical Commission
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Table 2.2: Commercially available electromagnetic-field simulators

Simulator Method Type Provider

CST MWS FIT Time
domain

CST Computer Simula-
tion technology AG.

HFSS FEM Frequency
domain

ANSYS Inc., USA.

HyperLynx FDTD Time
domain

Zeland Software Inc.

FEKO MoM/ FEM/
FDTD

Frequency
domain

EM Software & Systems
-S.A. (Pty) Ltd.

SEMCAD FDTD Time
domain

Schmid & Partner Engg.
AG (SPEAG), Switzer-
land.

XFdtd FDTD Time
domain

Remcom (USA) State
College,PA.

(IEC) contributes to preparing standards for the numerical simulation of SAR on

the human body. The IEC/IEEE 62704-1 standard prescribes the methodology

for the application of finite difference time domain (FDTD) technique to evalu-

ate the spatial average SAR in the human body for the exposure of EMR from

wireless communication devices [23]. It describes the methods to validate the nu-

merical model and estimate its uncertainty for evaluation of SAR with numerical

simulations. It also explains the SAR averaging procedure in the voxel for SAR

simulations. Most of the electromagnetic simulators follow these standard proce-

dures during the numerical simulation of SAR. In this dissertation, CST WMS

software is used for the numerical simulation of SAR on humans in underground

mines. It implements finite integration technique to evaluate the SAR. On the

cartesian grid, the finite integration technique is equivalent to the finite difference

time domain technique [36].

CST WMS simulator has different SAR averaging standards such as IEC/IEEE

62704-1 [23] and IEEE C95.3 [25] etc. Different studies used IEC/IEEE 62704-1

averaging method to investigate SAR with CST WMS EM simulator. Therefore,

in CST WMS, IEC/IEEE 62704-1 standard is used for averaging of SAR in this

thesis. The IEC/IEEE 62704-1 standard describes the minimum distance between

the antenna and biological tissues should be 10mm, and maximum distance should
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be less than 200 mm. It also describes the maximum mesh resolution for simula-

tion should be 1/10 of the wavelength of the higher frequency under observation

and other standard parameters for the numerical simulations of SAR. In this dis-

sertation, all standard recommendations provided by IEC/IEEE 62704-1 standard

have been followed in numerical simulation of SAR using CST WMS simulator for

different underground mine scenarios.



Chapter 3

Literature Review

In this chapter, the current literature related to the effects of non-ionizing ra-

diations on human health is discussed. Section 3.1 explains the classification of

literature based on the methodology used in past research studies. The literature

using medical and engineering approach is explained in section 3.2 and 3.3, respec-

tively. In section 3.4, the current literature and impact of different parameters on

exposure to EMR is concluded.

3.1 Classification of Literature

Many studies have been published to investigate health risks associated with the

effects of EMR. Several studies have been conducted to observe the effects of EMR

on specific body parts/ organs such as head, torso, fingers, eyes and ears or the

whole human body with different poses. Due to the ethical issue of the exposure

of EMR on the human body, different models of humans and animals have been

used in many studies. All these human models are identical to the anatomy of the

human body. Based on the methodology used in the research for the assessment

of associated health risks, the literature can be divided into two groups as 1)

medical approach, and 2) engineering approach. In the medical approach, most

of the researchers are from medical and other science fields, and such studies use

different surveys, questionnaire, epidemiological studies and experimentation on

tissues or animals. In the engineering approach, most of the researchers have an

engineering background. Such approaches uses the numerical modelling to evaluate

the exposure of EMR using different human models and parts of the human body,

25
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Figure 3.1: Classification of the literature based on different methodologies
used to study the impact of electromagnetic radiations.

and standard experimentation of SAR using conservative human models. The

classification of literature based on different approaches is shown in Fig. 3.1. In

this study, the engineering approach has been used to evaluate the exposure of

EMR by numerical computation of SAR with high resolution human models.

3.2 Medical Approach

The medical approach imitates the methodology of in-vitro and in-vivo studies to

summarise possible potential health risks of EMR on humans, as shown in Fig.

3.1. In in-vitro studies, different types of surveys, clinical examination and ques-

tionnaires are used to predict associated health risk of EMR, which in general,

provide insufficient evidence for certain serious health risks. In in-vivo studies, ex-

periments are conducted on different types of human tissues and animals. All the

animals with an anatomy similar to human anatomy can provide relative health

risks associated with EMR. In epidemiological studies, the individuals are divided

into two groups, and both groups have the same analogy with each other except
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one particular condition such as one group is exposed to EMR. However, the other

group is a control group which is not exposed to EMR. Many studies have been

conducted using different types of live tissues in the test tube and exposed to the

EMR. After the exposure, different clinical tests were performed to evaluate pos-

sible health risks.

Similarly, in many in-vivo studies, experimentation has been performed on differ-

ent animals or human organs after the exposure to EMR with different frequen-

cies and time duration [37, 38]. These type of studies concluded clear evidence

of adverse health effects associated with EMR exposure [39, 40]. Several studies

concluded the effect of EMR on pigs, rats and tadpoles as these animals have the

same anatomy with the human body. The possible health risks identified in these

studies are cancer, leukaemia, miscarriage, genotoxic effects, neurological and neu-

rodegenerative diseases, immune system, allergic problems, cardiovascular effects

and inflammatory responses [7]. In Appendix A, Table 1 shows some studies using

the medical approach to assess the health risks associated with EMR.

In [37], the mice were exposed to the electromagnetic signals of 5 GHz with dif-

ferent radiated power for 60 days. In-vivo approach was used to determine the

effects of EMR to the mice. It was concluded that the EMR have harmful effects

on the physiological and reproductive system of the mice. In [1], the research

methodology was based on a survey by taking interviews of different doctors and

radiologists. The results show that wireless devices such as mobile phone, blue-

tooth devices, laptops and wireless router affect human health by a factor which

was quantified as 96%, 32%, 54% and 20%, respectively. In [41], long term expo-

sure was evaluated on rats to observe the effects of GSM-900 on cognition function.

Two groups of rats were used in which one group was exposed to electromagnetic

signals, and the second group was a control group which was not exposed to the

electromagnetic signals. A memory test was performed on rats of both groups to

evaluate the effect of EMR. The result suggested a significant reduction in memory

functions of rats exposed to EMR. In [42], the effect of EMR on Blood-Brain Bar-

rier (BBB) in Fisher 344 rats of both sexes was evaluated by sectioning the group

of rats exposed to electromagnetic signals. The rats were exposed to two types of
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electromagnetic signals, i.e. a continuous wave of 915 MHz and a pulsed wave with

different power levels from 0.001 W to 10 W, and with various time intervals from

2 min to 960 min. The results showed that there was less effect on the groups of

rats which were exposed to the pulsed wave than those exposed to the continuous

wave signal. In [43], an experiment was performed on eggs and tadpoles of the

common frog for an exposure duration of two months. One group of tadpoles was

exposed to EM signals, and the other group was enclosed in a Faraday cage as a

control group. It was observed that the growth rate in the exposed group of rats

was not similar than the control group of rats.

In [39, 44], it was reported that the breakage of DNA double-strand structure

is frequency dependant when exposed to GSM and UMTS signals. In [40], the

breakage of DNA double-strand in brain cells was reported when 2450 MHz signal

with 50 Hz modulation was exposed to male rats for 2 hours/day, for 35 days. The

rate of breakage of DNA double-strand structure was significant in the exposed

groups of rats than the control group of rats.

3.3 Engineering Approach

In the engineering approach, different human models have been used to observe

the distribution of SAR in different layers of the human body at different fre-

quencies and for different scenarios. Various computational techniques has been

used to simulate these human models in different scenarios such as indoor and

open environment, e.g. for a passenger sitting in a bus. In some studies [45–47],

new measurements methods were presented to measure the SAR and compari-

son with the different numerical techniques was performed using different human

voxel models. The human body is composed of different types and layers of tissues,

bones and cells, which makes it very complicated and thus mostly it is resorted to

perform a numerical simulation (also prone to error) for electromagnetic analysis

than the standard experimentation which only provide conservative analysis. It is

quite challenging to build an exact human model to get the best results for EMR

exposure which should be equal to the actual electromagnetic exposure. Even if
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an approximate model of the human body is obtained, it is troublesome to mea-

sure SAR within thicker parts of the human model where skin layers are a few

millimetres thick. In Appendix B, Table 2 summarises some of the research papers

which use the engineering approach to observe the SAR distribution for different

applications.

In [48], the influence of the metallic structure of a car body frame on the SAR

produced by the cell phone was analysed. The variation of SAR was analysed

by placing a human body model at different locations inside the vehicle. Finite

difference time domain technique was used in the simulation for modelling of the

whole system. The λ/2 dipole excitation source was modelled at 835 MHz located

as a handheld device and hands-free device. The CAD file of the car model was

obtained from the manufacturer (SEAT SA, Barcelona, Spain). The DXF format

of the car model was converted in finite difference time domain format using the

procedure explained in [49]. An accurate human model can be obtained based

on CT or MRI imaging. A commercially available human model was used for

analysis of SA and SAR values. The schematic for the simulation is shown in

Fig. 3.2. Uniform meshing with 36 mm of cell sides was used for an overall size

of 4644 × 2160 × 1764 mm3, which includes vehicle, the human body and the

surrounding air. The SAR computation was performed in Matlab by using finite

difference time domain code using geometry and conductivity information. The

results for SAR variation were calculated for three planes for the driver’s and front

passenger’s location. In the first case, the emitter was used as a hand-free device

placed at a distance of 5.1 cm. For this case, a significant increase in the SAR

values was noticed than in free space. In the second case, the device was used

as a handheld device by driver and passenger; the SAR results were obtained for

all three planes. In this case, no significant change in the SAR distribution was

observed, even when the devices were close to the human model [48].

In [50], the effect of impulse radio ultra-wideband (IR-UWB) signal used in the

implantable devices at 4 GHz was analysed. In this study, the simulation was

performed to observe the SAR, Specific Absorption (SA) and temperature vari-

ation in the human head caused by UWB antenna with 10 dB bandwidth. The
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numerical simulations were performed in CST studio using CST voxel head model,

which consists of a mixture of tissue material such as brain, bone, fat and skin.

The dependency of SAR on permittivity and conductivity of the exposed tissues

was also discussed. The relation between human age and permittivity was also de-

scribed for the accurate evaluation of the exposure. SAR parameter also depends

on the antenna parameters such as directivity and gain. Therefore, an antenna

was designed with the minimum absorption characteristics in the CST studio by

matching the impedance with surrounding tissues. The gain of the antenna was

plotted for different scenarios of the antenna as shown in Fig. 3.3. An IR-UWB

signal centred at 4 GHz with a bandwidth of 1 GHz was applied to the antenna

with a power of 0.0024 mW. The variation of SAR was plotted for following sce-

narios; (1) SAR variation with a different input power of the signals, (2) SAR

variation depending upon the antenna orientation, and (3) SAR variation in dif-

ferent tissue material in the human head, as shown in Fig. 3.4. The results show

that there is higher variation of SAR with impulse signal than with the continuous

input signal. The temperature variation was also plotted using bio-heat equation

in CST studio. It was observed that SAR also depends on the bandwidth of the

IR-UWB signal. It was found that a pulse with a peak power higher than the

Figure 3.2: Schematic for the position of the human model in a car, adopted
from [48].
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Figure 3.3: Simulated directivity of the implanted antenna at 4 GHz. (a)
Antenna radiating outwards of the adult brain. (b) Antenna radiating towards

the adult brain [50].

Figure 3.4: Simulated SAR variation in voxel head model when the antenna
main lobe is situated outwards of the brain for the peak spectral power limits
of: (a) -41.3 dBm/MHz, (b) -27.4 dBm/MHz and (c) 0.9 dBm/MHz, and (d)
when the antenna main lobe is situated towards the brain for the peak spectral

power limit of -41.3 dBm/MHz [50].

FCC regulated peak power can be utilized without violating the SAR guidelines.

In [51], the effect of EMR in the presence of a metallic wall was observed numer-

ically and experimentally. The main goal of this study was to observe the effect

of the reflected signals on SAR. The mobile phone was modelled with a dipole

antenna at 900 MHz which radiates continuously. Two metal wall arrangements

were modelled for reflection of the signals and the change in the SAR for different

distances was observed. The results show that SAR values are higher near the

metallic wall than in a free space environment. This study helps to explore the

effect of SAR when the reflection in the environment are higher than the free space

environment. Similarly, in metal ore mines, exposure of EMR can be higher due

to the reflections of electromagnetic signals from the walls, roof and ground of

underground mine. Therefore, exposure to EMR in underground mines should be

investigated when the miners are exposed to the electromagnetic signals in pres-

ence of different metal structures present in underground mines.
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In [52], the effects of electromagnetic signals for a human head has been investi-

gated in the frequency range of 900 MHz and 1800 MHz. The simulated results

show that shielding of a human head using a nano-ferrite textile and carbon fibre

textile material can be used to reduce the SAR and exposure to electromagnetic

signals. This study is useful in a scenario when SAR values are slightly higher

than the recommended guidelines of ICNIRP. Similarly, in underground mines, if

the SAR levels exceed the safety guidelines of ICNIRP for that frequency, shield-

ing can be designed to reduce the exposure of EMR on miners. However, the

shielding may also degrade communication in underground mines. Therefore, a

tradeoff exists between electromagnetic exposure and power of electromagnetic

signals present in underground mines.

In [53], the effect of EMR on the human body in the presence of a metallic zip and

a coin has been investigated. The numerical simulation was performed at mobile

phone frequencies using dipole and PIFA antenna with high-resolution Gustav hu-

man voxel model. The results show that the zip increases the SAR values whereas

the presence of coin in the pocket reduces the exposure of EMR on the human

body.

3.4 Conclusion

In literature, most of the studies have focused on the frequencies used in mobile

communication for evaluation of SAR using numerical simulations with different

human voxel models. The variation of SAR with different parameters has been

investigated in past studies. The studies have investigated different parameters

which influence the variation of SAR such as presence of any metal object close

to the human body during exposure, size of the human head, the orientation of

the antenna and the frequency of EMR. The numerical simulations provide SAR

analysis in different type of human tissues than the in-vitro studies and experi-

mentation of SAR with SAM phantom. Currently, all the measurement methods

of SAR provide conservative exposure of EMR and provides no information about
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the exposure of EMR on sensitive organs of the human body. The use of multi-

layered voxel models provides SAR evaluation in different sensitive human organs

and parts of body. Therefore, it is crucial to use high-resolution voxel models

for the evaluation of SAR in humans for wearable devices in underground mines.

After, extensive literature review, the following factors have been identified, which

impact the variation of SAR and exposure of EMR:

1. Types of tissues exposed to EMR exposure.

2. Dielectric properties of the biological tissues and age.

3. Size of the human head.

4. Frequency of electromagnetic signals.

5. Distance between the antenna and biological body.

6. Bandwidth of the antenna.

7. Transmit power of the antenna.

8. Orientation and polarization of the antenna.

9. Vicinity environment of the antenna and biological model.

Within current literature, to the best knowledge of the author, no study has in-

vestigated the EMR exposure in underground mines when a miner has wearable

tracking devices on the body. The electromagnetic signal can be reflected, scat-

tered and absorbed by the surrounding rocks and support structure in underground

mines where the miner is exposed to EMR for a shift of 6 to 8 hours/day. There-

fore, it is vital to investigate the impact of EMR on the health of the miner in

underground mine scenarios.



Chapter 4

Methodology

In this chapter, the research methodology followed in this study will be discussed.

In section 4.1, the modelling of electromagnetic source at 433 MHz, 868 MHz

and 2400 MHz frequency is explained in detail. Section 4.2 explains the human

voxel models and the dielectric properties of the biological tissues used in this

study. The modelling of underground mine scenarios is explained in section 4.3.

The modelling of helmet used in this study to evaluate the impact of helmet on

EMR is explained in section 4.4. Section 4.5, 4.6 and 4.7 explain the simulation

setup of different scenarios for head without helmet, torso and head with helmet,

respectively. Lastly, the simulation setup for variation of SAR with different power

levels and distances are discussed in section 4.8 and 4.9, respectively.

4.1 Modelling of Electromagnetic Source

In literature, a dipole antenna is used in many studies to investigate the SAR on

humans for different scenarios [46–48, 54–56]. The presented study focuses on the

investigation of SAR levels in a confined space of underground mines in a scenario

where communication devices are used as wearables. This study does not focus

on the impact of different types of antennas have been used in underground mine

environments. Hence, a dipole antenna is used as an electromagnetic source to

investigate the SAR on humans in underground mines.

A dipole antenna is a reference antenna with simple structure and omnidirectional

radiation pattern. The half-wavelength dipole antenna is a particular case of a

dipole antenna where the length of the dipole is equal to the half-wavelength at

34
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the frequency of operation. A half-wavelength dipole antenna was modelled at

433 MHz, 868 MHz and 2400 MHz in CST WMS software. The dipole of the

antenna is modelled using lossy metal copper (annealed) material with a conduc-

tivity of 5.8 × 107 S/m. The impedance of the dipole antenna is 73 Ω, and the

gain is 2.19 dBi. The geometry of the dipole antenna modelled in CST WMS is

shown in Fig. 4.1. The dimensions of the dipole antenna for all three frequencies

i.e. 433 MHz, 868 MHz and 2400 MHz was calculated using expression [57]:

λ =
c

f
(4.1)

L =
143

f(MHz)
(4.2)

g =
L

200
(4.3)

D = 2× λ

1000
(4.4)

where, λ is the wavelength, c is the speed of light, f is the frequency, L is the

length of one dipole, D is the diameter of the dipole and g is the gap between two

dipoles.

The reflection coefficient (S11 < -10dB) provides the bandwidth of the antenna.

The bandwidth of the antenna is 45.16 MHz, 95.4 MHz and 250 MHz at 433 MHz,

868 MHz and 2400 MHz, respectively, as shown in Fig. 4.2. The parametric

sweep on the length and gap between two dipoles was performed to optimize the

bandwidth of the antenna. Table 4.1 shows the optimized dimensions of the half-

wavelength dipole antenna at 433 MHz, 868 MHz and 2400 MHz.

Figure 4.1: Geometry and dimensions of the modelled dipole antenna.
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Table 4.1: Optimized parameters of the dipole antenna at different frequencies

Frequency (MHz) L (mm) D (mm) g (mm)

433 166.28 1.384 0.83
868 82.949 0.692 0.414
2400 30 0.25 0.15
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Figure 4.2: S11 of dipole antenna at 433 MHz, 868 MHz and 2400 MHz.

4.2 Human Voxel Models

In recent years, the rapid advancement of magnetic resonance imaging (MRI) has

implemented high-resolution anatomical models of the human body [58]. When

two-dimensional digital images are extended into three dimensions and forms, the

cuboid volume is known as voxel (volume pixels). These voxel models have been

used in many studies to determine SAR with finite difference time domain simula-

tions for exposure of non-ionizing radiations [48, 53, 54]. Multi-Layer voxel models

anticipate the accurate exposure of EMR on different organs of the human body

and provide vulnerable health risks associated with different human organs. In the

past, many studies determined the exposure of non-ionizing radiations using SAM

phantom, which consists of shell and filled with saline solution. A SAM phantom

provides a conservative value of SAR which does not provide an exact analysis of

the EMR impact on different human organs. Therefore, it is advantageous to use

high-resolution voxel models for the investigation of EMR exposure specifically for
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wearable devices.

The voxel family of the CST MWS software consists of eight high-resolution hu-

man voxel models of different age, gender and stature, under the license of CST

Studior. Due to limit of the time, this study was only focused on the male mod-

els. In underground mines, the working areas have more number of male miners

than the female miners. Therefore, this study involved two male models for the

investigation of SAR. A male Hugo model has been used in many studies for an-

alyzing the impact of exposure to non-ionizing radiations [50, 59]. It has different

resolutions of 1 mm, 2 mm and 5 mm, and includes 31 types of tissues with a

total mass of 103 Kg and a height of 180 cm [60]. The CST surface bio model is

also used in this study in order to make a comparison with the CST voxel family.

The surface bio model family consists of one male Tom, one female Ana and four

children voxel models. The Tom male model was chosen for a fair comparison with

the male Hugo model in this study. The Tom model has different resolutions of

0.5 mm, 1 mm, 2 mm and 4 mm, and includes 33 types of tissues with a total mass

of 77 Kg, and a height of 183 cm [60]. The overview of Hugo and Tom models is

described in Table 4.2. Following are the reasons to use Hugo and Tom models

for the investigation of SAR in underground mines: (1) both models have same

resolution (1× 1× 1 mm3), (2) both have approximately same number of tissues,

(3) both models are posable, (4) both have different head sizes which allows anal-

ysis of exposure on different head sizes of the miners, and (5) both have different

mass which allows analysis of exposure on the miners with different masses. The

high-resolution Hugo and Tom human voxel models are shown in Fig. 4.3.

Table 4.2: Overview of Hugo and Tom voxel models used in this study

Model Sex Size
(cm)

Mass
(kg)

No. of
Tissues

Resolution
(mm3)

Remarks

Hugo Male 180 103 31 1× 1× 1 posable

Tom Male 183 77 33 1× 1× 1 posable,
generic
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Cross Sectional view

(a)

Cross Sectional View

(b)

Figure 4.3: High resolution (1 mm) human voxel models used in this study
(a) Hugo and (b) Tom.

4.2.1 Dielectric Properties of Biological Tissues

The dielectric properties, such as permittivity and conductivity of the human

tissues and organs, are frequency dependant. The dielectric properties of human

tissues can be obtained using the Cole-Cole equation [61]:

¯
ε = ε∞ +

∆ε

1 + (jωτ)1−α
(4.5)

∆ε = εs − ε∞ (4.6)

where,
¯
ε is the complex dielectric constant, εs and ε∞ are the static and infinite

frequency dielectric constants, ∆ε is the difference in static and infinite permittiv-

ity of the tissues, ω is the angular frequency, τ is a relaxation time constant, and

α is an empirical distribution parameter.

The Cole-Cole equation is the contemporary material model used to forecast di-

electric properties of the human tissues. Several online applications are available

to review dielectric properties of the human tissues at particular frequency [62, 63].
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In CST MWS, the biological properties of the human tissues can be evaluated us-

ing the macros tool which uses Cole-Cole method to find the dielectric properties

of the tissues at a particular frequency. The dielectric properties of the tissues at

433 MHz, 868 MHz and 2400 MHz are determined using the macros tool of CST

MWS software, and are shown in Table 4.3.

Table 4.3: Dielectric properties of different human tissues at 433 MHz,
868 MHz and 2400 MHz

Tissues
433 MHz 868 MHz 2400 MHz

εr σ(S/m) εr σ(S/m) εr σ(S/m)

Air inside body 1 0 1 0 1 0
Blood 63.83 1.36 61.46 1.52 58.34 2.50
Bone cortical 13.07 0.09 12.48 0.14 11.41 0.38
Bone medullary cavity 22.26 0.24 20.86 0.33 18.61 0.79
Brain grey matter 56.83 0.75 52.88 0.93 48.99 1.77
Brain white matter 41.67 0.45 38.99 0.58 36.23 1.19
Cartilage 45.15 0.59 42.77 0.77 38.87 1.72
Cerebellum 55.14 1.05 49.66 1.25 44.89 2.07
Cerebrospinal fluid 70.64 2.26 68.71 2.40 66.32 3.41
Eye bulb 68.99 1.53 68.91 1.63 68.24 2.44
Eye lens 47.96 0.68 46.63 0.78 44.68 1.47
Fat 5.57 0.042 5.47 0.05 5.29 0.10
Mucosa 49.42 0.68 46.21 0.83 42.92 1.56
Muscle 56.87 0.80 55.11 0.93 52.79 1.71
Nerve 35.05 0.46 32.63 0.57 30.20 1.07
Salivary glands 61.33 0.89 59.76 1.03 57.27 1.93
Skin 47.75 0.69 43.89 0.84 40.49 1.50
Teeth 13.07 0.09 12.48 0.14 11.41 0.38
Thyroid 61.33 0.89 59.76 1.03 57.27 1.93
Tongue 57.38 0.78 55.36 0.92 52.69 1.76
Tonsils 61.33 0.88 59.75 1.03 57.27 1.92
Liver 50.69 0.67 46.98 0.84 43.12 1.65
Lung 38.89 0.54 36.80 0.65 34.48 1.22
Kidney cortex 65.45 1.12 58.94 1.37 52.86 2.39
Pancreas 61.33 0.88 59.75 1.03 57.27 1.93
Spleen 62.45 1.04 57.38 1.26 52.54 2.20
Ureter 19.62 0.33 18.97 0.38 18.02 0.67
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4.3 Modelling of Underground Mine Scenarios

The major factors which differentiate a mine environment from an open space

environment are the presence of surrounding rocks, increased humidity, high tem-

perature and the confined space available for mining. An important consideration

in the analysis of the effect of EMR on the health of miner is the reflection of

the electromagnetic signals from the surrounding environment of the underground

mine. The structure of underground tunnels, type of rocks and ores present in

underground mines are diverse. The dielectric properties of rock and ore present

in a particular underground mine are not available for all frequencies under obser-

vation in this study, and these properties can vary due to different composition of

minerals in different underground mines. It is challenging to procure the dielectric

properties of the concerned ore for the investigation of EMR. The interaction of

EMR with the rough surface of tunnels and stopes in the underground mines re-

sult in the reflection of the radiations, which gives enhanced EMR exposure to the

miner than that in the open space environment. Furthermore, it is crucial to get

access to the working area of the underground mines to replicate the exact scenar-

ios for modelling. Therefore, it is demanding to use the appropriate methodology

for the numerical investigation of EMR exposure on miners in underground mines

which can replicate the exact underground mine environment.

The Wits Mock-mine is an actual physical replica model of a true mine which is

beneath the School of the Mining Engineering at the University of Witwatersrand.

It allows to replicate the confined and reflective environment of the underground

mines [64]. It comprises of a tunnel, a stope panel and a control room with the

aim to perform realistic testing. Concrete material has been used to build 67 m

long tunnel and a stope with different type of support structure [65]. Various

studies have used the Wits mock mine to analyse the effect of tunnel structure on

channel modelling and different parameters of antenna [66], and to test wireless

sensor network based tracking devices for the rescue of miners in the collapsed

mine scenario [5]. Hence, the Wits mock mine based model has been modelled

in this study to model a confined space similar to the underground mines for the
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investigation of the SAR.

In CST MWS software, plenty of underground mine scenarios can be modelled for

the numerical investigation of EMR. In this study, three different critical under-

ground mine scenarios were determined and modelled for numerical simulations of

SAR in the human head. All these scenarios are explained as follows: (1) Firstly,

the tunnel scenario was considered to provide a comparison of the interaction of

EMR in an open environment with that in a reflective environment of the under-

ground mines. The tunnels in underground mines have different shapes, lengths

and geometries, which was comprised in the modelling of mock mine scenarios. (2)

Secondly, the presence of metal arches in the tunnel was considered and modelled

for numerical simulations. Many studies have investigated the impact of different

metal objects on the exposure of EMR to the humans. In [51], it was concluded

that the presence of a metal object near the electromagnetic source increases the

reflections, and hence the SAR values. Therefore, it is vital to investigate the

impact of the metal support structures present in underground mines on the effect

of EMR to the miner. (3) In the third scenario, a stope similar to one side of the

Wits mock mine was considered. The stope is the most confined and vulnerable

environment of the mining which is supported with different support structures in

the underground mines. Hence, because of more reflections from nearby distances

in the stope, it is important to investigate the level of EMR exposure on the miner

for stope. The detailed modelling of all the mock mine scenarios is explained later

in this section.

The implementation of high-resolution voxel models and the modelling of 67 m

long tunnel define the limitation of available computation resources. The use of

high resolution models is crucial for the investigations of electromagnetic sources

operating at lower frequencies. It has to cater for the impact of EMR on different

human organs which are deep inside the human body. Therefore, it is not feasible

to use single layer voxel models for the investigation of EMR, particularly for low

frequencies. An alternative way to reduce computational processing is to model a

fraction of tunnel. It is well known that the free space path loss is directly pro-

portional to the distance between the transmitter and the receiver. The free space
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Figure 4.4: Hierarchy of different scenarios used in this study for evaluation
of SAR on head, torso and head with helmet.

path loss is more significant for the signals travelling far away from the source. In

the same manner, the signal travelling far from the tunnel has negligible health

impact on the miner than the signal reflected from the nearby boundary of the

tunnel. Thus, a small fraction of tunnel equivalent to ten times the size of antenna

has been modelled for numerical simulations. The size of the antenna usually used

in different devices at 433 MHz varied between 48 mm to 80 mm, thus ten times

of 80 mm (10× 80 mm = 800 mm) was modelled in this study. In CST MWS, a

forty year old concrete material, available in material library was used to model

the tunnel of all the mock mine scenarios.

The hierarchy used in this study to investigate the impact of EMR on the head

without helmet, torso and head with a helmet for different scenarios is shown in

Fig. 4.4. All the mock mine scenarios are compared with open space scenario to

provide the difference in the exposure level of EMR on the body of the miner.
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4.3.1 Modelling of Mock Mine Scenarios for Head

To investigate the EMR effects on the human head, the wall and roof of tunnel

near to the head of the miner were modelled. The detail of three different mock

mine scenarios, used to analyse the exposure of EMR on human head is explained

as:

1. Tunnel Scenario: A model replicating the tunnel of the mock mine as

shown in Fig. 4.5a was modelled in CST MWS along with the surface rough-

ness of the tunnel. A brick of concrete material was defined as the building

block to model the tunnel. All the bricks with dimensions of 800 mm in

length and variable width and height were defined which were arithmetically

added to model a tunnel as one block. The face of every brick was modified

using the bend and shape tool of CST MWS in order to model the roughness

of the tunnel surface. All the bricks were bent cylindrically with different

angles and extruded to avoid the overlapping of the materials. The front and

side view of the modelled tunnel scenario for the head is shown in Fig. 4.5c

and Fig. 4.5d, respectively.

2. Tunnel Arch Scenario: A model replicating the arch as shown in Fig.

4.6a and Fig. 4.6b was modelled along with the support arch present in the

tunnel. In order to model the tunnel arch scenario for the head, the model of

tunnel scenarios was imported and modified to model the metal arch similar

to tunnel. A steel (Steel-1008) metal with a conductivity of 7.69× 106S/m

was used to model the arch support of the tunnel. The same length and

width of the arch present in the tunnel were used to model steel arch. The

metal arch was bent along the boundary of the tunnel, and both faces were

extruded to avoid overlapping of the material. The front and side view of

modelled metal arch along with its dimensions is shown in Fig. 4.6c and Fig.

4.6d, respectively.

3. Stope Scenario: A model replicating the stope of mock mine as shown in

Fig. 4.7b was modelled in CST MWS to investigate the impact of EMR in



Chapter 4. Methodology 44

(a) (b)

5
0

0
 m

m

280 mm

(c)

(d)

Figure 4.5: Modelling of tunnel scenario for simulations on head (a) Mock
mine tunnel with wall and roof (b) Surface roughness of the mock mine tunnel
(c) Front and (d) Side view of modelled tunnel scenario for simulations on head.

the confined space of a stope in the underground mines. The stope inside

the Wits mock mine consists of different type of support structures. Same

dimensions as that of the stope inside the Wits mock mine were used to

model the stope. The same concrete material as used for the tunnel, and

available in material library of the CST MWS was used to model the unit

brick of the stope. A cylindrical support similar to the Wits stope was

modelled with steel (Steel-1008) material to investigate the impact of steel

pillar on the effect of EMR to the miner. The modelled stope scenario for

numerical simulations for the head is shown in Fig. 4.7c.
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(a) (b)

(c)

20 mm

(d)

Figure 4.6: Modelling of tunnel arch scenario for simulations on head (a)
Presence of steel support arches in the mock mine tunnel (b) Close view of steel
arch of the tunnel (c) Front and (d) Side view of modelled tunnel arch scenarios

for simulations on head.

4.3.2 Modelling of Mock Mine Scenarios for Torso

Two different mock-mine scenarios i.e. tunnel and tunnel arch scenarios were

modelled for the simulations on torso. The stope scenario for torso was not in-

cluded in this study due to limitation of computational resources. A simulation

methodology similar to the one mentioned in the previous section 4.3.1 for head

was followed for the modelling of the underground scenarios for the torso. The

reflections from the nearby boundary of the tunnel and arch were incorporated in

the exposure to EMR. A part of the tunnel was modelled, which is equivalent to

ten times the size of the antenna for lowest frequency used in this study. The left

part of the torso for both voxel models was considered in this study. To evaluate
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(a) (b)

550 mm

(c)

Figure 4.7: Modelling of stope scenario for simulations on head (a) Stope of
the Wits mock mine (b) Support structure in the stope of the mock mine (c)

Modelled stope scenario for simulations on head.

the complete torso of the voxel models, more computation resources were required.

The SAR limit of ICNIRP for hand and arm is 4 W/Kg [67], which is two times

the SAR limit for torso and head. Thus, the torso and head of the human body

are more sensitive to EMR exposure than the limbs of the human body. Therefore,

only human torso was considered in this study to investigate the exposure of EMR

on the torso of the miner, and the arms and hands were excluded.

A simulation methodology similar to the one used for head was followed to model

the mock mine scenarios for numerical simulations of SAR for the human torso.

These simulations help to recommend the better location in terms of SAR to

mount these wearable devices on the body of the miner. The recommendations
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were based on the minimum value of SAR for human head and torso. The detailed

modelling of both mock mine scenarios for the torso is described as follows:

1. Tunnel Scenario: In order to model mock mine scenarios for the torso, the

same concrete material, which was used for simulations on head, was used

to model a brick of length 800 mm with variable height and width of the

tunnel. The faces of all the bricks were modified using same tools of CST

MWS. The total height of the modelled mock mine tunnel for torso was 600

mm, which is ten times the size of the antenna for lowest frequency observed

in this study. The rough surface of the wall impacts the exposure of EMR

in the environment, particularly because of reflection from the boundaries.

The surface roughness of the mock mine tunnel is less in front of the torso

than the head scenario because the bent of the tunnel near head makes the

surface less plane. The front and side view of the modelled mock mine tunnel

scenario for the torso is shown in Fig. 4.8a and Fig. 4.8b, respectively.

(a) (b)

Figure 4.8: Modelling of tunnel scenario for simulations on torso (a) Front
view of the modelled scenario (b) Side view of the modelled scenario with its

surface roughness.
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2. Tunnel Arch Scenario: In this scenario, the impact of the metal arch on

the exposure of EMR on the torso was modelled. The same steel (Steel-

1008) material was used to model the arch with same dimensions as used for

modelling of head scenarios. The front and side view of the modelled tunnel

arch scenario for the torso is shown in Fig. 4.9a and Fig. 4.9b, respectively.

600 mm

(a)

20 mm

20 mm

(b)

Figure 4.9: Modelling of tunnel arch scenario for simulations on torso (a)
Front view of the modelled arch scenario (b) Side view of the modelled scenario

with its dimensions.

4.4 Modelling of Helmet

A helmet is used in underground mines for the health and safety of the miner and it

is mandatory for every miner working in underground mine. It was recommended

to mount these wearable devices on the helmet of the miner either on the outside

or inside the helmet. Therefore, it is vital to investigate the impact of EMR when

it is mounted on the helmet of the miner.

The safety helmet in underground mines has usually one standard size and holds

a strip at the back to adjust the size according to the head size of every miner.

Therefore, only one size of the helmet was modelled and used in this study for
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investigation of EMR on different size of the head of two voxel models. The head

with a bigger size is more closer to the boundaries of the helmet and consequently

closer to the wearable wireless device than the head with smaller size. Thus, the

head with small size has more distance between the wearable device and the head,

and hence, relatively reduces the exposure to the human body.

A hard head safety helmet was modelled in CST MWS using dimensions of the

Hugo’s head in this study. The head size of the Hugo model is bigger than the

head size of the Tom model. Therefore, the helmet is modelled according to the

head size of the Hugo model. The same helmet was also used for the simulations

with the Tom model. This would provide the difference in SAR for two different

size of the heads with the same helmet.

A helmet was modelled using the Polyimide (loss-free) material used in the man-

ufacturing of hard helmets for the underground mines. Polyimide material is

available in CST MWS material library with a relative permittivity of 3.5 and

a density of 1400 Kg/m3. The helmet was modelled using two semi-circles with

diameters of 217 mm and 219 mm. The inner semi-circle was subtracted from the

outer semi-circle using boolean subtract function in order to model a shell of the

helmet. The shape of the helmet was modified using bend tool. The modelled

helmet for the evaluation of SAR is shown in Fig. 4.10a. The helmet was placed

and adjusted on head of both voxel models to avoid overlapping of the material

with the skin of the models. Cross-sectional view of the modelled helmet placed

on Hugo’s head is shown in Fig. 4.10b.

4.5 Simulation Setup for Head without Helmet Scenario

The simulation setup for the head without helmet for open space and all modelled

mock mine scenarios is discussed in this section. The standard procedure was

followed for all simulation setups, as explained in IEEE/IEC 62704 standard [23].

The simulation setup procedure for some of the scenarios on head without helmet

scenario are explained below and the same procedure was repeated for all rest
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(a)

(b)

Figure 4.10: Modelling of helmet for head (a) Modelled head helmet with
polyimide material (b) Cross sectional view and placement of helmet on the

head of Hugo model.

of the simulation scenarios. The error of numerical simulations was checked by

running all simulations twice. If error was found, all the steps were repeated.

4.5.1 Setup for Open Space Scenario on Head without Hel-

met

An open space scenario was used for comparisons with all underground mine sce-

narios. The comparison aims to quantify the difference in EMR effect to the miner

in the open space to that in the underground environment by considering all the

other factors as the same. In the open space scenario, both Hugo and Tom head

models were exposed to the electromagnetic signal of frequency 433 MHz, 868 MHz

and 2400 MHz, in a one by one manner. The IEEE standard was followed for nu-

merical evaluation of EMR exposure on the miner in underground mines. The

distance between the antenna and the head was 10 mm, and the size of human

head is selected according to the IEEE standard [23]. The procedure for simula-

tion setup of Hugo model for open space scenario at 2400 MHz frequency is given

as follows:
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1. The Hugo model was imported from the CST voxel family with a resolution

of 1 × 1 × 1mm3 and the head was selected. The CST file with the head

of Hugo was saved for provision of the same size of the head model used in

other scenarios.

2. The modelled dipole antenna at 2400 MHz was imported as a sub-project,

and adjusted on the human head. The position on the human head was

chosen with respect to the helmet on the head of the miner, which is above

the head extremity organs such as ear, nose etc. The position of the dipole

antenna on the Hugo head model is shown in Fig. 4.11a.

3. The Hugo head and the dipole antenna was separated by a distance of 10 mm

using the transform tool of CST MWS as shown in Fig. 4.11b.

4. The biological properties of the Hugo head model was updated for 2400 MHz

using the macros tool.

5. A far-field and the power loss density/ SAR monitors were defined at 2400

MHz. The post-processing was performed to evaluate the SAR with an

average mass of 10g. The user-defined transmit power of 0.1 W was used

in the evaluation of SAR, and the SAR averaging method as per IEEE/IEC

62704 was used to evaluate the SAR in this study [23]. The transmit power

is referred as the power transmitted to the antenna structure without ohmic

losses of the antenna which is similar to the accepted power used in post

processing of SAR in CST MWS.

6. The hexahedral meshing technique [68] was used with ten times the maxi-

mum number of cells per wavelength as described in IEEE standard [23] for

the numerical evaluation of SAR. The Hugo head model was simulated with

15 million mesh cells at 2400 MHz. The global and local mesh properties

were modified to accurately evaluate the SAR for open space scenario. The

complete setup of open space scenario with boundary box is shown in Fig.

4.11c.
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Dipole Antenna

(a)

10 mm

(b)

Dipole Antenna

(c)

Figure 4.11: Complete simulation setup for the head without helmet in an
open space scenario (a) Position of the dipole antenna on the head of Hugo
model (b) Distance between the head of Hugo model and the dipole antenna (c)

Complete setup for simulation with its boundary box.

The time domain solver of CST MWS took 2 hours to complete the simulation

for open space scenario. The computational resources used in all simulations were

the Intel i7-8750H @2.2 GHz processor, 32GB of RAM and NVIDIAr Ge-Force

4GB graphic card memory. All the steps were repeated with Tom head model at

2400 MHz for evaluation of open space scenario. Similarly, the complete procedure

was repeated for the evaluation of SAR at 433 MHz and 868 MHz with Hugo and

Tom head models.
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4.5.2 Setup for Tunnel Scenario on Head without Helmet

In the tunnel scenario, the interaction of electromagnetic signals with the con-

crete material and rough surface of the tunnel was analysed. The human head

was exposed to the confined environment of the underground mine. The distance

between the human head and tunnel was confined to 100 mm in order to evaluate

worst-case scenario with respect to EMR reflections for underground tunnel sce-

nario, as shown in Fig. 4.12a. Further steps for simulation setup using Tom head

model with tunnel scenario at 2400 MHz were as follows:

1. The 3D CST MWS file of open space scenario with Tom head model was

modified for simulation setup of the tunnel scenario.

2. The modelled tunnel scenario 3D CST MWS file was imported as a sub-

project in the main simulation file.

3. The head model was transformed into the middle of the modelled tunnel

scenarios, as shown in Fig. 4.12b. The distance between the head model

and tunnel was kept at 100 mm, whereas the distance between the dipole

antenna and head model was kept as 10 mm.

4. The far-field and power loss density/ SAR monitors were defined to observe

the effect on the far-field pattern of the dipole antenna and to evaluate the

SAR value. The transmit power of 0.1 W was defined in post processing to

evaluate the SAR.

5. The biological properties of the human tissues were updated at 2400 MHz

using macros tool of CST MWS.

6. The maximum number of mesh cells used in the calculation domain was

10/λ as described in IEEE/IEC 62704 [23]. The highest frequency of the

calculation range defines the maximum number of mesh cells. The mesh cell

was refined using volume and edge refinement options available in special

mesh properties under global mesh properties tab of the CST MWS. After
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refinement of the mesh cells, the tunnel scenario was simulated with a total

number of approximately 40 million mesh cells. The complete setup for

simulation of tunnel scenario on the head without helmet is shown in Fig.

4.12c.

100 mm

100 mm

(a)

(b)

Dipole Antenna

(c)

Figure 4.12: Complete simulation setup for the head without helmet in tunnel
scenario (a) Distance between the head of Tom model from the wall and roof of
the modelled tunnel (b) Position of the head of Tom model for tunnel scenario

(c) Complete setup for simulation with its boundary box.

All the steps were repeated with Hugo head model at 2400 MHz for evaluation of

SAR on the human head with tunnel scenario. Similarly, the complete procedure

was repeated for the evaluation of SAR at 433 MHz and 868 MHz with both Hugo

and Tom head models.
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4.5.3 Setup for Tunnel Arch Scenario on Head without

Helmet

In this scenario, the interaction of electromagnetic signals with metal (steel) arch,

present in the tunnel of the mock mine to provide support, was simulated. The

human head was placed close to the metal arch present in the confined environment

of underground mines to support the tunnel structure. The distance between Hugo

head model and the tunnel arch was kept as 100 mm, and the distance between

the head model and the antenna was kept as 10 mm, as shown in Fig. 4.13a. The

following steps explain the procedure followed to simulate the tunnel arch scenario

using Hugo’s head at a frequency of 2400 MHz:

1. The 3D CST MWS file of open space scenario with Hugo’s head was modified

for simulation setup of the tunnel arch scenario.

2. The tunnel arch scenario modelled in CST MWS was imported as a sub-

project.

3. Hugo model was transformed in the middle of the tunnel arch scenario, as

shown in Fig. 4.13b.

4. The far-field and power loss/SAR monitors were defined, and post-processing

was performed for SAR with power of 0.1 W using same SAR averaging

method.

5. The dielectric properties of the biological tissues were updated at 2400 MHz

using the macros tool.

6. The tunnel arch scenario with Hugo head model was simulated with 52

million mesh cells, and it took 4-5 hours to complete one simulation and

associated post processing calculations. The complete setup of the tunnel

arch scenario is shown in Fig. 4.13c.

All the steps were repeated with Tom’s head at 2400 MHz for evaluation of SAR on

the human head with the tunnel arch scenario. Similarly, the complete procedure
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100 mm

(a)
(b)

(c)

Figure 4.13: Complete simulation setup for the head in tunnel arch scenario
(a) Distance between the Hugo model and the modelled arch of the mock mine
tunnel (b) Position of the head of Hugo model with modelled tunnel arch sce-

nario (c) Complete setup for simulation with its boundary box.

was repeated for the evaluation of SAR at 433 MHz and 868 MHz with both Hugo

and Tom head for tunnel arch scenario.

4.5.4 Setup for Stope Scenario on Head without Helmet

This scenario corresponds to the most confined space environment of the under-

ground mines. The stope area of the underground mine is a narrowly confined

space with a number of metal support structures present in it. The total length

and height of the modelled stope scenario was 800 mm and 550 mm, respectively.

The following steps explain the procedure followed to simulate the stope scenario

using Tom’s head at a frequency of 2400 MHz:
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1. The 3D CST MWS file of open space scenario with Tom head model was

modified to evaluate the stope scenario on the head model.

2. The modelled CST MWS file of stope scenario for head was imported as a

sub-project.

3. The human head was placed 200 mm away from the face of the stope and

200 mm from the support pillar, as shown in Fig. 4.14a. The distance

between the sidewall of the stope and the human head model was kept as

100 mm, whereas the distance between the dipole antenna and the human

head was kept as 10 mm.

4. Both far-field and power loss density/ SAR monitors were defined at 2400 MHz.

In post-processing the SAR was evaluated with 0.1 W of transmit power us-

ing same SAR averaging method.

5. The total number of mesh cells was 53 million after applying the mesh re-

finement on the volume and edges of the stope scenario. The simulation time

for the stope scenario was 4 to 5 hours. The complete setup of the stope

scenario is shown in Fig. 4.14b.

All the steps were repeated with Hugo head model at 2400 MHz for evaluation of

SAR for stope scenario. Similarly, the complete procedure was repeated for the

evaluation of SAR at 433 MHz and 868 MHz with both Hugo’s and Tom’s head

for stope scenario.

4.6 Simulation Setup for Torso Scenario

In this section, the simulation setup on torso for open space and all modelled mock

mine scenarios will be discussed. The standard procedure was followed for simu-

lation setup for all scenarios on torso, as explained in IEEE/IEC 62704 standard.

The one side of the torso facing to structure of the tunnel was investigated in this

study. The testing on the other side of the torso was not provided due to limit of
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100 mm

(a)

(b)

Figure 4.14: Complete simulation setup for the head in stope scenario (a)
Dimensions and Position of the head of Tom model from the face, roof and
pillar of the stope (b) Complete setup for simulation with its boundary box.

time and it didn’t provide the worst case analysis of SAR. The steps followed for

all the simulation setups are explained below.

4.6.1 Setup for Open Space Scenario on Torso

In this scenario, the torso of both the Hugo and Tom voxel models were exposed to

the electromagnetic source of frequency 433 MHz, 868 MHz and 2400 MHz in an

open environment. The procedure described in IEEE standard [23] was followed

for numerical simulations of SAR on the torso. The steps for simulation setup

using Hugo model for open space scenario at 868 MHz frequency are given as

follows:
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1. The human torso voxel model was imported from the CST voxel family with

a resolution of 1× 1× 1mm3 and the CST MWS file was saved for provision

of the same size of the torso used in other scenarios.

2. The electromagnetic source at 868 MHz was imported as a sub-project, and

the dipole antenna was mounted on the torso. The position on the torso

was critically determined. The front and back side of the torso have less

reflections from the boundary of the tunnel due to more distance from the

boundary. But, when the omnidirectional antenna is mounted on the front

and back side of the torso, the radiations toward the torso gets absorbed

in it and thus the signals cannot propagate in that direction. Therefore, it

affects directional communication by absorbing more radiations in the body.

The dipole antenna has more of an omnidirectional radiation pattern when

it was mounted on the sides of the torso than on the front and back side

of the torso. When the antenna is mounted on the side of the torso it will

provide better communication. But, the side of torso is more closer to the

boundary of tunnel than the front and back side of the torso. Therefore, the

reflections from the boundary of the tunnel are maximum on the sides of the

torso than the front and back side. Thus, this position provides the worst-

case analysis of SAR, and more suitable for wearable devices to be worn in

underground mines. The same position was used in this study to mount

the dipole antenna on the torso for analyzing the exposure in different mock

mine scenarios. The position of the dipole antenna on the torso is shown in

Fig. 4.15a.

3. The torso and the dipole antenna were separated by a distance of 10 mm as

shown in Fig. 4.15b.

4. The biological properties of the Hugo model were updated for 868 MHz

using macros tool. The same steps were repeated for defining of monitors,

post processing of SAR and mesh properties. The torso of Hugo model was

simulated with 23 million mesh cells at 868 MHz. The time domain solver

of CST MWS took 3-4 hours to complete the one simulation for open space
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scenario for the torso at 868 MHz. The complete setup of open space scenario

with boundary box is shown in Fig. 4.15c.

Dipole Antenna

(a)

10 mm

(b)

Dipole Antenna

(c)

Figure 4.15: Complete simulation setup for the torso in an open space scenario
(a) Position of the dipole antenna on torso of the Hugo model (b) Distance
between torso and the dipole antenna (c) Complete setup for open space scenario

with a boundary box.

All the steps were repeated with the torso of Tom model at 868 MHz for evaluation

of open space scenario. Similarly, the complete procedure was repeated for the

evaluation of SAR at 433 MHz and 2400 MHz with the torso of both Hugo and

Tom models.
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4.6.2 Setup for Tunnel Scenario on Torso

In this scenario, the torso was exposed to EMR in the confined environment of

the underground mine. The distance between the torso and tunnel was defined

to be 100 mm in order to analyse worst-case SAR for tunnel scenario. The same

procedure described in section 4.5.2 was followed for the simulation setup on the

torso of Tom model with tunnel scenario at 2400 MHz. The post processing was

performed for evaluation of SAR with 0.1 W of transmit power. The complete

setup of tunnel scenario for simulation on the torso of Tom model is shown in Fig.

4.16.

All the steps were repeated with the torso of Hugo model at 2400 MHz for

Dipole Antenna

Figure 4.16: Complete simulation setup on the torso of Tom model for tunnel
scenario.

evaluation of SAR with tunnel scenario. Similarly, the complete procedure was

repeated for the evaluation of SAR at 433 MHz and 868 MHz with the torso of

both Hugo and Tom models.
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4.6.3 Setup for Tunnel Arch Scenario on Torso

In this scenario, the torso was exposed to EMR in metal arch scenario and using

concrete boundary of the tunnel. The metal arch is used to support the tunnel

structure in the underground mines. This scenario is vital as the straight length

of the metal arch, and the electric field of the dipole antenna is parallel to each

other due to the mounting position of the antenna on the torso. It may reflect

additional number of the EMR reflections impacting upon the torso of the miner

in underground mines. The distance between the torso and the tunnel arch was

kept same i.e. 100 mm as shown in Fig. 4.17a. The distance between the torso and

the dipole antenna was 10 mm, and the position of the torso with tunnel arch is

shown in Fig. 4.17b. The procedure as described in section 4.5.3 was repeated for

the simulation of tunnel arch scenario on torso. Similarly, the far field and power

density/ SAR monitors were defined, and the biological properties of the tissues

using macros tool were updated with same mesh properties. The complete setup

for tunnel arch scenario on the torso of hugo model at a frequency of 433 MHz is

shown in Fig. 4.17c. In post-processing, the volume of the tissues, peak spatial

SAR, transmit power of 0.1 W and SAR averaging method (IEEE/IEC 62704)

was specified for the evaluation of SAR. The tunnel arch scenario with the torso

of Hugo model was simulated with approximately 32 million mesh cells, and it took

more than 3 hours to complete one simulation and postprocessing calculations.

All the steps were repeated with the torso of Tom model at 433 MHz for the

evaluation of SAR with the tunnel arch scenario. Similarly, the complete procedure

was repeated for the evaluation of SAR at 868 MHz and 2400 MHz with the torso

of both Hugo and Tom model for tunnel arch scenario.

4.7 Simulation Setup for Head with Helmet Scenario

A hard head safety helmet was modelled to investigate the impact of the helmet

on the SAR value for different scenarios. The helmet on the head of the miner in

underground mines can provide safety from the absorption of the EMR in the head.
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100 mm

(a)

800 mm

(b)

Dipole Antenna

(c)

Figure 4.17: Complete simulation setup for torso in tunnel arch scenario (a)
Distance between the torso of Hugo model and the arch of the modelled mock
mine tunnel (b) Position of the torso with modelled tunnel arch scenario (c)

Complete setup of tunnel arch scenario with its boundary box.

The modelled underground mine scenarios for the head, as outlined in section 4.3.1

were used in all simulations of the head with the helmet. A comparison between

the open space and underground mine scenarios will provide the difference on

the impact of EMR for both scenarios. The difference between the head without

helmet and head with helmet will recommend the better location to mount the

wearable devices on the helmet i.e. inside or outside of the helmet. The simulation

setup for all scenarios on head with helmet are given as follows.
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4.7.1 Setup for Open Space Scenario on Head with Helmet

In this scenario, the hard head helmet was placed on the head of both models

to investigate the exposure to EMR in an open space environment. The electro-

magnetic source was placed outside the helmet at the same place as that selected

for the simulations for the head without helmet. The distance between the dipole

antenna and helmet was kept as 2 mm, as shown in Fig. 4.18a. The same steps

as described in section 4.5.1 were repeated for evaluation of SAR with the helmet

on the head. The complete setup for Hugo’s head with helmet at 2400 MHz is

shown in Fig. 4.18b. It was simulated with 18 million mesh cells after applying

all the mesh refinements on the simulation setup. It took more than 2 hours to

simulate one simulation for open space scenario. All the steps were repeated with

2mm

(a)

Dipole Antenna

(b)

Figure 4.18: Complete simulation setup for head with helmet in an open
space scenario (a) Distance between the dipole antenna and modelled helmet

(b) Mounting position of the dipole antenna on the head helmet.

the head of Tom model at 2400 MHz. The complete procedure was then repeated

for simulation with the head of Hugo and Tom model at 433 MHz and 868 MHz.

4.7.2 Setup for Tunnel Scenario on Head with Helmet

The modelled tunnel scenario, as described in section 4.3.1 for the head without

helmet scenario, was used in the simulation setup of the tunnel scenario with a

helmet. The CST MWS file of open space for head with helmet was modified in this
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simulation setup of tunnel scenarios. The distance between the head model and

the boundary of the tunnel was kept as 100 mm. The same procedure as described

in section 4.5.2 was repeated for the simulation setup. The mesh refinement was

applied to reduces the number of mesh cells and increase the accuracy of the

simulation. This setup was simulated with total mesh cells of 26 million, and took

more than 3 hours to complete one simulation. The complete setup for Tom’s

head with a helmet at 868 MHz is shown in Fig. 4.19. All the steps were repeated

Figure 4.19: Complete simulation setup for head with helmet of Tom model
in tunnel scenario.

with Hugo model at 2400 MHz. Finally, the complete procedure was repeated for

simulation on Tom and Hugo head with a helmet at 433 MHz and 868 MHz for

tunnel scenario.

4.7.3 Setup for Tunnel Arch Scenario on Head with Hel-

met

The modelled tunnel arch scenario, as described in section 4.3.1, was imported

as a sub-project for the simulation setup on head with a helmet. The distance

between the head model and the boundary of the tunnel was kept as 100 mm. The

complete setup for Hugo’s head with a helmet at 2400 MHz is shown Fig. 4.20.
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After applying mesh refinement, the simulation was performed with approximately

55 million mesh cells which took 5 to 6 hours to complete one simulation. All the

Figure 4.20: Complete simulation setup for head with helmet of Hugo model
in tunnel arch scenario.

steps described in section 4.5.3 were repeated with Tom’s head at 2400 MHz.

Finally, the complete procedure was repeated for simulation on Tom and Hugo

head with a helmet at 433 MHz and 868 MHz for tunnel scenario.

4.7.4 Setup for Stope Scenario on Head with Helmet

In the same manner, the stope scenario modelled for head was used in the simu-

lation of head with a helmet scenario. The same steps performed in section 4.5.4

were followed for the simulation setup of stope scenario with a helmet. The same

distances from the wall, face and pillar of the stope were employed for a fair com-

parison at different frequencies and scenarios. The complete setup for Tom’s head

with a helmet at 433 MHz is shown in Fig. 4.21. All the steps were repeated with

Hugo’s head at 433 MHz. The same procedure was repeated for simulation with

the head of Tom and Hugo model at 868 MHz and 2400 MHz for stope scenario.

The summary of all the simulation setups for head without helmet, torso and head
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Figure 4.21: Complete simulation setup for head with helmet of Tom model
in stope scenario with boundary box.

with helmet is shown in Table 4.4. It summarize the mesh size and approximate

simulation time for all the setups at all frequencies.

4.8 Simulation Setup for Different Power Levels

In this section, different transmission power levels for wearable device in the un-

derground mine scenarios were investigated. As suggested by some studies, the

wearable devices can increase the power levels when the connection between two

devices is lost, which may help to re-establish communication after a disaster for

the rescue operation in underground mines [5]. In the post-processing of CST

MWS, the SAR monitors with different power levels were defined to study the

maximum power levels for wearable devices which would respect the SAR guide-

lines in such disaster scenarios in underground mines. All the simulations on

head without helmet and torso were simulated for the analysis of maximum power

level which can be allowed without contravening the SAR limits as per ICNIRP

standards [67]. The transmit power threshold defined by Independent Communi-

cation Authority of South Africa for 433 MHz and 868 MHz is 0.1 W, whereas

for 2400 MHz it is 0.01 W [69]. The transmit power levels used in this study

for 433 MHz were 0.1 W, 0.5 W, 1 W, 1.2 W and 1.5 W, and for 868 MHz used
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Table 4.4: Summary of all simulation setups for head without helmet, torso
and head with helmet.

433 MHz 868 MHz 2400 MHz
Scenarios Mesh

Size
(Mil-
lions)

Simulation
Time
(Hours)

Mesh
Size
(Mil-
lions)

Simulation
Time
(Hours)

Mesh
Size
(Mil-
lions)

Simulation
Time
(Hours)

Head
with-
out
helmet

Free
Space

11 2-3 13.2 2-3 15 3-3.5

Tunnel 40 5-5.5 45.5 5.5-6 55 6-6.5
Tunnel
Arch

44 5.5-6 49 5.5-6 52 6-6.5

Stope 53 6-6.5 56 6.5-7 65 7.5-8

Torso
Free
Space

23 4-5 34 5-6 42 5.5-6

Tunnel 31 4.5-5 57 6.5-7 68 8-8.5
Tunnel
Arch

32 4.5-5 63 7-8 74 9-10

Head
with
helmet

Free
Space

12 2-3 14 2-3 18 3-3.5

Tunnel 26 3.5-4 38.5 4.5-5 48 6-6.5
Tunnel
Arch

33 4-5 40 5-5.5 55 6-6.5

Stope 35 4-4.5 48 5-5.5 61 7-8

transmit power levels were 0.1 W, 0.5 W, 1 W and 1.2 W, and transmit power

levels of 0.01 W, 0.05 W, 0.1 W, 0.15 W and 0.2W were used for 2400 MHz. Only

the Hugo model was used in this investigation.

4.9 Simulation Setup for Variation of Distance

SAR is also affected by distance between the vicinity environment and the elec-

tromagnetic source. The distance between the electromagnetic source and the

underground mine structure was varied in this simulation setup to investigate

variation of distance. In all previous simulations, the distance between the human

voxel model and boundaries of underground mine was kept as 100 mm which was

varied to 150 mm and 200 mm. The variation of SAR was investigated at 868 MHz

and 2400 MHz for head without helmet, torso and head with a helmet. Only Hugo

model was used in this investigation.
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Simulation Results and Discussion

In this chapter, the simulation results have been presented and discussed in detail.

The bar charts were used for the comparison of SAR values for different scenarios,

frequencies and human voxel models. The SAR analysis at different frequencies

led to recommendations concerning the best frequency to be used in terms of less

absorption in the human body. The SAR10g values were analysed on head without

helmet, torso and head with helmet for different scenarios and frequencies, which

are discussed in section 5.1, section 5.2 and section 5.3, respectively. In section 5.4,

the SAR values are discussed to find the maximum transmit power levels that can

be used in underground mines to rescue the miner after a disaster. The variation of

SAR values with different distances for different scenarios are analysed in section

5.5. Finally, in section 5.6, the results of this study are discussed and concluded.

5.1 SAR Analysis for Head without Helmet Scenario

The SAR values of human head for open space and three underground mine sce-

narios were compared at three different frequencies commonly used in underground

mines for wireless communication. In this study, the SAR value for 10g of tissues

was observed and denoted as SAR10g. To validate the results, the SAR values for

1g of tissues at all frequencies were analysed for different scenarios. The SAR1g

values on head without helmet for different scenarios and frequencies with both

voxel models are given in Appendix C. The SAR values for 1g of tissues were

found to have the same behavior to that of SAR values for 10g of tissues. It was

69
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observed that the simulated SAR10g values in open and underground mine scenar-

ios were under the limits prescribed by ICNIRP [67] and IEEE [25] at 433 MHz,

868 MHz and 2400 MHz. The SAR10g distribution in the head of Hugo and Tom

model was analysed at 2400 MHz, 868 MHz and 433 MHz in open space scenario

as shown in Fig. 5.1. The SAR distribution was different in Hugo and Tom model

due to the difference in the amount of tissues and mass of the body. The SAR

distributions for both voxel models were same in all underground mine scenarios

for all concerned frequencies i.e. 433 MHz, 868 MHz and 2400 MHz. It indicates

that the underground mine structure has no impact on the distribution of SAR on

the body of the miner working in underground mines. The SAR10g values of Hugo

and Tom head in open space scenario were found to be 1.5 W/Kg and 1.42 W/Kg,

respectively, which are close to each other. The SAR values in the head of Tom

model are slightly less than those in the head of Hugo model because the amount

of fat, muscle and other tissues were different in both voxel models, and varies

in human to human due to their different masses. When both the head models

were exposed to EMR in the confined environment of the underground mines, the

SAR values were found to be higher than those for the open space scenarios. From

this, one can conclude that the reflections from the boundary of the underground

mines are enhancing EMR exposed to the body and thus increasing the SAR

values. For all underground mine scenarios, the corresponding SAR values were

higher than those for the open space scenario at 2400 MHz, as shown in Fig. 5.2.

The SAR10g values of Hugo and Tom models for tunnel arch scenario were found

to be 1.6 W/Kg and 1.5 W/Kg, respectively, which were 10% and 8% higher from

the other mock mine and open space scenarios, respectively. It exhibits that the

metal arch reflects more electromagnetic signals, and results in additional EMR

absorption by the body of the miner. Thus, it can be concluded that the presence

of metal in underground mines increases the exposure of the miners to EMR. A

similar behavior was also observed for 868 MHz, where the SAR values for both

models were also found to be higher in all underground mine scenarios than those

in the open space scenario. In this case, the SAR10g values were maximum for

tunnel and tunnel arch scenarios in the head of Hugo and Tom models as shown



Chapter 5. Simulation Results and Discussion 71

(a) (b)
(c)

(d) (e)
(f)

Figure 5.1: SAR10g distribution in the head of hugo model at (a) 2400 MHz,
(b) 868 MHz and (c) 433 MHz, and in the head of Tom model at (d) 2400 MHz,

(e) 868 MHz and (f) 433 MHz.
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Figure 5.2: Comparison of SAR10g values in the head without helmet of both
models for different scenarios at 2400 MHz.
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Figure 5.3: Comparison of SAR10g values in the head without helmet of both
models for different scenarios at 868 MHz.

in Fig. 5.3. For tunnel arch scenario, the SAR10g values of Hugo and Tom were

4% and 5% higher than the open space scenario, respectively. The SAR10g values

for Hugo and Tom models at 868 MHz were less than those at the 2400 MHz with

the same transmit power defined for SAR evaluation i.e. 0.1 W. The difference

was due to the different penetration behavior of the electromagnetic waves at dif-

ferent frequencies in the surrounding environment and human body. It can also

be concluded that the electromagnetic signals at low frequency result in low SAR

values because of fewer reflections from the boundary of the underground mines,

but they have more absorption in the tissues deep inside the human brain.

Similarly, at 433 MHz, the SAR10g values for all underground mine scenarios were

very close to those for the open space scenario, as shown in Fig. 5.4. This was due

to the fewer reflections from the boundaries of the tunnel. It was observed that

when the lower frequency was used, it has less reflections from the vicinity envi-

ronment and hence, less absorption in the human body, however, the penetration

was deep inside the tissues of the human body. The absorption in the human body

at high frequency was more but has little penetration inside the body i.e. higher

frequencies mostly interact with the skin of the human body and closer tissues of
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Figure 5.4: Comparison of SAR10g values in the head without helmet of both
models for different scenarios at 433 MHz.

the skin. The SAR values at 433 MHz were lower than those at 2400 MHz and

868 MHz. Therefore, lower frequencies are better for usage in underground mines

in terms of better propagation and lesser health impact on the miners.

Table 5.1 shows the SAR10g values in different types of tissues of head in Hugo

model for all the frequencies under observation in this study. The head tissues

under observation were skin, fat, muscle, brain grey matter, brain white matter

and cerebrospinal fluid (CSF). It was observed that the SAR10g in the skin de-

creases as the transmit frequency of the source was lowered. This is due to EMR

penetration deep inside the body at lower frequencies, whereas the impact from

high frequencies remained concentrated near the skin. The SAR10g was higher for

lower frequencies in the inner and more sensitive tissues of the human head such

as CSF. The SAR10g distribution in CSF tissues for both models at 2400 MHz,

868 MHz and 433 MHz is shown in Fig. 5.5. It demonstrates that the SAR value

is higher at 433 MHz than the higher frequencies. In general, it is observed that

the SAR value is less for lower frequencies, but it has more impact in the tissues

inside the human brain, although all the SAR values are within the safety limits

prescribed by ICNIRP and IEEE.
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(a) (b) (c)

(d)
(e) (f)

Figure 5.5: SAR10g distribution in Cerebrospinal Fluid (CSF) for Hugo model
at (a) 2400 MHz, (b) 868 MHz and (c) 433 MHz, and for Tom model at (d)

2400 MHz, (e) 868 MHz and (f) 433 MHz.

Table 5.1: Variation of SAR10g in different tissues of the head of Hugo model
at different frequencies for open space scenario

Different Tissues of Head

Frequencies Skin Fat Muscle Brain white
matter

Brain grey
matter

CSF

2400 MHz 0.47 0.02 0.1 0.02 0.07 0.02

868 MHz 0.25 0.02 0.09 0.08 0.13 0.1

433 MHz 0.18 0.02 0.09 0.07 0.1 0.15

5.2 SAR Analysis for Torso Scenario

The SAR10g values on the torso of both voxel models, i.e. Tom and Hugo, for open

and underground mine scenarios are presented in this section. Firstly, the distri-

bution of power loss density on the torso of Hugo and Tom model at 2400 MHz,

868 MHz and 433 MHz was analysed, and shown in Fig. 5.6. The power loss

density determines the amount of power loss in the biological tissues. It exhibits
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that the power loss density was reduced as the low frequency electromagnetic sig-

nal was used, and resulted in lower values of SAR at low frequencies. The SAR

values corresponding to two underground mines scenarios i.e. tunnel and tunnel

arch were compared with the open space scenario. The SAR10g values for all un-

derground mine scenarios were higher than the open space scenario. It exhibits

that the reflections from the boundary of the tunnels and metal arch increase the

impact of EMR on the miner in confined environment of underground mine. All

the SAR10g values at 433 MHz, 868 MHz and 2400 MHz for torso were under

the safety limits prescribed by ICNIRP [67] and IEEE [25] for transmit power of

0.1 W. At 2400 MHz, the SAR10g values in the torso of Hugo and Tom for tun-

nel scenario were 5% higher than the open space scenario, as shown in Fig. 5.7.

These values are higher than those for the other scenarios due to more reflections

from the structure of the tunnel. The SAR1g values were also analysed on torso

for different scenarios in order to validate the results as given in Appendix D. A

similar behavior was observed for SAR with 10g and 1g of tissues on torso for

all scenarios. The SAR10g value for torso of Tom was higher than that for torso

of Hugo due to different amount of tissues and masses of the human body. The

comparison of SAR10g values for torso in the open and underground mine scenarios

at 2400 MHz is shown in Fig. 5.7.

The behavior observed for different scenarios at 848 MHz was similar to that at

2400 MHz. At 868 MHz, the SAR10g values for underground mine scenarios were

higher than the open space scenarios. The SAR10g values in torso of Hugo and

Tom models for tunnel arch scenario were 3% and 4% higher than the open space

scenario, respectively, as shown in Fig. 5.8. Also, at 868 MHz, the SAR10g values

for different scenarios are less than the SAR values for corresponding scenarios at

2400 MHz.

A similar behavior was observed for different scenarios at 433 MHz. The SAR10g

values at 433 MHz for tunnel arch scenario was higher than those for the tunnel

and open space scenarios. Also, the SAR values at 433 MHz for different scenarios

are less than those for 868 MHz and 2400 MHz. The difference in SAR values

between underground and open space scenarios gets reduced as a lower frequency
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(a) (b) (c)

(d) (e) (f)

Figure 5.6: Power loss Density (W/m3) in the torso of Hugo model at (a)
2400 MHz, (b) 868 MHz and (c) 433 MHz, and in the torso of Tom model at

(d) 2400 MHz, (e) 868 MHz and (f) 433 MHz.
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Figure 5.7: Comparison of SAR10g values in the torso of both models for
different scenarios at 2400 MHz.
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Figure 5.8: Comparison of SAR10g values in the torso of both models for
different scenarios at 868 MHz.

was used because the lower frequency signals have lesser reflections from the sur-

rounding environment. The penetration of EMR inside the body at low frequency

is higher than that for high frequency. Consequently, at low frequency, the impact

of EMR on the organs inside the human torso is more profound than that for the

higher frequencies, which contributes to the elevation of the core temperature of

the human body. The comparison of SAR10g values at 433 MHz for torso in the

open and underground mine scenarios is shown in Fig. 5.9.

Table 5.2 shows the variation of SAR in different tissues of torso of Hugo model

for all frequencies under consideration in this study. The SAR10g at 2400 MHz in

the skin was higher than its value at 433 MHz, whereas, the SAR values for the

organs inside of the torso such as kidney, small intestine and spleen, were higher at

433 MHz than the corresponding values at higher frequencies. It verifies that the

absorption of EMR was deep inside the tissues of the torso at lower frequencies.
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Figure 5.9: Comparison of SAR10g values in the torso of both models for
different scenarios at 433 MHz.

Table 5.2: Variation of SAR10g in different tissues of the torso of Hugo model
at different frequencies

Different Tissues of Torso

Frequencies Skin Fat Muscle Small
Intestine

Kidney Spleen

2400 MHz 0.58 0.03 0.02 2.7× 10−4 7.8× 10−5 8.6× 10−5

868 MHz 0.42 0.02 0.04 5.8× 10−3 2.1× 10−3 7.4× 10−3

433 MHz 0.26 0.02 0.05 0.015 9.7× 10−3 3.4× 10−3

5.3 SAR Analysis for Head with Helmet Scenario

For the case of human head with a helmet, the SAR values at 2400 MHz for

underground mine scenarios were closer to those for open space scenario. Each

simulations was performed twice and repeated the same results. The helmet layer

absorbs some of the EMR and provides shielding from the radiations. The com-

parison of SAR values at 2400 MHz for different scenarios and for both voxel

models is shown in Fig. 5.10. The SAR10g values for Hugo and Tom model in

stope scenario were 8% and 7% higher than the open space scenario, respectively.

It was observed that the SAR values in both voxel models for different scenarios
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Figure 5.10: Comparison of SAR10g values in the head with helmet of both
models for different scenarios at 2400 MHz.

were lower in case of head with helmet than those for head without helmet. This

is due to the difference in the distance between the boundary of helmet and the

dipole antenna. Moreover, when the dipole antenna was placed on the outside,

it increases the distance between the head and the antenna which results in the

low level of impact to the miner. The SAR values in the head of Tom model for

all scenarios were less than those in the head of Hugo model. This is due to the

fact that the standard size of the helmet was used in the analysis, which results

in more space between the head and the helmet for Tom because of his smaller

head than Hugo. Therefore, the smaller head has more safety from the exposure

of EMR when the wearable device is mounted on the outside of the helmet.

The SAR10g values at 868 MHz for the head with a helmet were higher in all un-

derground mine scenarios than those in the open space scenario. For tunnel arch

scenario, the SAR10g values for Hugo and Tom model were 17% and 6% higher

than the open space scenario, respectively, as shown in Fig. 5.11. It implies a

similar conclusion that the presence of metal increases the reflections in a confined

space of the underground mines, which causes a higher absorption of EMR in the

head of the miner. The SAR values in the head of Tom model were lower than
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Figure 5.11: Comparison of SAR10g values in the head with helmet of both
models for different scenarios at 868 MHz.

those in the head of Hugo model due to the difference in the distance between the

antenna and the head model.

A similar behavior was observed at 433 MHz. The SAR10g values for the tunnel

arch scenario were higher than those for the open space and other underground

mine scenarios, as shown in Fig. 5.12. It can be observed from the figure that the

SAR values at 433 MHz in both voxel models are comparable as the penetration

inside the body at lower frequency is higher.

Therefore, the helmet is providing less safety than the amount of protection pro-

vided by the helmet for the case of the higher frequency. The SAR values are less

for the head with a helmet which affirms that the presence of the helmet provides

safety from the EMR. Thus, the outer surface of the helmet is the better location

to mount the antenna on the head, which would provide more safety from the

exposure to EMR in the underground mine scenarios. In order to enhance safety

from EMR in underground mines, a shielding on the helmet can be used to provide

more safety in terms of EMR exposure to the miner. The SAR1g values for all fre-

quencies were also analysed on head with helmet for different scenarios to validate

the results as given in Appendix E. A similar behavior for SAR values averaged
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Figure 5.12: Comparison of SAR10g values in the head with helmet of both
models for different scenarios at 433 MHz.

using 1g of tissues was concluded for all scenarios with both voxel models.

5.4 SAR Analysis for Different Power Levels

In case of a mine disaster, it is crucial to track the location of the miners trapped

inside the collapsed mine. Generally, in this scenario, the communication between

the miner and control room is lost due to which it takes a lot of time for the rescue

teams to locate the trapped miners. Some recent studies [5] have suggested mak-

ing use of wearable devices to track the miners in case of a mine disaster. These

wearable devices could be made to increase the power level to restore communi-

cation, which may be blocked because of heaps of rock and debris. Therefore, it

is vital to investigate the maximum power levels that can be used in underground

mines in such scenarios. These maximum transmit power levels will be used for

a brief interval of time in case of loss of communication with the miner after a

disaster in underground mines. A small impact of EMR on the health of miner

can be disregarded for that brief interval of time so as to save the life of the miner.

Further research needs to be done in this direction to find out the interval and
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the maximum level of the transmit power that could be used in such scenarios

without causing severe damage to the miners, but that is out of the scope for this

dissertation.

In this study, different power levels were investigated with Hugo voxel model for

their SAR impact on head and torso. The reference levels for the transmit power

provided by the regulatory body of South Africa i.e. ICASA (Independent Com-

munications Authority of South Africa) at 433 MHz, 868 MHz and 2400 MHz were

used in this study. The SAR10g values were evaluated at different power levels for

head and torso, and the results are explained below.

For Head: The power levels used for head at 2400 MHz were 0.01 W, 0.05 W,

0.1 W, 0.12 W and 0.15 W. The variation of SAR10g on the head at 2400 MHz

with different power levels for open space, tunnel arch and stope scenarios is shown

in Fig. 5.13. As it can be seen from the figure, the SAR threshold of 2 W/Kg,

as prescribed by IEEE and ICNIRP, gets violated at the transmit power level

of 0.12 W for 2400 MHz. Therefore, the maximum transmit power that can be

used in underground mines at 2400 MHz should be less than 0.12 W in case of

a disaster when wearable device is mounted on the head of the miner. Also, the

recommended maximum transmit power level should preferably be used for brief

durations so as to cause minimal health damage during the rescue operation to

track the location of the miner in collapsed mine scenario.

Similarly, for 868 MHz, the SAR values for the power levels of 0.1 W, 0.3 W and

0.5 W were investigated to find the maximum transmit power levels that can be

used in underground mines. The variation of SAR10g at different power levels for

open space, tunnel arch and stope scenarios is shown in Fig. 5.14. The maximum

transmit power level, as per the regulatory authorities, is 0.1 W at 868 MHz, which

is used for communication in underground mines in normal scenarios. However,

in case of a disaster and loss of communication, a maximum transmit power of

0.3 W can be used for communication at 868 MHz without causing damage to

the miners in terms of SAR when wearable device is mounted on the head of the

miner working in underground mine.

Similarly, the SAR10g variation at power levels of 0.1 W, 0.5 W, 1 W and 1.2 W
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Figure 5.13: Variation of SAR10g in the head for different power levels and
scenarios at 2400 MHz.
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Figure 5.14: Variation of SAR10g in the head for different power levels and
scenarios at 868 MHz.
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were investigated for the transmit frequency of 433 MHz. The SAR10g values in

the head of Hugo model for open space, tunnel and stope scenario is shown in Fig.

5.15. It can be seen from the figure that in case of head the prescribed SAR10g

threshold gets violated at a power level of 1 W. Therefore, it is recommended that

the maximum power level of 1 W should be used in underground mines at 433 MHz

in case of a disaster when the device is mounted on the head of the miner.

For Torso: A similar approach has been used to investigate the maximum
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Figure 5.15: Variation of SAR10g in the head for different power levels and
scenarios at 433 MHz.

transmit power levels that can be used without having adverse health impact on

the torso of the miner in underground mines. At 2400 MHz, the same reference

transmit power level of 0.01 W was used and increased till it violated the SAR

threshold prescribed by ICNIRP [67] and IEEE [25]. The different power levels

used in this investigation were 0.01 W, 0.05 W, 0.1 W, 0.15 W and 0.2 W. The

results show that a maximum transmit power level of 0.2 W can be used without

causing health risks, in terms of SAR, to the torso in underground mines, as shown

in Fig. 5.16. In comparison with the results for the head, the SAR for the torso

violated the SAR threshold at a higher power level which suggests that the torso

is a better location to mount the wearable device on the human body.

Similarly, the SAR10g in the torso were also investigated for 868 MHz using sim-

ilar parameters to the ones used for head at 868 MHz. The variation of SAR with
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Figure 5.16: Variation of SAR10g in the torso for different power levels and
scenarios at 2400 MHz.

different power levels at 868 MHz is shown in Fig. 5.17. It was recommended

that a maximum transmit power level of 1 W can be used for the wearable device

mounted on the torso in case of a disaster in underground mine. The maximum

power level that violate the SAR limits is higher for the torso than those for the

head which again recommends that the torso is a better location than the head to

mount wearable devices in underground mines.

A similar values for transmit power level and scenarios were used for the case of

head at 433 MHz. The results show that at the transmit power level of 1.2 W, the

SAR10g threshold were violated, as shown in Fig. 5.18. Therefore, a maximum

power level of 1.2 W can be used when the wearable device is mounted on the

torso of the miner at 433 MHz for a short duration in case of no communication

with the miner during a collapse in underground mines.

5.5 SAR Analysis for Variation of Distance

In a confined environment, the strength of the reflections from the surrounding

environment mainly depend on the distance between the source and the reflectors.

The effect of EMR depends on the distance between the surrounding environment
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Figure 5.17: Variation of SAR10g in the torso for different power levels and
scenarios at 868 MHz.
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Figure 5.18: Variation of SAR10g in the torso for different power levels and
scenarios at 433 MHz.

and the human body. It also depends on the distance between the antenna and

human body but it was fixed to 10 mm in all simulations according to the IEEE

standard [23]. In underground mines, the distance between the boundaries of the

underground structure and the miner is inconsistence. Therefore, the SAR was

analysed for a variation of distance between the surrounding environment and

body of the miner. In all previous simulations for underground mine scenarios,
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Table 5.3: Variation of SAR10g in head without helmet, torso and head with
helmet for different underground mine scenarios and distances at 2400 MHz

Distance (mm)

Underground Mine
Scenarios

100 150 200

Head without
helmet

Tunnel 1.6 1.52 1.45

Stope 1.59 1.59 1.52

Torso
Tunnel 1.06 0.96 0.91

Tunnel Arch 1.02 0.88 0.88

Head with
helmet

Tunnel 1.38 1.33 1.27

Stope 1.4 1.39 1.32

the distance between the boundaries of the underground mine and the voxel model

was kept at 100 mm to evaluate worst-case SAR, and this distance was varied to

150 mm and 200 mm in this analysis. The SAR10g was analysed for the head with-

out helmet, torso and head with helmet scenarios using Hugo model at 2400 MHz

and 868 MHz. In this analysis, two different mock mine scenarios with higher

SAR values were considered. The results showed, as expected, that the SAR val-

ues decreased as the distance between boundaries of the underground mine and

human voxel models was increased. Table 5.3 shows the variation of SAR values

for different distances at 2400 MHz. The SAR10g value at 868 MHz in the head

without helmet for 100 mm was 0.46 W/Kg, and for 200 mm the SAR10g value

was observed to be 0.40 W/Kg, as shown in Table 5.4. The smaller SAR values

were because of reduced strength of the reflections from the boundaries of the

underground mines. It was also observed that the SAR values for 200 mm were

approximately equal to the open space scenario for most of the scenarios, which

indicates that the EMR exposure to the miner in underground mines is higher

than the open space scenario if the distance between the boundaries of the under-

ground mine and the human body is less than 200 mm. A similar behaviour was

also observed in torso and head with helmet for different mock mine scenarios at

2400 MHz.

A similar approach was used for the investigation of different distances at 868 MHz

in the head without helmet, torso and head with helmet for different mock mine
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scenarios. A similar behaviour was concluded that the impact of EMR on the miner

is higher than the open space scenario when the distance between the boundaries

of the underground mine and body of the miner is less than 200 mm. Table 5.4

shows the variation of SAR with distance at 868 MHz.

Table 5.4: Variation of SAR10g in head without hemet, torso and head with
helmet for different underground mine scenarios and distances at 868 MHz

Distance (mm)

Underground Mine
Scenarios

100 150 200

Head without
helmet

Tunnel 0.46 0.41 0.40

Stope 0.45 0.42 0.42

Torso
Tunnel 0.2 0.17 0.16

Tunnel Arch 0.2 0.17 0.16

Head with
helmet

Tunnel 0.48 0.43 0.43

Stope 0.43 0.41 0.41

5.6 Discussion

In this study, SAR was investigated for wearable devices in underground mines to

analyse the impact of EMR on the health of the miners. In addition, SAR analysis

was also used to determine the better location on the miner’s body for mounting

of the wearable device. The impact of different type of antennas, orientation and

polarization of the antenna was not in the scope of this study. It was challenging

to acquire the properties of the ores present in the underground mines. Therefore,

the Wits mock mine tunnel and stope was modelled to investigate the EMR ex-

posure to the miner in underground mine. Different underground mine scenarios

for head and torso were modelled to evaluate the SAR on different parts of the

human body. Some of the frequencies suitable for wearable wireless devices i.e.

433 MHz, 868 MHz and 2400 MHz were considered in this study.

It was observed that for all underground mine scenarios, the SAR10g values on

head without helmet, torso and head with the helmet were higher at least 3%
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than for the open space scenario which suggests that the miner has more exposure

to EMR when present in the underground mine environment. The impact of EMR

on the miner in terms of SAR was most significant in the stope scenario, which is

the most confined space of the underground mine and it is challenging to track the

location of the miner in such confined spaces. When the head and the torso were

exposed to EMR, the SAR10g values for torso were less than those for the head

with the same transmit power of 0.1 W used for communication. Therefore, it

can be suggested that torso is a better place to mount the wearable devices on the

body of the miners in underground mines. The SAR10g value was also investigated

in the head with a helmet in order to compare corresponding values in the head

without helmet. The SAR values at 2400 MHz and 868 MHz for the head with

helmet scenario were 18% and 11% lower in comparison with the direct exposure

of EMR to the head without helmet, respectively. It exhibits that the layer of

the helmet between the antenna and biological tissues reduces the exposure to

EMR and provide safety in underground mines. Consequently, it can be suggested

that it is better to mount the wearable device on the outside of the helmet, if

the device is to be mounted on the head. Moreover, additional shielding can be

designed inside the helmet to further reduce the impact of EMR on the miner in

underground mines. The SAR values for torso were lower than those for the head

with a helmet which confirms that the torso is an even better location to mount

these devices on the human body.

The best frequency with minimum SAR values was investigated for head without

helmet, torso and head with helmet in all underground mine scenarios. The SAR

values suggested that the low frequencies have low absorption in the human body

and less reflections from the surrounding environment. The SAR values were min-

imum at 433 MHz for head without helmet, torso and head with a helmet for all

underground mine scenarios, but lower frequencies have more penetration inside

tissues of the human body. The low frequency has a lower SAR, but the deep

penetration can also affect the sensitive tissues and organs of the human body,

such as CSF in case of the human brain. It can also contribute to elevate the core

temperature of the human body. The absorption at high frequencies is limited to
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region near the skin, and these frequencies are reflected more by the surrounding

environment. Therefore, there is a trade-off in the selection of the frequency used

in underground mines. The low frequencies are good for the propagation of the

electromagnetic waves in underground mines and for smaller SAR values but they

tend to penetrate deep inside the body in comparison to higher frequencies whose

impact is limited near to the skin. Further investigation is required for low fre-

quencies to determine the elevation in the core temperature of the miner which

was not in the scope of this study.

The maximum power levels were also investigated for use in case of no commu-

nication with the miner in collapsed mine scenarios. These power levels were

recommended on the basis of the SAR guidelines provided by ICNIRP and IEEE.

The power levels were investigated for head without helmet and torso at 433 MHz,

868 MHz and 2400 MHz in a one-by-one manner. It is recommended that in case

of head without helmet the maximum transmit power levels of 1 W, 0.5 W and

0.12 W can be used at 433 MHz, 868 MHz and 2400 MHz, respectively for a short

duration of time, without having a significant impact on the health of the miner to

rescue the miner in a disaster scenario. Similarly, the SAR analysis has suggested

that a maximum power level of 1.2 W can be used at 433 MHz and 868 MHz if

the wearable device is mounted on the torso of the miner. For similar disaster

scenarios, at 2400 MHz a maximum transmit power level of 0.2 W can be used if

the device is mounted on the torso, without having a health impact on the miner

in terms of SAR.

Lastly, the variation of SAR with the different distances of 150 mm and 200 mm

was analysed. The variation of SAR was analysed on the head without helmet

and torso for different scenarios at 868 MHz and 2400 MHz. It was observed that

the SAR10g values decreased as the distance between the boundaries of the under-

ground mine and the voxel model was increased. It was suggested that the impact

of EMR on the miner in terms of SAR is higher than the open space environ-

ment if the distance between the boundaries of the underground mine and miner

is less than 200 mm. Therefore, the miner has a higher impact of EMR in the

confined environment of the underground mine, especially in the narrow stopes of
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the underground mines.



Chapter 6

Conclusion and Future Work

6.1 Conclusion

In underground mines, different wearable devices are being used to communicate

with the miner. Different frequencies and power levels are used for communication

in these wearable devices. The use of wearable devices in the confined space of

underground mines has increased the public concern to investigate the impact of

EMR on the health of the miners in underground mines. To the best knowledge

of the author, no study has been reported to analyse the effect of electromagnetic

signals in underground mines for wearable devices. The objective of this study

was to investigate the EMR impact on the head and torso of a miner working in

an underground mine. The maximum power levels that can be used, in case of loss

of communication with the miner after a disaster, have also been investigated for

commonly used frequencies of 433 MHz, 868 MHz and 2400 MHz. In this study,

two high-resolution voxel models have been used to estimate the impact of EMR

at different frequencies. Different underground mine scenarios have been modelled

similar to the Wits mock mine for head and torso as it is challenging to acquire

the properties of the rocks and the ores present in the underground mines. SAR

was investigated for a transmit power of 0.1 W and using the IEC/IEEE 62704-1

SAR averaging method [23].

The human head was evaluated with three different underground mine scenar-

ios, and results are compared with the open space scenario at the frequencies of

433 MHz, 868 MHz and 2400 MHz. It is observed that the EMR absorption in

92
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the human head is less at lower frequencies. However, the penetration of the elec-

tromagnetic waves is deeper, which can affect the sensitive organs inside the body

and thus elevate the core temperature of the body. It is also concluded that the

presence of the metal in underground mines enhances the impact of EMR.

The EMR impact on the torso is evaluated for different underground mine and

open space scenarios at 433 MHz, 868 MHz and 2400 MHz. A comparison of SAR

values for the two high-resolution voxel models has been used for validation of the

analysis. It has been observed that the SAR values are lower in the torso than

the head and less for lower frequencies. Therefore, it has been recommended that

the torso is a better location on the miner’s body for placement of the wearable

devices in underground mines.

A hard head helmet was also modelled, and the SAR impact on the head in this

case has been analysed. The SAR values on the head with the helmet were found

to be lower than the SAR values for the case of head without helmet. Therefore,

it is suggested to mount the wearable device on the outside of the helmet, if the

device is to be mounted on the head. Moreover, the shielding can be provided to

reduce the exposure of EMR on the head with a helmet. It was also recommended

to use lower frequencies in underground mines as lower frequencies provide less

exposure of EMR to the miner, and has less interaction with surrounding environ-

ment of the underground mines, and thus provide better communication.

The maximum transmit power levels for head and torso have been investigated for

use in case of no communication with the miner. These power levels are recom-

mended in order not to violate the SAR threshold prescribed by ICNIRP [67] and

IEEE [25]. A maximum transmit power of 1 W, 0.5 W and 0.12 W is recommended

at 433 MHz, 868 MHz and 2400 MHz, respectively, for a wearable device to be

mounted on the head. Similarly, the recommended maximum transmit power level

for torso at 433 MHz and 868 MHz is 1.2 W, and at 2400 MHz is 0.2 W.

Lastly, the variation of SAR with different distances was investigated on head

without helmet and torso at 868 MHz and 2400 MHz for different underground

mine scenarios. It was concluded that the impact of EMR on the miner was

higher when the distance between the boundaries of the underground mine and
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voxel model was less than 200 mm. Therefore, the miner has higher exposure of

EMR than the open space environment when the distance between the wearable

device and boundaries of the underground mine is less than 200 mm.

6.2 Future work

In this study, the variation of SAR for different types and orientations of the

antenna has not been evaluated. This work can further be continued by studying

the impact of EMR on the miner using different antennas and their orientation.

In underground mines, these wearable devices will be used for a long duration of

5 to 6 hour shift/day. The impact of EMR concerning the time of exposure was

not investigated in this dissertation, but can be worked upon as part of future

continuation of this work. The impact of EMR on the human body results in

elevating the core or local temperature of the body. Moreover, the underground

mine environment has high temperatures, and continuous working of the miner

can elevate the temperature of the body of the miner. It is thus recommended

to study the impact of EMR in terms of elevation of temperature of the tissues

especially in the high-temperature environment of underground mines.
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Table 1: Chronological record of studies using medical approach.

Reference/
year

Methodology Frequency Form of EMR Exposure Duration Observed/ Mea-
sured SAR (W
Kg−1)

Effect reported

[42]/ 1997 In-vivo (rat whole body) 915 MHz Continuous and pulsed
wave

2 - 960 min - both CW and pulsed have effect on BBB (blood
brain barrier.)

[41]/ 2008 In-vivo (rat whole body) 900 MHz GSM 2 h/week, 55 weeks 0.0006 Reduced memory functions.

[39]/ 2009 In-vitro 915 MHz,
1947 MHz

GSM,UMTS 24, 72 h 0.037 DNA repair mechanism in humans.

[44]/ 2010 In-vitro 900 MHz CW 14 days, 5, 10, 20 min
per day

- DNA damage in human glial cells.

[40]/ 2010 In-vivo (rat whole body) 2450 MHz 50 Hz Modulation 2 h/day, 35 days 0.11 DNA double strand breaks in brain cells.

[43]/ 2010 In-vivo (tadpole of frog) 88.5-1873.6
MHz

Cell phone BS emission 2 months - Retarded development.

[1]/ 2016 Survey (Doctors and radiol-
ogists)

- wireless communication - - brain tumor, male infertility and fetus.

[38]/ 2017 In-vivo (Honey Bee) - Cell Phone Tower 15 days - Apis cerana colonies were most affected by the
EMR emitted by cell phone tower.

[37]/ 2019 In-vivo (Mice) 5 GHz Different radiated power 60 days - Microwave radiation has harmful effect of physio-
logical and on reproductive system.
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Table 2: Chronological record of studies using engineering approach.

Reference/
year

Frequency Methodology Antenna Type Human Models Important results

[48]/ 2007 835 MHz FDTD code Half wavelength dipole Custom model Presence of metal body in vicinity changes the SAR distribution.

[54]/ 2011 835 & 1900 MHz Simulations Monopole, PIFA SAM phantom, European and
Korean child model

SAR varies with respect to the type of tissues in the body.

[51]/ 2011 900 MHz FDTD simulation, MAP-
SAR2 measurements

Dipole Spherical phantom Metallic wall increases the SAR value and depend on the distance
and geometry of the wall.

[45]/2012 2-6 GHz New method was proposed
for Measurements of SAR

Dipole Custom phantom Proposed method is independent of frequency.

[70]/ 2012 900 MHz Fidelity software Dipole Custom phantom SAR values are much higher than the free space.

[50]/ 2013 4 GHz CST simulation - Hugo Voxel model SAR varies with input power, orientation of antenna and signal
bandwidth.

[53]/ 2015 0.9, 1.8 GHz CST simulation Dipole, PIFA Gustav Voxel model Zip increases the SAR value whereas coin reduces the SAR value.

[26]/ 2015 900 MHz SAMCADX simulation Cell phone antenna Different baby, male & female
models

SAR values are higher in baby than the adult models.

[71]/ 2015 920 MHz HFSS simulation PIFA Custom Phantom SAR value increases with the increase in the size of the head.

[72]/ 2017 0.9 & 2 GHz XFdtd simulation CAD model of mobile phone Japanese male & female model SAR is higher in male model, SAR is higher at tilt angle.

[46]/ 2017 above 300 MHz Measurements Dipole Custom phantom Proposed method shows deflection of 10% to 20%.

[73]/ 2018 890 MHz HFSS simulation Commercial mobile phone High resolution CAD models SAR values are higher in CSF.

[47]/ 2018 below 6 GHz Simulation Dipole TARO & custom model No clear trend in temperature elevation with SAR.

[74]/ 2018 2.1 GHz CST simulation Dipole Custom Phantom Electromagnetic band gap reduces the SAR values.

[59]/ 2018 780, 900, 1800,
2100 & 2500
MHz

CST simulation, Measure-
ment

Plane wave source Hugo, custom phantom SAR is smaller than unity.

[75]/ 2018 1.8 & 2.3 GHz CST simulation Rectangular patch SAM phantom SAR is higher at 2.3 GHz than at 1.8 GHz.

[76]/ 2019 700 to 2700 MHz Simulations – Duke human model SAR provides a better correlation with temperature compared to
VAR for short exposures.

[77]/ 2019 28 GHz CST simulation Beam steering patch array,
dipole & plane wave

High resolution custom phantom Few square centimeters area is a good candidate for spatial average
power density.
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Appendix C

Analysis of SAR1g for head without helmet

The SAR1g values are analysed on head without helmet for different scenarios

at 2400 MHz, 868 MHz and 433 MHz in Fig. 1, Fig. 2 and Fig. 3, respectively.

The SAR values are compared for both voxel models i.e. Hugo and Tom models.
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Figure 1: Comparison of SAR1g on head of both models without helmet for
different scenarios at 2400 MHz.
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Figure 2: Comparison of SAR1g on head of both models without helmet for
different scenarios at 868 MHz.

Hugo Tom
0

0.1

0.2

0.3

0.4

S
A

R
1
g

(W
/K

g)

Human voxel models

Open Space Scenario Tunnel Scenario Tunnel Arch Scenario Stope Scenario

Figure 3: Comparison of SAR1g on head of both models without helmet for
different scenarios at 433 MHz.



Appendix D

Analysis of SAR1g for torso

The SAR1g values are analysed on torso for different scenarios at 2400 MHz,

868 MHz and 433 MHz in Fig. 4, Fig. 5 and Fig. 6, respectively.
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Figure 4: Comparison of SAR1g on torso of both models for different scenarios
at 2400 MHz.
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Figure 5: Comparison of SAR1g on torso of both models for different scenarios
at 868 MHz.
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Figure 6: Comparison of SAR1g on torso of both models for different scenarios
at 433 MHz.



Appendix E

Analysis of SAR1g for head with helmet

The SAR1g values are analysed on head with helmet for different scenarios at

2400 MHz, 868 MHz and 433 MHz in Fig. 7, Fig. 8 and Fig. 9, respectively.
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Figure 7: Comparison of SAR1g on head of both models with helmet for
different scenarios at 2400 MHz.

113



Appendix E 114

Hugo Tom
0

0.2

0.4

0.6

0.8

S
A

R
1g

(W
/K

g)

Human voxel models

Open Space Scenario Tunnel Scenario Tunnel Arch Scenario Stope Scenario

Figure 8: Comparison of SAR1g on head of both models with helmet for
different scenarios at 868 MHz.
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Figure 9: Comparison of SAR1g on head of both models with helmet for
different scenarios at 433 MHz.
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