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Abstract

Underground mining accidents have the potential of leaving miners trapped in unknown and life-threatening locations for an
extended period of time. The lives of the trapped and unaccounted-for miners are at risk and require emergency rescue. But, the
primary tracking systems are highly susceptible to damage during accidents and are most likely to be defunct and inoperable
post-accident. This prompted the need for a robust and reliable post-accident communication and locator system. Subsequently,
the through-the-earth (TTE) communication systems were developed and tested in underground mines. Under ideal conditions,
these systems are capable of post-accident full-duplex two-way voice, text, and data communication and fingerprint detection of
the geolocations of the trapped miners. This is achieved through a wireless link established by the transmission of electromag-
netic and seismic waves between surface and underground, even in challenged underground environments. Unlike the primary
tracking systems, the TTE communication systems do not require extensive shaft-to-workplace backbone infrastructure. This
has made the TTE systems to be less susceptible to damage and therefore suitable for post-accident communication. Instead,
the Earth’s crust acts as the signal transmission medium which forms an uplink and downlink communication path. This is
achieved by injecting an electric current into the ground using electrodes, by transmitting magnetic fields from a radiating
loop antenna, or by inducing fingerprint geolocations using seismic waves. Range and data rates are the critical requirements
for the effectiveness of these systems and are dependent on factors such as the antenna design, frequency, and rock properties.
This study provides a review of the applications of the different types of TTE communication systems, their evolution, factors
that affect them, and techniques for improving their efficiencies and capabilities. These systems present the mining industry
with an opportunity to improve safety by providing post-accident communication and locating trapped miners as quickly as
possible. This will improve their survival chances and ultimately reduce fatality rates in the mining industry.
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1 Introduction remain operational post-accident. Subsequently, the through-

the-earth (TTE) communication systems became the solu-

Miners can survive the initial event of an accident but
become trapped or lost in unknown and life-threatening
locations underground. At this point, the locations of the
trapped miners are of utmost importance as a matter of life
and death, and emergency rescue is urgently required in
order to save the survivors. During an accident, the primary
tracking systems are likely to be damaged due to their exten-
sive infrastructure installed underground. This prompted the
need to develop a system that can survive an accident and
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tion for post-accident communication. These systems are
less likely to be impacted and damaged by accidents and
thus can remain operational post-accident, and available for
use by the trapped miners [1]. This is because they make use
of minimal infrastructure as they do not require the instal-
lation of extensive backbone infrastructure from surface to
shaft and to the working face. These systems provide post-
accident communication between surface and underground
through the transmission of signals through the Earth’s crust
wirelessly. The TTE communication systems are divided
into electromagnetic and seismic waves (Fig. 1). The TTE
electromagnetic wave communication system is further
divided into magnetic inductive (longer and shorter range)
and electrode-based signal-transmission mechanisms.
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Fig. 1 Classification of through-
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Both the magnetic inductive and electrode-based systems
are capable of two-way voice, text, and data communication
with the trapped miners, while the seismic wave system makes
use of seismic wave fingerprinting to triangulate the locations
of trapped miners. These systems are based on the transmis-
sion of magnetic field or electric field at low frequency (LF)
(30-300 kHz), very low frequency (VLF) (3 to 30 kHz),
voice or ultra-low frequency (ULF) (300 Hz to 3 kHz), and
extremely-low frequency (ELF) (30 to 300 Hz), wirelessly
through rock [2]. This is achieved through a wireless uplink
and downlink that makes use of the earth as the transmission
channel. At higher frequencies, the electromagnetic waves
begin to experience high attenuation rates and cannot be effi-
ciently transmitted through rock [3, 4]. The transmission of
signals is more difficult than it is to detect them. As a result,
the high attenuation rates can result in poor to no communica-
tion and a very limited range. Hence, the earliest research in
this field focused on mechanisms and techniques to overcome
the high attenuation effects [5—7]. The use of lower frequency
signals, generally below 10 kHz, was the first option to mini-
mize the high attenuation rates within a dissipative medium
[8], due to the Earth’s skin depth effect, which limits the range
of communication. Although the lower frequency signals have
a better penetration through the earth, their data transmission
rates are reduced. This is especially due to the heterogeneous
and anisotropic nature of the rock. The skin depth increases
with an increase in the conductivity of the earth and the fre-
quency of the signals. Apart from attenuation, several other
factors that affect the signal transmission through rock were
identified, including signal pathloss due to scattering, reflec-
tion and diffraction, and external noises and interferences.
For example, external or electrical noises from the mine can
cause interferences with the signals. The noise effects are
well studied by Hjelmstad and Ackerson [9] in their devel-
oped TTE electromagnetic waves fire warning alarm system.
They developed a unidirectional TTE system that could only
achieve one-way text communication for emergency fire warn-
ing alarm and evacuation. However, recently developed TTE
systems are capable of bidirectional and full-duplex voice,
text, and data transmission.

Research pertaining to the possibility of transmitting elec-
tromagnetic waves through the earth dates back to the work
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that was conducted by Nicola Tesla as early as 1899 [10]. This
was after the earth was discovered to be electrically conductive,
meaning that it can absorb and scatter radio waves. The research
indicated that the signals can be transmitted and received for up
to 20 km subsurface. This fuelled further research in the 1920s
to evaluate other factors that influence the transmission of elec-
tromagnetic waves through rock [11-13]. This included factors
such as variations in the conductivity and dielectric properties
of the rock (Fig. 2). The finite electrical conductivity of the earth
can range from 0.1 to 10 mS/m for dry and wet rock, respectively
[14]. Research did not only focus on the factors that can affect
but also on those that can enhance the transmission efficiencies
[15-17]. Considerations were made on the permittivity and the
permeability of the rocks, as well as the possibilities of the pres-
ence of metallic conductors such as steel columns and cables.
Radio communication occurs in the near-field region where
electric and magnetic dipole antennas can be used to trans-
mit signals. In this region, the electromagnetic waves are
quasi-static with a dominance of capacitance and inductance
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effects than radiation. The electromagnetic waves are transmit-
ted by magnetic, electric, or current flux, on the assumption
that a conductive rock is semi-infinite and homogenous. The
magnetic systems rely on the generated magnetic flux density,
while the electrode-based systems rely on current flux density.
The magnetic flux is generated by current flowing through the
loop of the antenna, while current flux density is generated
by a pair of electrodes buried in the ground. An electric flux
is generated from electrodes carrying steady current but is
rarely used in the TTE communication systems. The three
basic types of antenna according to the field strength gener-
ated are summarized in Table 1 based on their field strength
and the respective antenna flux density that they generate.

2 Evolution of the TTE Communication
Systems

The research on TTE communication systems was focused
on developing a system for locating trapped miners based on
radio communication within the Earth’s crust [18]. Although
the bulk of the research was conducted by the United States
Bureau of Mines (USBM), the first-ever successful system was
eventually developed in South Africa in the 1940s [19]. This
encouraged further research and development work which con-
tinued in the underground ultra-deep gold mines [20-23].
Research in this field was already making significant advances
around the world. In the 1950s, researchers succeeded in devel-
oping trapped miner locator prototypes for deep underground
mines [24-34]. This was followed by continuous trials and
tests of their prototypes, some of which were successful and
others unsuccessful. Further research and modifications were
continuously made to improve these systems. It was in the
1970s that some USBM-sponsored research made some sig-
nificant advancements [35-38]. This research has since been
transferred to the National Institute of Occupational Safety
and Health (NIOSH) at the Centers for Disease Control and
Prevention (CDC) in the United States of America. But, some
work on this topic is also currently being done in other coun-
tries such as China [39]. In 2012, Yenchek et al. [40] provided
a status report on field test findings from several prototypes
developed through NIOSH-sponsored contractual research
projects. In the 2020s, more research and experiments are still
being conducted on understanding the wireless channel and
electromagnetic environment as the two primary factors affect-
ing the performance of the TTE communication systems [41,

42]. While this research has been based on long-range elec-
tromagnetic transmission, other researchers have investigated
the application of this theory in short-range detection systems.
The short-range locator systems were required to detect min-
ers trapped between 30 and 60 m behind broken or solid rock
[43-47]. However, the priority was still on developing a long-
range system for the deep mines. Table 2 shows how these
systems have evolved since the 1970s.

Over the years, it became clear that the success of the TTE
systems requires an optimal balance between range and data
rates. Hence, further investigations went into understanding
and modelling of rock properties, optimizing antenna mag-
netic induction, and antenna design transmission efficiencies
[66-69]. Some studies have attempted to design medium fre-
quency (MF) TTE systems with reduced-size antennas [70].
Although the TTE communication systems have existed since
the 1900s, they became even more critical in 2006 when a series
of three accidents in the United States of America resulted in
19 fatalities related to miners trapped underground within a
space of 5 months [71]. This necessitated the promulgation
of the Mine Improvement and New Emergency Response
(MINER) Act of 2006 [72]. This Act required underground
mines to implement a tracking and a post-accident communi-
cation system. This led to several researchers joining the jour-
ney to identify a fit-for-purpose trapped miner locator systems
[73=77]. The TTE communication systems stood a good chance
of satisfying the post-accident operational requirement due to
their better survivability in comparison to the infrastructure-
intensive tracking systems [78]. Prototypes were developed
and led to the commercialization of such systems around the
world [79-82]. The use of the TTE electromagnetic wave com-
munication systems grew into other sectors with applications
such as the detection of buried objects, boreholes, abandoned
mines and illegal tunnels, geological features, voids, resource
exploration, lithological mapping, geotechnical evaluation, and
assessment of the rock mass response to mining [83-89].

3 Magnetic Inductive TTE Communication
System

The magnetic inductive TTE communication system makes
use of magnetic fields generated by a transmitting loop
antenna and received on the other side by a receiving antenna.
This allows the conveyance of information through the earth
strata which acts as the medium of transmission, establishing a

Table1 Properties and

. Field generated Antenna flux Symbol Coefficient Equation
characteristics of antennas [14]
Magnetic field strength Magnetic flux density H Permeability (u) B=uH
Electric field strength Electric flux density E Permittivity (&) D=¢E
Electric field strength Current flux density J Conductivity (o) J=0cE
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Table 2 USBM-based research on TTE electromagnetic wave systems

Year

Research and its findings

1973 [48]

1973 [49]

1973 [50]

1973 [51]

1973 [52]

1974 [53]

1976 [54]

1976 [55]

1976 [56]

1977 [57]

1979 [58]

1980 [59]

A TTE magnetic inductive trapped miner locator system was developed based on LF electromagnetic waves. The performance of
this system was enhanced by overcoming factors such as background noises. Signal-to-noise ratio (SNR) effects were inves-
tigated. At a depth of about 460 m, the optimum frequency was found to be 350 Hz. However, due to external interferences
caused by power lines, the choice of frequency was shifted to the 900 and 2900 Hz range. The transmitter of the system was
designed with a tuning capacitor operating between 1700 and 2900 Hz. The transmitter incorporated a full-wave push—pull
arrangement. The locator unit was based on a tuned air-core receiver loop with a six-stage tuned amplifier. The system was also
developed with a multichannel receiver consisting of six narrow-band receivers tuned at different frequencies with 600 turns.
Field tests showed that signals were detected at 220 to 300 m with a 15 m location accuracy

The purpose of this research was to demonstrate and improve the capabilities of the trapped miner locator prototype. Extensive
field tests were conducted on the developed prototype. It was realized that searching for trapped miners from the surface can
be hindered by heavy vegetation and steep terrain. As a result, it was suggested that airborne receivers in helicopters should be
utilized in conjunction with the mine map. This would subsequently speed up the areal coverage during the search and rescue
missions with regard to the deployment of transmitters and receivers

Accuracy levels between 0.5 and 13 m were achieved using vertical dipole sources buried underground. The accuracy was cor-
rected to as high as 0.3 m, with overburden thicknesses ranging between 40 and 152 m. This study achieved good accuracy
levels when the electrical conductivity properties within the mine were well-known

The focus of this study was to investigate the electrical properties, background noises at a range of 10-20 kHz, and the effects of
mine workings and structures in the design of an optimum electromagnetic communication system. One of the biggest findings
was the quantification of relative conductivity above 100 Q-meters for transmission between surface and underground. Different
configurations between transmitter and receiver were considered to enhance the uplink and downlink communications

This study laid the foundation for the objectives and requirements of an electromagnetic communication system for use during
emergencies. The typical constraints on an electromagnetic system before and after an accident were also highlighted

This study was focused on researching the factors and challenges affecting the transmission of electromagnetic signals between
surface and underground. Firstly, the resistivity and conductivity of the overburden were investigated considering the type of
rock and the potential presence of water in the pores of the rock. A loop-loop source-receiver arrangement was then used to
establish magnetic field communication from a buried vertical-axis loop antenna

This study continued to investigate the properties of the rock. Electrical ground conductivity measurements were conducted to
a subsurface oscillating magnetic dipole to deduce its effects on location errors. However, significant errors were recorded in
conductivity due to lateral changes

The purpose of this research was to investigate factors constraining the application of the TTE communication systems. The com-
munication links between surface and underground were investigated. The objective of the study was voice transmission, which
it was hoped would be possible at 3000 bits per second in comparison with the 1 bit per second or even less required for ground
transmission. The possibility of two-way transmission rather than one-way transmission was assessed. Experiments were done
on the resistivity and dielectric properties of the overburden

A magnetic inductive TTE communication system was developed which could transmit voice or coded conversations with a
circular transmitter. One of the challenges of this system was distinguishing between signals and external noises. To overcome
this challenge, the transmitters, powered by cap lamp batteries, were designed at different frequencies. This was achieved with
uniform cycles in which a pulse was transmitted every 2 s to distinguish it from random noises. These frequencies were varied
around the optimum frequencies of between 1000 and 3000 Hz, which achieved 33 channels. The transmitters were designed
with fixed frequencies, while the receivers were tuneable. This system also considered hardware requirements for use in under-
ground mines. The focus was on intrinsic safety (IS) requirements, size, and ruggedness. Successful field tests were reported,
but it was also noted that the results were distorted by the presence of electrical conductors at the test sites

A magnetic inductive TTE communication system was developed. This system made use of an uncoiled transmitter which oper-
ated at a frequency of 1000 Hz. Results were reported for voice transmission up to 300 m with an accuracy within 15 m. It was
reported that signals could be detected up to 460 m

This study was conducted to evaluate the application of electromagnetic wave systems in underground mines. The applicability
of the system was measured on the basis of its depth of penetration. Field tests were conducted across six mines. The system
consists of a voice receiver and a small belt-carried transmitter. The transmitter operates in conjunction with a wire loop. The
wire loop is deployed on the floor and transmits the electromagnetic signals to the surface. A second transmitter on the surface
conveys voice communication signals. These signals are injected into the earth through a long horizontal wire antenna. Field
tests showed that communication was possible over 300 m overburden using a 38 cm diameter loop of wire. Recommendations
were also made for possible modifications to improve the system and enhance the receivable signals

This study was focused on evaluating the detectability of electromagnetic signals on the surface at frequencies ranging between
630 and 3030 Hz. These signals were initiated from a transmitter carried by miners underground. This study showed that
signals are likely to be detected at a frequency of 1950 Hz, followed by 630 Hz at approximately 230 m. This showed that the
upper part of the 630 to 3030 Hz frequency band has a higher chance of detecting signals. These results were found to be a
function of overburden and frequency
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Table 2 (continued)

Year

Research and its findings

1981 [60]

1982 [61]

1983 [62]

1984 [63]

1984 [64]

1984 [37]

1985 [65]

2012 [40]

The study conducted 15 field tests, which were then analyzed to develop a signal model and define levels of background noises
and performance subarrays. Their seismic location system made use of geophones at a frequency of 14 Hz, a coil resistance of
4000 ohms, and a sensitivity of 2.95 V/in/s. At depths up to 600 m, the seismic-based system was able to achieve an accuracy
of up to 30 m, on average, at arrival times of 0.02 and 0.008 s. The accuracy was found to be varying with topology — from
location errors as little as 10 m to as high as 60 m

This study conducted performance evaluations on electromagnetic and seismic systems. The system tested consisted of a
90-m-long copper wire loop wrapped around a square pillar. The transmitter was set at 630, 1050, 1950, and 3030 Hz frequen-
cies. The transmission loss of the earth was studied as it was anticipated that transmission characteristics would differ from one
mine to another. It was evident that the major factors affecting transmission were the operating frequency, bandwidth, signal or
pulse length, and signal repetition. This study suggested a method of transmitting signals continuously instead of pulsing the
signals

A TTE system that combines a magnetic inductive system with a seismic waves concept was proposed. This system was built
to rely on the phases of the received signal at the locations of the sensors. The purpose of this was to minimize attenuation as
much as possible. The proposed system made use of an array of five sensors. The first sensor was used as a reference point. The
other four sensors were used to measure the phase difference of arrival (PDOA) in reference to the first sensor. The PDOA was
measured using an algorithm analysis that measured the phases of transmitted signals at multiple receiver locations. The trans-
mitter operated at a frequency of 3030 Hz. The transmitter was attached to cap lamp batteries and was coupled to an antenna
with one loop wrapped around pillars, with a total length of 85 m. The system was designed with a tuned antenna consisting of
2500 turns. The antenna was designed with a diameter of 64 cm with a resistance of 4500 ohms using an aluminum foil mate-
rial. Results reported a penetration depth of up to 167 m, with strong signals being detected

A short-range TTE electromagnetic system was proposed and a prototype was developed. The system consisted of a lightweight
and low-power radio transmitter carried by miners and a directional receiver. Various frequencies, 660 Hz, 27 MHz, 45 MHz,
50 MHz, and 60 MHz, were explored. After trials at these frequencies, 27 MHz was found to be the optimal frequency for
a short-range system. Above 40 MHz, high attenuation rates were experienced. Below 10 MHz, excessively large antennas
were required. Active transponders were preferred over passive ones due to their continuous transmission. The frequency of
the receivers was fixed, and an additional frequency was made available to be used by rescuers to prevent interferences during
rescue. The range of transmission was found to be between 30 and 60 m. Underground tests of the 27 MHz transmitter revealed
detections of up to 70 m

The purpose of this study was to evaluate the effectiveness and performances of electromagnetic wave systems. Operating fre-
quency, signal length, and signal repetition were found to be the major factors affecting transmission. Statistical analysis tech-
niques were then used to study the effects of transmission during field tests. The dependence of frequency on signal strength
was found to be negligible for overburdens less than 150 m. In the field tests only about 10 dB was recorded at approximately
160 m. It was concluded that performance improvements to 90% detection at about 300 m require an 18-dB SNR

In this study, Durkin conducted experiments to determine the apparent conductivity of the earth. The transmission of signals
through the ground in 27 coal mines was measured and the apparent conductivity values were derived. It was concluded that
the apparent conductivity values are inverse to the frequency and depth. The outcomes of the study were used to predict the
apparent conductivity of other areas, with the expectation that conductivity would be found to decrease with depth

This study reviewed the research and field tests that had been conducted between 1920 and 1980 under the USBM. The authors
(Pittman et al.) confirmed that the research conducted over the years had been successful and advancing. Theoretical models
pertaining to the transmission of electromagnetic waves through the ground have been developed. Factors such as background
noises, attenuation, and electrical characteristics, such as conductivity and dielectric properties, have been investigated and are
now well understood. But further field tests have been conducted to create an opportunity for a new, reliable, rugged, low-
power, and cost-effective TTE trapped miner locator system as the ultimate system

This study provided a conspectus of field tests of both the magnetic inductive and the electrode-based TTE communication
systems. Various manufacturers demonstrated the capabilities of their systems in terms of range and quality of communication.
The manufacturers were invited to demonstrate the capabilities of their prototypes. The prototypes were mainly based on mag-
netic and electric field sensing. By this time, some significant improvements were noted, as well as further research areas based
on the current limitations of the technology

2021 [41, 42] These are some of the latest studies focusing on understanding the wireless channel and electromagnetic environment of TTE

communication systems. These were said to be the primary factors affecting the performance of a TTE system and have not
been well understood. TTE communication was achieved at a depth of up to 567 m using ground rods installed on the surface
and existing roof bolts in an underground coal mine. The mine was dominated by the 60 Hz signal. It was apparent that signal
attenuation caused by the channel increases for frequencies greater than 90 Hz. This appeared to be an optimum frequency
point showing the smallest attenuation for a TTE system operating at frequencies up to 25 kHz

communication link. The magnetic inductive system achieves  bps, voice messaging at 500 bps, text and data at 100 bps, and
optimal transmission at minimal rock conductivity. This sys-  text-only at 10 bps at 1 keystroke per second [90]. Field tests
tem can achieve the transmission of real-time voice at 2500  have shown that these data transfer rates can be achieved to a
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depth of up to 600 m and horizontal distance of up to 1500 m
at less than 3 to 8 kHz frequency bandwidth [70, 91]. The
transmission of the magnetic wave requires a vertical (surface-
underground) or horizontal (in-mine point-to-point) coupling
of the transmitter and the receiver, as shown in Fig. 3.

Electromagnetic waves can be transmitted as far as 1000 m
and more into the ground with the right antenna design and
transmitter power [92]. This finding was based on a demonstra-
tion of linear antenna configuration as long as 5 km deployed
on the surface. This gave an indication that greater depths and
clearer bidirectional communication can be reached with proper
antenna design and optimizations. In free space, LF wavelengths
can stretch from 70 to 3200 km at a frequency range between
72 and 4000 Hz [93]. The extent of the wavelengths causes the
efficiencies of the antennas to drop significantly. This can result
in only a small fraction of the transmitter power being radiated.
The efficiency of an antenna is given by the ratio of the radiated
power to the total input power. The low radiation efficiency of
electrically short antennas is due to their shorter loop length
and smaller effective aperture. This can be easily solved by add-
ing coils to the loop to increase its electrical length and thereby
improving its efficiency. The electrically short antennas have a
high capacitive reactance and thus exhibit low radiation resist-
ance. This makes impedance matching a challenge. Impedance
matching is a critical function for maximizing power transfer and
improving the overall efficiency of an antenna.

The transmission range of signals is directly proportional
to the transmitter power of the antenna. But the transmit-
ter power tends to deteriorate with distance and results in
poor communication [94]. Theoretically, large antennas can
provide clearer communication than smaller antennas. The
larger antennas have the capability of bidirectional com-
munication as they can both transmit and receive signals
efficiently, whereas some smaller antennas are often only
capable of receiving signals due to their low efficiency.
While the high-powered antennas can achieve a longer
range at higher bandwidth and data rates to establish clear
communication, they are restricted by permissibility or IS
requirements, especially in gassy underground mines that are
prone to explosions and underground fires [90]. The large
antennas are also restricted by their size, which is not practi-
cal for deployment in underground mines. For example, the

typical height and width dimensions of underground mine
tunnels range between 3 m by 3 m to 5 m by 5 m while
the antennas can be in the range of hundreds of meters to
kilometers. Moreover, the dimensions of stopes and gullies
are much smaller. Due to the size constraints underground,
electrically short antennas are suited for TTE communica-
tion systems. This is not the same for surface antennas which
are not restricted by power and size and thus can be as large
as required.

The magnetic inductive process heavily relies on the
radiation efficiency of the antenna. An antenna can be
described as a device used for the radiating or receiving of
electromagnetic waves [95]. Different antenna designs and
capabilities are available for different industrial communi-
cation applications. An ideal antenna is one with a smaller
size but provides high performances. However, in practice,
smaller antennas yield narrow bandwidth and low efficien-
cies [96]. The efficiency of the magnetic inductive system
depends on the type of antenna, in terms of parameters such
as the shape, size, and material [14]. For example, antenna
material with low resistance can achieve a longer commu-
nication range. While transmitting antennas depend on the
power efficiency, the receiving antennas do not but instead
should be able to overcome electrical noises. This requires
the level of the signal to exceed that of external or electrical
noises. Research by Conti and Yewen [97] took into consid-
eration different antenna sizes of 7.5 m, 15 m, and 25 m in
diameter to assess their efficiencies. These antennas were tri-
alled with different numbers of turns and different materials
based on environmental and geological effects. The initial
idea was to wrap the loops around pillars to cover sufficient
diameter [8, 56]. This is because the magnetic moment of
the transmitting antenna can be increased by increasing the
loop diameter. The sufficiently large antennas were found to
be also suitable for highly conductive ground because the
conductivity of the ground increases the impedance of the
inductor. In addition, an area with a high moisture content
has a higher conductivity and thus requires a larger antenna
to overcome high attenuation rates. Yan et al. [1] conducted
a study to estimate the conductivity of the Earth’s overbur-
den above coal mines using different electromagnetic wave
propagation models.

~LoopANTENNA  Face Escape
/| SURFACE é\ ’ ok \\ \ \‘ \ \ \ \
‘ S ] b e —7 T+ ) | b
) i PassSSIRNE S s AR T =i —
| / RADIOSIGNAL. T 7 | - A/ 4 1/
*\ 3 EE— . trapped miner roof fall (
LOOP ANTENNA b emergency TTE Rescue TTE
(@) IN MINE ENTRY (b) communicator communicator

Fig. 3 a Vertical and (b) horizontal coupling of loop antennas [90]
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3.1 Subsurface Magnetic Induction

Antenna design and optimization are a critical aspect of the
performance of the magnetic induction systems [94]. Dif-
ferent designs and specifications of transmitters and receiv-
ers have been developed to improve subsurface magnetic
induction [66, 98]. The transmission of the magnetic induc-
tive signals is a function of the magnetic flux density that
exists between coupled antennas. The magnetic fields are
propagated along a north-to-south direction, forming a cir-
cular loop. The directional flow of the magnetic fields, as
well as many other factors, is an essential part of the design
considerations for the orientation of transmitting and receiv-
ing antennas. This is particularly complex for electrically
small loop antenna design considerations [99]. The data is
transmitted using magnetic fields which are produced by
non-radiative coils rather than propagating waves [100, 101].
The antennas are fundamentally in the form of an electric
and magnetic dipole. Magnetic flux can be described as a
concentration of magnetic fields flowing through the loop
antenna area, as illustrated in Fig. 4.

One of the critical considerations of this system is a good
coupling or alignment between the surface and underground
antennas [70]. The quality of communication begins to dete-
riorate with an increase in misalignment and can lead to
no communication at some point. However, in the confined
underground mines, perfect coupling of the surface and
underground antennas is often a challenge. This can also be
restricted by the inflexibility of underground mines to couple
the antennas properly; the surface antenna should try to align
with the fixed underground antenna.

3.2 Magnetic Flux Density

The magnetic fields of antennas are generated by electrons
moving along the transmitter coil. Since the antennas are
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quasi-static, magnetic fields are generated by electric cur-
rent flowing through the antenna in a closed loop, and
magnetic moment is generated when the electric current
is applied through a number of turns and the cross-section
area. The moving electrons create current and a voltage
difference is measured by the receiving antenna. The mag-
netic fields flow from one end to another in a closed loop,
thereby establishing a communication link. The bandwidth
and data rates of transmitted signals are characterized by
the magnetic flux density passing through the antenna,
the strength of the magnetic fields, the area of the antenna
loop, and the angle of loop that the field lines are passing.
This has an influence on the range and depends on the
magnitude of the magnetic flux generated by the transmit-
ting antenna [100]. Current is then injected by the trans-
ceiver unit into the loop and a magnetic flux induction is
created. Magnetic flux density is proportional to the cur-
rent that is flowing through the loop antenna.

A decrease in the magnetic flux density results in an
exponential decrease in the range [100]. The generation of
magnetic fields can be further affected by external noises
and alternate-current (AC) harmonics from other electri-
cal equipment within the area [102]. The magnetic flux
density (B) of a loop wire (antenna) of length (/), with a
number of turns (N), current (/), and material permeabil-
ity (u) is given by Eq. (1).

NI )

B=u(

, (1)

According to Carreno et al. [101], the transmission of
signals through the earth depends on the rock conductivity
(0) measured in ohms (Q), permittivity (e), and perme-
ability (u) for a given transmission or travelling time (7).
Therefore, the magnetic field (H) can be calculated by
the diffusion theory given by Eq. (2) rather than the wave
theory given by Eq. (3) [14].

(b)

I'ransmitter

’-.}. A A 4 21.’ignclic Flux

~J ransmitter
Coil

Earth Layer

Fig.4 Magnetic induction: a magnetic flux density [101], (b) through a conductive medium and a transmitter coil [100]
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The attenuation of signals in a conductive medium is
given by the skin depth, 6 (in meters), equation with the
angular frequency (w) factor. In a good conductor, the skin
depth has an exponential field decay (1/e or 8.7 dB per skin
depth), and this has an influence on the attenuation of the
electric and magnetic fields. In free space, there is no con-
ductivity (¢ = 0), and therefore, the skin depth is up to infin-
ity (6 = o), and the wavelength remains the same (4 = 10).
At LF or with a good conductive medium, the conditions
of the skin depth are defined by the relationship given in

Eq. (4).

Z o>

P “
Therefore, the skin depth effect for LF or a good conduc-

tive medium is as given in Eq. (5).

5=4)—— (5)

The characteristics of the waveform can also be altered
during signal propagation in the conductive medium. The
wavelength and velocity of a signal propagating through the
skin depth are given in Eqs. (6) and (7).

A =276 (6)

ground —

v =2n6f )

The frequency and velocity of the waves depend on the
skin depth, so the wavelength is very much shorter than it
would be in free space. For poor conductors or waves propa-
gating at high frequency, the skin depth effect is as given in
Eq. (8).

2«1

P (3)
Therefore, for high frequency or a poor conductive

medium of signal transmission, the skin depth is as given

in Eq. (9).
5==4/= ©)

The flow of electric currents through material is deter-
mined mainly by the conductivity or resistivity of the mate-
rial [103]. Typical resistivity and conductivity values of dif-
ferent materials, including rock, have been obtained through
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physical measurements but can also be obtained through tests
and simulations [104]. Resistivity (p), measured in ohm-
meters (€2.m), can be described as the measure or ability of
a material to impede the flow of current or charges from one
point to another. Conductivity (o), measured in Siemens per
meter (S/m), can be described as the ability of a material to
allow the flow of current or charges between two points. The
flow of current in rocks can be influenced by factors such as
the type of rock and its physical properties and chemical com-
position, temperature and degree of mineralization, amount of
fluids in the pores or moisture content, and pressure variations
in different regions. The typical conductivity and resistivity
values of different rocks are given in Fig. 5 [105-112]. The
properties of the rock and in particular the presence of water
in its pores increase the conductivity of the rock. An increase
in temperature decreases conductivity while highly porous
ground with a higher moisture content has a higher conductiv-
ity. Conductivity also increases with a decrease in humidity.
Sedimentary rocks are better conductors than igneous rocks.
Ideally, large antennas with high transmission power at LF
range in a low conductivity medium can achieve long propa-
gation distances and high bandwidth.

3.3 Skin Effect

The skin depth is inversely proportional to frequency (f),
permeability (), permittivity (e), and conductivity (o), but
it is directly proportional to the wavelength (4) of the elec-
tromagnetic waves. The skin depth can be described as the
distance over which the amplitude of an electromagnetic
wave drops or decays to 1 /e or approximately 1/3. The skin
depth effect refers to the distance a wave must travel before
its amplitude has been exponentially decayed by a factor
of 1/e. The skin depth is a function of the frequency of the
electromagnetic waves and the rock properties. Therefore,
the skin depth, 6, can be calculated from Eq. (10) with the
known values of the ground conductivity or resistivity.

_ 1
skin — W ( 1 0)

However, Eq. (10) is applicable only for LF or a good
conductive medium and is an equivalent of Eq. (5). With
resistivity (p), the skin depth can be calculated from
Eq. (11) using known values of permeability at free space
(1o = 47x107") and relative permeability ( u, ).

)

P
5& in — 11
. f o, 1

The skin depth can also be measured from log—log graphs
based on the relationship between frequency and conductiv-
ity. It is an indication of the depth into the ground in which
conduction can still occur. The skin depth formula can thus
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be used to predict the maximum distance that electric cur-
rent can penetrate through the earth. For example, high-
frequency electromagnetic waves in a high-conductivity
medium will result in a shallow skin depth. Low-frequency
electromagnetic waves in a high resistivity medium will
result in a large skin depth. Therefore, the skin depth can
be overcome by using a good conductor and reducing the
frequency of the signals. The penetration depth of the elec-
tromagnetic waves in a conductive medium is inversely pro-
portional to frequency ( f), conductivity (o), permeability
(u), and permittivity (e€). The skin depth is thus inversely
proportional to the attenuation constant («) and can be cal-
culated from Eq. (12).

-1
6= (12)

The attenuation constant can be calculated from Eq. (13).

ue c \?
ke 1+<—) —1
2 we

In highly conductive ground, the electromagnetic signals
suffer from absorptive losses [113]. The electromagnetic
waves in such a medium suffer signal strength losses due to
the rapid dissipation of energy. Similarly, at high frequen-
cies, the skin depth becomes shallower due to the higher
attenuation rates. In a typical electric flow circuit, the resis-
tivity (p) and conductivity (o) of the ground can be cal-
culated from the resistance (R), conductance (G), electric
current in the wire (7), voltage of the wire (V'), length of
the conductor (L), and the cross-sectional area of the wire

13)

a=w

Conductivity (mS/m)

(A). The propagation of electromagnetic waves through rock
can also be influenced by factors such as the rock’s elec-
tric properties permeability, permittivity, and conductivity.
Zhang et al. [114] showed that the electrical conductivity
of different coal rocks varies between 0.0001 and 0.1 S/m.
For this reason, electromagnetic waves can be propagated
for significant distances in low-conductivity rocks. Table 3
shows that dry limestone rock, with lower conductivity, can
achieve better penetration depth than sandstone which has a
higher conductivity.

Skin depth has an effect on the transmission of signals,
and it differs for different types of materials such as met-
als, air, rock, and liquids [115-117]. Atmospheric noise is
normally attenuated at a rate of 8.7 dB per skin depth [14].
The skin depth effect provides an indication of how deep
the electromagnetic fields can propagate in a conductive
medium [118]. The skin depth is therefore larger at low fre-
quencies. The finite electrical conductivity of the earth can
range from 0.1 mS/m for dry rock to 10 mS/m in wet ground
[14]. This is a very low range which allows good propaga-
tion; for example, seawater is a good conductive medium and

Table 3 Comparison of data rates and ranges for different materials
[90]

Rock type Conduc- Datarates Real-time Voice Data and
tivity (bps) voice (m) mail text depth
(S/m) depth (m)
(m)
Dry-lime- 0.001 2 500 600 600 600
stone
Sandstone 0.01 100 370 460 600
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has a finite electrical conductivity of approximately 4 to 5
S/m. With these parameters, given an electrical conductivity
of 1 mS/m at 100 kHz, the electrical attenuation can be cal-
culated to 45 dB, which can be greater in a lower frequency
range. The relationship of skin depth as a function of con-
ductivity and frequency is defined by the diagram in Fig. 6.

3.4 Transmission Zones

Most TTE communication systems are quasi-static or oper-
ate in the near field. The skin depth is a range-limiting factor
introduced by the conductivity of the earth. However, the
presence of the surface of the earth introduces additional
effects on the propagating magnetic field [119]. Due to the
earth or soil not being homogenous, it becomes difficult
to predict the channel attenuation at any frequency with
depth [101]. The behavior and strength of magnetic fields
are distinguished by different field zones — the near-field,
the transition, and the far-field, as can be seen in Fig. 7.
Within the different field zones, the magnetic fields behave

Skin depth v. Frequency

opuS/m

erel=10

erel=5
erel=3

)

3
A

Skin Depth (m)

10°
Frequency (Hz)

Fig.6 Skin depth, frequency, and conductivity relation chart [14]

Fig.7 Magnetic field zones for
signal propagation in a vacuum B
or free space [101]

+— 1 wavelength —,

differently. The field zones are slightly different for a con-
ductive medium such as the ground in TTE communication
systems. These field zones are slightly modified into the
quasi-static field, near field, transition, and far-field zones
[14]. The currents and charges emitted from the antenna
cause strong inductive and capacitance effects in the near-
field zone. The magnetic fields are strongest very close to
the antenna and begin to attenuate beyond this zone. The
near-field zone, closest to the antenna, is characterized by its
static dipole, which decays inversely to the cube law, while
the far-field zone is predominantly characterized by radia-
tion, and it decays inversely to the linear law.

In general, magnetic induction systems are poor radia-
tors and their communication is achieved through the non-
radiative near-field zone [120]. However, these systems will
experience high attenuation rates in the near-field zone of
the coil due to the dominance of reactive fields [118]. In
this zone, the electric and magnetic fields cannot efficiently
radiate power but can store energy near the antenna. Elec-
trically short antennas are highly effective in the near-field
zone for magnetic inductive systems. The electrically short
loop antennas are operated in resonance to maintain the
efficiency of the system. However, this will cause a reduc-
tion in the communication bandwidth thus rendering them
unsuitable for high data rates. Resonant antennas experi-
ence reduced reactance losses which increases power radia-
tion. The electrically short loop antennas will thus have low
radiation resistance and high reactance. The electrically
short antennas are characterized by narrow bandwidth, and
this makes them highly sensitive to any changes or devia-
tions in frequency. Increasing the bandwidth will cause a
decrease in the sensitivity or peak gain of the antenna, ulti-
mately reducing the efficiency of the antenna. However, a
higher sensitivity of an antenna is necessary for detecting
weaker signals and narrow bandwidth communication. But
the bandwidth can be increased at the cost sensitivity by
detuning the antenna.

The near-field zone is followed by the transition zone.
The magnetic field signals continue to attenuate further into

0.159
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the transition. This zone is located in between the near-field
and far-field zones and is characterized by the behavior of
these field zones and their distribution. The transition zone
can also be regarded as an arbitrary zone where the fields
begin to transition from reactive to radiative. It is worth not-
ing the electric and magnetic fields exist independently of
each other in the near-field zone. This means that one field
type can dominate the other, or vice versa. However, the
transition zone allows the electric fields and magnetic fields
to reach a uniform wave pattern due to wave impedance as
they travel through the rock. This zone is often not ideal
for maximum radiation, and the efficiency of an electrically
short antenna starts to deteriorate. Eventually, in the far field,
the electric and magnetic fields reach each other and travel in
a uniform wave pattern or as a plane wave. In this region, the
fields are radiative, and power can be radiated away from the
antenna efficiently. The near field is mostly responsible for
the absorption of the electromagnetic waves into the trans-
mission medium. Interferences of the transmitted waves may
be encountered, and some of the waves may be deflected
back to the source as a result. The far field is a critical zone
for communication range. The far-field zone is character-
ized by a single type of polarization, whereas four types
of polarization (vertical, horizontal, elliptical, and circular)
are present at the near-field. The energy dissipated through
the far-field zone is constant throughout. Electrically short
antennas are not ideal for the far-field zone due to their low
radiation efficiency and poor impedance matching.

The subdivision of the magnetic field zones is necessary
for distinguishing electrical distances where the magnetic
fields behave in different ways. This is necessary for under-
standing and determining the strength of the magnetic fields
at a precise point. It can also be used to determine the range
of signals. The reactive and radiating near-field zones are
characterized by their relationships or interactions with the
electromagnetic fields. Both the magnetic and electric fields
remain in phase and their relationship is fixed in the far-
field zone. Normal electromagnetic radiation therefore takes
place in the far-field. The near-field region is normally the
complicated part of magnetic field induction by antennas.
On the other hand, the far-field region is dominated by both
the electric and magnetic fields, which have electric dipole
properties. The near field is characterized by a collection of
dipoles; this is referred to as multipole-type fields. Closer
to the transmission of the source, both electric and magnetic
fields are significant, and their behavior depends on the spa-
tial distribution of currents and charges. As you move away
from the source, the magnetic field becomes more dominant
compared to the electric field in the far-field region. The rule
of thumb is that the near-field region extends up to approxi-
mately one wavelength from the transmission source and
the far-field region at about two wavelengths. This rule of
thumb applies to the transition between near field and far

field. However, the distances are much longer in compari-
son to the systems when operating at HF. At LF, the wave-
lengths extend much longer compared to HF electromagnetic
waves. For example, at 1 kHz, the wavelength in free space
is approximately 300 km. However, the rock is conductive
and is much complex compared to free space conditions.
The near-field region would extend up to approximately one
wavelength from the source. Since the wavelengths are very
long, the near-field region could extend for hundreds of kilo-
meters from the transmission source. The far-field region
would begin beyond about two wavelengths from the source.
At LF, the far-field region extends for thousands of kilom-
eters. Given the maximum linear dimensions of an antenna
(D), the wavelength (1), and the field region (R), each range
is given by Egs. (14-17).

Far-field region:

2
R> 2% 14)

Near-field region:

2
R< 2% (15)

Reactive near-field region:

3
R< 0.62\/% (16)

Radiative near field:

a7

3.5 Antenna Design Considerations

There are clear distinctions between transmitters and
receiver requirements [121]. Transmitters strive to gener-
ate the greatest magnetic moment, while receivers strive to
generate the greatest open-circuit voltage. Electrically small
loop antennas have been preferred for underground com-
munications due to their low power, small size, lightweight,
and portability, although they have poor efficiencies. A loop
antenna can be described as a coil carrying radio frequency
current with a circumference less than 1/10 of its operating
wavelength. Unlike large antennas, which are resonant due
to high radiation efficiency, the electrically short loop anten-
nas are less resonant. The efficiency of an antenna lies in
its capability to convert electromagnetic waves into voltage
and current so that it flows in a circuit and converts voltage
and current into electromagnetic waves to be transmittable
through media. The antennas are also required to detect and
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pick up electromagnetic waves propagating through media
or in space. The loop antennas of the TTE communication
systems can be based on magnetic or electric dipole trans-
mission. Multiple antennas can be considered to manage
the relationships between the magnetic field strength, range,
and power [122]. The electric-based antennas are made of
metallic rods or metallic plates, while the magnetic-based
antennas are normally constructed of a loop of wires. The
properties of these antennas have a significant influence on
the amount of voltage that can be induced. The number of
turns, the area of the receiving loop, and the angle between
the magnetic field and the loop axis are some of the main
factors that can be used to determine the amount of induced
voltage. The range of the magnetic inductive systems is a
function of the antenna’s transmitter input power [123].

3.5.1 Transmitter Power

Transmitter power is necessary for generating adequate
signal strength and range. A larger loop antenna requires
an increased transmitter input power in order to increase
the range and data rates. However, underground mines can
be gassy, and this places permissibility limitations on the
allowable input power. For electrically short loop antennas,
a significant amount of the input power is dissipated as heat
due to the low radiation resistance. Magnetic fields in TTE
communications are preferred over electric fields due to the
fact that the earth does not only attenuate magnetic fields,
but also changes the magnetic field in a lesser amount than
it changes the electric field.

3.5.2 Antenna Size

The size of the antenna is limited not only by the power, but
also by the confined spaces of underground workings. The
size of the antenna is based on mass, diameter of loop, and
its total length. The size of an electrically short antenna is
not of a major concern at lower frequencies, which occurs
in near-field region due to the much smaller wavelength.
This enables the efficiency of the transmitter coil to be less
of a concern in the design and optimization of antennas. But
larger diameter antennas have a lower resistance than smaller
diameter antennas. The mass of an antenna is increased by
an increase in the diameter of the loop wire or the number of
turns (N). Larger-diameter loop wires will experience lower
resistance than thin wires due to their larger area.

3.5.3 Number of Turns (N)
One of the common design parameters of electrically
short loop antennas is the number of turns in the coil. The

magnetic moment (m) of an antenna can be improved by
increasing the number of turns. An increase in the number
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of turns of the loop antenna increases the resistance of the
antenna due to the increased length of the loop. But also, an
increase in resistance can be due to the reduced cross-sec-
tional area (A) of the thin wires as a result of the increased
number of turns. Although an increase in the number of
turns increases resistance, it increases the magnetic moment,
which increases the strength of the generated magnetic field.
The magnetic moment of an antenna is therefore due to the
number of turns, the area of the loop, and the current (/)
flowing in the loop, given by Eq. (18).

m = NIA (18)

But the current flowing through the electrically short
antennas is limited for practical amplifiers. One of the
advantages of increasing the number of turns is that the
magnetic field strength can be increased without the need
to increase the current. Similarly, the inductance (L) of a
loop antenna and its radiation resistance (R,) are directly
proportional to the square of the number of turns (N?), given
by Egs. (19) and (20).

L « N? (19)

R, « N? (20)

An increase in inductance can help improve transmitter
or receiver impedance matching while an increase in radia-
tion resistance increases radiation power efficiency. When
the number of turns is increased, the length of the loop is
essentially increased, and therefore, its inductance increases.
This will ultimately improve the radiation resistance and
magnetic moment of the loop antenna. The increase in
inductance due to the number of turns is given by Eq. (21).
This can affect the resonant frequency and thus cause an
impedance to the loop antenna.

_ NPu,pu,A
- l

L 21
where.

u,, permeability of free space;

u,, permeability of the;

[, length of the loop (m).

3.5.4 Antenna Array

One of the recently introduced methods of optimizing
antenna efficiency is an antenna array, such as the multi-
ple-input multiple-output system (MIMO) in which mul-
tiple transmitters and receivers of multiple signals on the
same frequency are used [120]. This configuration is used
to improve channel capacity, which ultimately increases
data rates and communication link reliability, especially in
challenged environments, due to their multiple propagation
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paths. Typically, 2 X2, 3 x 3, and sometimes 4 X 4 arrays are
used and can achieve maximum data rate capacity. Although
this method is seen as the future of wireless communication
systems, it may be difficult to implement in underground
mines due to the limited space. A typical magnetic inductive
circuit of a MIMO system is illustrated in Fig. 8.

The efficiency of the transmitter can be calculated from
Eq. (22).

R

B

Niransmitter = W (22)
s indl

And, the efficiency of the receiver is given by Eq. (23).

R load

= 23
Ripaq + Rina 23)

N yeceiver
where.
L,andL,, respective length of the tow coils (m);
R, source resistance (£2);
R, 4> 10ad resistance (Q);
R;,41.2> TESpective inductance resistance (Q).

3.5.5 Quality Factor (Q)

The Q-factor is an important aspect of the design of electri-
cally short loop antennas as it can affect bandwidth. This
improves the radiation efficiency of the antenna. Although
the efficiency of the transmitter is not a major concern at low
frequencies or electrically short loop antennas, the Q-fac-
tor becomes the most important aspect for improving range
and bandwidth [120]. Increasing the Q-factor of a resonant
loop antenna will reduce the bandwidth. The Q-factor of
tuned antennas is typically proportional to bandwidth, but
it is inversely proportional to bandwidth at high values [124,
125]. This allows the O-factor to be used as an indicator of
the bandwidth impedance and for providing insights into the
design of antennas [126]. The Q-factor can be reduced by
detuning the antenna. However, power losses can occur due
to mismatching of the antenna and receiver impedance. The

Ry Ria VA/\C R

Cl L1 LZ C2

R
V;ource load

Fig. 8 Magnetic inductive communication circuit in a MIMO system
[120]

Q-factor, with given permeability (w,) for the transmitter and
receiver, can be calculated using Egs. (24) and (25).
Q-factor of a transmitting antenna:

w,L,

Qtransmitter = Im (24)

Q-factor of a receiving antenna:

_ a)oLZ
Rlnad + Rind2

Qreceiver

(25)

3.5.6 Antenna Shape

The shape of antennas was also found to have an effect on
the performance of magnetic inductive loop antennas [14].
Electrically small loop antennas can be designed in various
shapes including circular, square, triangular, ellipse, rectan-
gular, or hexagonal. The shape of the antenna determines
the distribution of current within the loop and the radia-
tion resistance. The circular-shaped loop antennas, as well
as helical, have been shown to perform better than the other
shapes. The efficiency of circular loop antennas is due to the
impedance matching and higher radiation resistance. Fujita
and Shirai [127] also showed that spherical antennas are
more efficient than linear antennas. However, various other
parameters can also affect the performance of an antenna
based on its shape. For instance, relatively smaller diameter
loop antennas have the same performance regardless of their
shape.

3.5.7 Antenna Material

Different types of materials can be used to construct loop
antennas, and this can have an influence on the performance
of the antenna [14]. The type of material is critical for the
antenna’s efficiency in converting electrical energy into elec-
tromagnetic waves and energy storage capacity. Materials
such as copper and aluminum are often used due to their
cost-effectiveness and reactiveness characteristics. Although
aluminum is better than copper, both can be suitable for HF.
However, for quasi-static antennas, dielectric materials are
better suited. This is because the dielectric materials have
a lower conductivity, and this can affect their transmission
efficiencies. But in general, copper is a better conductor of
electric current while aluminum can be preferred due to its
lower density. An aluminum antenna can produce 3-dB field
strength for the same mass and power dissipation as cop-
per. But due to being highly conductive, signal losses are
minimal. This shows that the field strength does not depend
only on the power dissipated by the antenna. At this point,
there is no clear distinction for the specific material used in
transmitters and receivers.
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3.5.8 Link Path Configuration

Communication direction can be downlinked (surface-to-
underground) or uplinked (underground-to-surface), or both
[14]. The uplink communication is usually more difficult to
establish due to the confined space of underground mines,
which limits the size of the antenna as well as the trans-
mission power. The uplink and downlink techniques have
an influence on the range and bandwidth, depending on the
skin depth effects. The skin depth effect has a significant
influence on both the uplink and downlink communica-
tion directions [14, 15, 101]. The surface and underground
antenna should be able to act as both a receiver and a trans-
mitter. Vertically coupled antennas have achieved better
performances than other alignment configurations [70].
Some of the alignment configurations cannot efficiently
radiate magnetic induction between the transmitter and the
receiver. There are various types of communication align-
ments that can be established for communication on the sur-
face, underground, or between the surface and underground
loop antennas.

3.5.9 Air-Core Versus Ferrite-Core or Iron-Core Antenna

The design of an antenna could be of an air-core, iron-core,
or ferrite-core solenoid [14]. The high-permeability core
material can improve the efficiency of an antenna by concen-
trating the magnetic flux. The air-core antennas are normally
tuned for HF, the iron-core are tuned for LF, and the ferrite-
core antennas are tuned for both LF and HF. Ferrite-core
solenoids are mostly oxides than they are metallic, and this
enables better efficiencies due to increased magnetic flux and
magnetic fields. The ferrite-core and iron-core antennas are
easier to magnetize due to their higher magnetic permeabil-
ity which makes them better suited for receiving electromag-
netic waves. The iron-core and ferrite-core materials have a
higher efficiency of the concentration of magnetic flux which
allows the receiver antenna to absorb electromagnetic waves
much easier. The iron material increases the inductance of an
antenna for efficient reception of electromagnetic waves. The
ferrite-core antennas have a higher O-factor than iron-core
antennas but have lower transmission efficiency when tuned
for HF. When tuned at HF, the iron-core antennas tend to
experience higher magnetic losses and thus reach saturation
quicker, but the ferrite-core antennas experience less losses
and thus can resist saturation. Both iron-core and ferrite-core
antennas reduce the effects of electrical noises and other
external interferences due to their capability of frequency
selectivity. For example [14], a ferrite-core antenna with a
length of 200 mm and a diameter of 24 mm can produce
a magnetic moment of 30 Am? for a power dissipation of
20 W, while the same magnetic moment can be produced
with a ferrite rod antenna 1.8 m long and 8§ mm in diameter.
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However, with a core-shaped antenna, the magnetic moment
is produced with a power consumption of 90 mW. With such
low power, this antenna, at LF below 1 kHz, can be suitable
for data communication but not voice. In addition, on a prac-
ticality perspective, the iron-core antennas would be larger
and heavier than the ferrite-core antennas.

3.5.10 Tuned Versus Untuned Antenna

Antenna tuning can improve the efficiency of communica-
tion and the range. This can be achieved through various
methods, such as tuning of the antennas [14]. This is based
on the altering of the resonant frequency of the antenna to
match a specific frequency for a specific application and
matching the impedance of an antenna to its source. The use
of resonant antennas can improve efficiency by tuning the
antenna to the operating frequency. Antenna tuning is only
necessary if the impedance of the antenna is not equal to
the impedance of the source. Tuned antennas have a higher
efficiency than untuned antennas. Tuned antennas have an
increased radiation power which increases the reach range
of communication. Untuned antennas are capable of trans-
mitting wideband signals at a lesser efficiency than anten-
nas tuned for transmitting. Antenna tuning can be arranged
in different configurations, including parallel, parallel with
the damping resistor, series with a damping resistor, and
untuned with a damping resistor. According to Jelinek et al.
[128], it is desirable for electrically short antennas to be
tuned at specific frequencies, although this can be a high-
cost requirement. In fact, electrically short antennas should
be self-resonant or obtain external tuning from a network.
The effects of resonant tuning of small antennas on the effi-
ciency of radiation have been investigated [129—-133]. In
general, the electrically short antennas should resonate to
cancel input reactance by matching their impedance to the
resistive load. Resonant antennas can achieve close to 100%
efficiency until their size has been reduced to below criti-
cal design values [132]. Different tuning techniques can be
selected based on the communication range and bandwidth
required. Untuned antennas are known to have a high imped-
ance source, and this often results in high noise voltages.

3.5.11 Waveguide Effect

Another method of improving the received power and range
of magnetic inductive TTE communication systems is the
waveguide technique [134-137]. This technique, which
is also referred to as a multihop relay system, was mainly
developed to overcome large antenna size restrictions and
dynamic channel conditions, especially for underground
communication. The efficiency of this technique depends
on factors such as the size of the coil, the number of turns in
the coil, coil resistance, and frequency. The technique can
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consist of a number of resonant relay coils which are placed
in series in between the transmitter and the receiver. The
incorporation of relay coils can be implemented to improve
range and capacity without increasing the transmitter power
or receiver sensitivity [138]. Various types of multihop
techniques have developed, making use of both fixed and
unfixed stations. The use of relay coils is easier in free space
such as in the air and underwater, than it is in the ground.
Underwater, the coils can be well positioned, distributed,
and perfectly orientated [139]. However, through the earth
(overburden between surface and underground), the distribu-
tion, orientation, and positioning of relay coils is not pos-
sible or practical. Alternatively, the coils can be distributed
along haulages for increased in-mine communication range
in a horizontal orientation. This can be beneficial since the
relay coils constitute cheaper and less complex infrastructure
than actual antennas [138]. The use of relay coils can also be
considered in multilevel mines.

3.5.12 Waveguide Modelling

The magnetic induction waveguide model is based on a time-
varying electric signal in the transmitter coil. The transmit-
ting coil generates a varying magnetic field around the trans-
mitter [140]. The relay coils create a channel guide for the
transmission of the magnetic fields towards the guided direc-
tion [141]. A similar setup can also be implemented on the
receiver end. This waveguide technique has been a preferred
method, especially with the relay coils being placed closer
to establish even better coupling between the transmitter and
the receiver. Apart from range and bandwidth, the magnetic
induction coupling waveguide techniques can also improve
channel reliability and omni-direction communication [142].
Furthermore, the transmission direction can be effectively
rerouted using the relay coils [143]. For underground appli-
cations, this can allow one transmitter to service-level panels
or sections. However, it may not always be possible to place
the relay coils as close as possible all the time, especially
for applications in challenging environments. In order to
improve capacity, Mittu and Lenin [144] investigated the
factors that can affect the magnetic induction waveguide:

The number of relay coils: The received power and com-
munication range increase with an increase in the num-
ber of coils. The relay coils try to keep the transmission
power constant from the transmitter to the receiver.

The radius of the coils used: Increasing the radius of the
coils increases the received power. Mutual inductance is
directly proportional to the radius of the coils. In under-
ground mines, the radius of the coils will be limited by
the dimensions of the haulages or excavations.

The number of turns in each coil: Increasing the number
of turns resulted in an increase in the received power due
to the mutual inductance between the coils.

Unequal spacing of the coils: Theoretically, equal spacing
of the coils has better inductance. However, this is not
practical in real-life applications. However, the experi-
ments showed that equally and unequally spaced coils
achieved the same received power and communication
range.

Any damage on the coils: Surprisingly, experiments
showed that damaged coils achieved higher received
power than undamaged coils.

Metallic coil material: Metallic coils achieve a longer
communication range than non-metallic coils. Experi-
ments showed that cast iron was better than carbon steel
in terms of received power, while the communication
range remained the same.

4 Through-the-Rock (TTR) Signal Scanners

The TTR locator system can be described as a short-range
version of the TTE electromagnetic waves system. The sys-
tem makes use of IS low-battery powered, lightweight radio
transmitters or active tags (worn by the trapped miners) and
directional receivers or radio signal scanners (carried by the
rescue teams). The signal scanners are used to search for sig-
nals emitted by active tags and can determine the direction
and distance at which a person is trapped under or behind a
fall of ground, or inaccessible areas and cavities such as ore-
passes. These tags can be mounted on the safety belts or hard
hats of miners. This system does not work only through rock,
but also in open spaces. It can detect miners not only trapped
behind rock, but also those trapped in curvatures and inside
cavities such as ore passes. This system operates at a slightly
higher frequency, ranging between 600 Hz and 60 MHz [34].
Within this frequency range, Webb et al. [63] found that
this system could be optimal at 27 MHz. High attenuation
was experienced at more than 40 MHz, while slightly larger
antennas were required for frequencies below 10 MHz [63].
Due to the increased frequency, the system was developed
for short-range detection, between 30 and 60 m. Kononov
[47] developed a system that could detect trapped miners at
30 m at 2.9 MHz spectrum. A system developed by Burnos
et al. [46] was able to detect signals at 15 m at 5.6 MHz with
an error of less than 1 m. In comparison to other systems, the
TTR system is seen as an economical, practical, and backup
system where all other means of locating the trapped miners
have failed. Although the long-range systems were of prior-
ity, the TTR systems had some advantages in terms of ease
of use and deployment.
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5 Electrode-Based TTE Communication
System

The electrode-based (or linear) TTE system is based on
injecting an AC current into the ground [145-150]. Typi-
cally, an AC current higher than 1 A (A) can be injected
into the ground for significant distances to transmit infor-
mation [151]. The current-based signal is injected and
transmitted using a pair of electrodes between the surface
and underground and/or between two points on the sur-
face or underground. Current flux is generated by a pair
of electrodes inserted into the ground [152]. TTE commu-
nication systems are able to operate satisfactorily without
line-of-sight between the two points of interest. One of the
findings was that a shorter distance can be well covered
when the radio waves penetrate the ground at higher fre-
quencies. Unlike the magnetic inductive TTE systems, the
electrode-based system requires good conductive ground
for optimal range and bandwidth. However, signal losses
can still be experienced and increase as the frequency of
the signals increases. The injected current signals begin
to replicate during interactions with the surroundings, and
the replicas take multiple paths and directions. However,
the replicas have a reduced signal strength. Due to the non-
uniformity of the ground, multipath effects such as refrac-
tion, reflection, and deflection of the current flux can occur
due to the layering of the earth with different strata in the
heterogeneous ground. The refraction effect changes the

distribution and magnitude of the current in the ground.
Some of the replicas of the signals are still able to reach
the receivers after the different delays encountered with
adequate signal strength. These delays are time disper-
sion and can be quantified by the delay of the spread of
replicas. The replicas then arrive at the receiver from dif-
ferent directions (angular dispersion quantified by angular
spread). If the replicated signals or one of the transmitters
is shifted, rapid changes in the phase relationship between
multipath components can cause the signals to fade [153].
The flow of current in uniform ground is consistent but it
will be refracted in layered ground of varying resistivity,
as shown in Fig. 9.

The current injected into the ground is received as a volt-
age difference. The current can be injected from the sur-
face to underground or vice versa. The electrodes are linked
by lines of current. A receiver with high input impedance
detects the voltage difference between its electrodes con-
nected to the receiver as signals. The separation distance
of the electrodes is an important factor as it can result in a
larger voltage variation. The propagation of the AC currents
is also highly dependent on the conductivity and resistance
(or impedance) of the ground. Ground electrode imped-
ance is dependent on several factors, and this plays a role
in the reach depth and quality of the signals. For example,
when the ground impedance is high, a small current can be
injected into the earth, thereby resulting in a shorter com-
munication range. Figure 10 shows that the current injected
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Fig. 9 Change in the propagation of electric current in uniform and layered ground and change in the resistivity due to the refraction of electric

current through the layered ground [153]
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Fig. 10 Spread of electric current injected through electrodes [154]

tends to penetrate more deeply (vertically) into the ground
than sideways (horizontally) [154].

Based on the possible flow directions of current in the
rock, one of the key factors was to understand and estab-
lish the influence of the geometric design in terms of the
array and spacing of electrodes in the ground [155-157].
This is also dependent on the source and amount of the dis-
charged electric current. The amount of current that can be
injected into the ground is determined by the contact imped-
ance of the electrodes for a given voltage [158]. This led to
the idea that the electrode-based technique could be more
efficient than the magnetic inductive coupling technique.
However, the electrode-based technique may encounter
large variations in the range of load impedance between its

electrodes. For example, an earth impedance of more than
100 Q between electrodes reduces the communication range
[159], and an earth impedance of 1000 Q is suitable for
frequencies larger than 100 kHz [158]. The total impedance
of electrode-based TTE communication systems has three
components: (1) the wire impedance (Zw), (2) the imped-
ance of the contact between the electrodes, and (3) the earth
(Zc) and the impedance of the earth between the electrodes
(Ze) [147, 148, 160, 161]. Total earth impedance affecting
the TTE communications system is calculated using Eq. (26)
as illustrated in Fig. 11.

Ztotal = Zw + Zc + Ze (26)

5.1 The Wire Impedance

The wire impedance (Zw) is the measure of how much cur-
rent can flow between two points with a specific type of
material. It is linked to the wires that connect the electrodes
to each other and to the systems. These wires are normally
made of copper, which is known to be a good conductor,
and they are between 20 and 50 m in length [148]. Although
silver is the best conductor of electricity, copper is often pre-
ferred due to its cost-effectiveness [162]. These wires usu-
ally have an inner diameter ranging between 0.8 and 1.0 mm
[147]. The impedance due to the wires between the elec-
trodes as an inductive-resistive series model was studied by
Bataller et al. [148]. Hada and Kunieda [163] conducted an
analysis of the wire impedance of different materials in view
of the fact that an improved wire impedance is characterized
by a thin, shorter, and coated material. The total impedance
of the wire is increased due to a winding-dependent induc-
tive component if the wire is coiled in a cable spool.

A capacitive coupling between the windings may also
occur. Therefore, most of the wires are uncoiled, although
a small fraction may be coiled. According to Bataller et al.
[147, 148], the wires that connect the system and the elec-
trodes have a DC resistance that ranges between 0.02 and
0.33 ohms per meter. This resistance increases significantly

Matched Circit _®_§
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Fig. 11 Total impedance schematic diagram including transmission impedance and transmitting unit of TTE current injection into the earth

through electrodes [159]
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at high frequencies as a result of the skin effect on the
conductor. Various models have been developed for wire
impedance and most of them considered wire impedance
as an inductive-resistive series model in the VLF to LF
range [148, 164, 165]. The Extended 1 model was favored
by Bataller et al. [148] due to its simplicity as compared
with the models developed by the other authors. Another
common model focused on the effects of and differences
between totally coiled and partially coiled impedances of the
wires. The Extended 1, totally coiled, and partially coiled
models are described by Eqgs. (27)—(29) for both low- and
high-frequency components.

Extended 1: Low frequency

[
RC = /J_ (27)

ra?
Extended 1: High frequency

pl a
R =24
¢ n'az(&

) (28)

Totally and partially coiled: Low frequency

pl
ma?

R. =

c (29)
where.

a, wire radius (m);

[, length of the electrode (m);

p, conductivity of the wire (S/m);

d, diameter of the wire (m);

6, skin depth (m).

5.2 Earth Impedance

The earth impedance (Ze), also known as the ground
impedance, refers to the impedance of the portion of
the earth that is situated between the electrodes. Metals
have proved to be good conductors of electric current in
comparison to other media. However, the Earth’s soil and
rock have also been found to be potential conductors of
electric current [166—168]. Rock and soil are typically
classified as semi-conductors whereas materials such as
glass, plastic, and rubber are classified as insulators with
no possible conduction of current. Insulators, also known
as poor conductors, do not allow electric charges to flow
through them. These materials have high resistance prop-
erties which impede the flow of electric current. But the
conductivity of soil and rock is lower than that of metals
but higher than that of insulators. One of the disadvantages
of earth conductivity is that the flow of electric charges is
uncontrollable in comparison with the unidirectional flow
of current in wires. Among other factors, the value of the
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earth impedance depends on the total gap distance between
the electrodes, the conductivity properties of the earth,
and the optimum frequency [147]. The conductivity of
the earth is a complex parameter that must be matched or
overcome by the operating frequency of the system. This
is to ensure an efficient transmission of current through
the earth. The current injected into the earth follows three
transmission mechanisms: (1) ohmic (materials with free
electrons), (2) electrolytic (ionic conduction), and (3) die-
lectric conduction (electric field polarization) transmission
mechanisms [169]. Furthermore, the conduction of current
into the ground follows two paths, namely the polarisable
and the non-polarisable. The non-polarisable path com-
prises electrolytic conduction, which is associated with
free ions dissolved in water. Electrolytic conduction is also
associated with the ions that flow from the metallic com-
ponents of certain structures. The polarisable path has two
main components, i.e., a membrane and electrode polariza-
tion [170]. As a result of polarization, the conductivity of
the earth varies with frequency.

Similar to the wire impedance, various attempts have
been made to develop models to simulate the earth imped-
ance [171]. Most of these models take into consideration
a complex resistivity, which includes the earth’s permit-
tivity. The resistivity of the earth involves the electrolytic
path. Bataller et al. [147, 148] focused on analyzing the
earth’s impedance for geophysical applications by concen-
trating on the resistivity of the ground. The variation in
the resistivity of the ground with a change in depth can be
determined using electrical, magnetic, or electromagnetic
methods. Water is contained in the pores of the rock mass
and can also enhance the conduction of electric current.
The properties and conditions of the soil must be well
understood in order to determine an optimal design of the
electrode-based system. The resistivity of the soil can be
measured based on its particular properties. The Wenner
and Schlumberger-Palmer methods have been developed
and used to measure and interpret the resistivity of soil,
but also to design grounding systems [172]. These formu-
las are an important part of electrode-based communica-
tion systems since the ground is already a poor conductor.
The Wenner has often been used with a reasonable degree
of accuracy [173] in Fig. 12. This method is based on the
basis of the current (/) — voltage (V) — resistance (R) for-
mula. This method requires the resistance of the soil to be
measured first — R (Q). The resistance can be determined
by using measuring devices or it can be calculated. This
formula works when the current and voltage are known.

With the Wenner or four-point method, consider an
electrode configuration with four rods at equidistant inter-
vals (a) in a straight line and known current. The resist-
ance (R) of the soil or ground can be calculated using
Eq. (30).
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Fig. 12 Calculating soil resistivity using the four-point method [160]
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And, the soil resistivity, p (Q.m), can be calculated using
Eq. (31).

_ 4raR
p= 2a _ 2a (3 1 )
Va2 +al2  V4a2+a12

where.

a, distance between the rods (m);

R, measured resistance (£2.m) — measured from resistance
tester;

L, length of each rod buried in the soil (m).

From the Eqs. (32) and (33), if s> 20(L), then:

p =2raR 32)

p= 27m(¥) (33)

However, the rods may not always be equally spaced
from each other. In this case, the Wenner method cannot be
used. This necessitates the use of the Schlumberger-Palmer
method which is based on the arrangement of rods that are
not equidistant [174]. In this situation, Egs. (34) and (35) can
be used to calculate the resistivity of the soil between rods
that are separated by distance c and distance d:

p= nc(c+ d)R 34)
d
_wclc+d)(V
-=(7) 65)

5.3 Electrode Contact Impedance

The electrode contact impedance (Zc) can be described as
the measure of the amount of electric current that can be

injected into the ground at a given voltage. The wire imped-
ance and impedance of the earth between the electrodes are
often neglected when improving the overall impedance of
the electrode system. The impedance of these components
is usually very low and is seldom considered when com-
puting total impedance on a larger scale. Furthermore, the
impact of these impedances cannot necessarily be changed
in attempts to improve the total impedance. The electrode
contact impedance becomes the impedance of paramount
interest and the focus for reducing overall impedance. This
impedance is mainly concerned with the point of contact
between the electrodes and the ground. The electrode con-
tact (ground rod) impedance with two rods (assuming a sin-
gle rod for each electrode) can be calculated using Eq. (36)
(Damiano et al. [15]). This formula disregards the frequency
of the signals.

Ze = 4ﬂ16L1n[(47L) - é] (36)
where.

L, length of rod in the ground (m);

a, separation distance between the two rods (m);

r, radius of each rod (m);

o, conductivity of the ground (S/m).

The electrode contact impedance depends on factors such
as the type of electrode used (material, form, and size), the
total number of electrodes used, the conductivity and elec-
trical properties of the surrounding ground, the electrode’s
depth of penetration into the ground, and the choice of trans-
mission frequency. The electrode impedance has three main
components: (1) the resistance of the conductor that forms
the electrode, (2) the electro-chemical interface between the
electrode and the earth, and (3) the contact surface between
the electrode and the earth [148]. The portion of the earth
immediately surrounding the electrode for a short distance
is considered for the electrode contact impedance because
it accounts for the highest resistance. The electrode con-
tact impedance is assumed to remain constant beyond the
immediate distance (x) from the electrode contact point, as
illustrated in Fig. 13.

Apart from altering the length and diameter of the elec-
trodes, using multiple rods was also investigated as an
alternative technique for reducing earth resistance. These
rods must be placed in certain configurations and spacings
apart in order to achieve the desired conduction of electric
current. The impedance between electrodes can be reduced
by simply adding another rod for each electrode [159].
This method is believed to be a feasible and efficient way
of reducing earth electrode impedance. Additional rods
will increase the amount of current injected into the earth,
thereby increasing the reach depth of communication. Two
rods that are well spaced provide a parallel path which is
of a similar configuration to two resistances that are in

@ Springer



Mining, Metallurgy & Exploration

r—-*

)
Y

X

4
v

| S|

|

Fig. 13 Considerable resistance portion of the earth surrounding the
electrode [148]

parallel. Sinchi-Sinchi et al. [175] derived formulae for
calculating electrode impedance with different rod place-
ment configurations. The electrode impedance (R,) can be
calculated for various different scenarios as follows.

[1] For one vertical electrode, the impedance can be
calculated using Eq. (37):

) 4(Lmd)) _
R, = s in( =) -1 -
R =2 [1n<8(er;d)> —-1]

¢ 2L, d
where.

p, soil resistivity (Q.m);

L,,;, length of rod buried in the soil (m);

d, diameter of rod (m);

r, radius of rod (m).

[2] For two rods in a straight line, Eq. (38) applies:

R =R, — - [n Lyoa —1] (38)
" wd \ \oha

where.
R,,, mutual resistance between mesh and rods (Q2);
R,, resistance to earth of the conductor wire (Q);
h = burial depth of the conductor wire (m).
[3] For three rods in a straight line, Eq. (39) applies:

R =R — o Lrd ) _ 1 (39)
" 22d 5\ (2

[4] For three rods in a triangular mesh configuration
where the electrode rods are connected by a conductor
wire buried in the soil, Eq. (40) applies:
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R =R _L[ln i —-1] (40)
" 32d\ (2

[5] For six rods in a rectangular configuration where the
electrode rods are connected by a conductor wire buried in
the soil, Eq. (41) applies:

R = Rl — L[ln i —-1] (41)
" L, V2ha

where.
L_, total length of the conductors connecting the rods (m).

5.4 Techniques to Improve Impedance

Various methods have been investigated to improve imped-
ance. Understanding the earth’s resistance and the vari-
ous means of reducing ground impedance is important
for optimizing the penetration of signals to greater depths.
The current injected into the ground can penetrate to
greater depths of the ground if these factors are properly
designed, managed, and controlled. Better transmission
of the electric current requires improvements in the wire,
earth, and electrode contact impedances. Various methods
of reducing earth resistance were tested for relevant fields
such as at substations, in coastal oceans, and through sea-
water [176-178]. The techniques for reducing resistance
have also been applied in their industries and fields of
electric charge conduction, with applications in underwa-
ter navigation and communication, grounding or earthing
systems for towers and buildings, lightning protection for
structures, geophysical prospecting, and bioelectronics
[179, 180]. Table 4 is a summary of the techniques that
can be applied in order to improve the different types of
impedances.

6 Trade-Off Between the Magnetic Inductive
and the Electrode-Based Systems

There is a clear distinction between the magnetic inductive
and the electrode-based systems. This is by the technical
capabilities and functionalities of the systems, but also
various other factors. Table 5 is a simple comparison of
these systems. Further comparisons should be done by
means of field tests and simulations to determine which
of the two is the more efficient mechanism. For example,
different factors can influence the selection choice between
the two systems, particularly based on the properties of
the rock in the area and mine geometries. Such work was
conducted in [40], evaluating signal processing and noise
cancellation techniques. Hence, the choice between these
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Table 4 Techniques for improving the conduction of current into the earth

Impedance

Factors

Resistance reduction technique

Wire

Earth (ground or soil)

Wire material
Wire length
Inner diameter of electrode

Coiled versus uncoiled wire

Selecting a low-resistivity area

Replacing or substituting local soil

Compacting the ground

Chemically treating the soil

Electrolytic ion grounding and ground module

This requires the selection of a material that is a good conductor of
electric current [148]

This requires the selection of an optimal length of the wire connecting
the electrodes [148]

This requires the selection of an optimal diameter of the wire connect-
ing the electrodes [148]

Uncoiled wires have better conductivity efficiency than coiled wires
[179]. The impedance of wires can be reduced by simply using
shorter and uncoiled wires [148]

This can be done by conducting experiments to measure the ground
conductivity of different areas and selecting an area with low resis-
tivity [180]. However, this is not always possible as the mine area is
fixed

This can be done by replacing, backfilling, substituting or mixing high-
resistivity soil with lower resistivity soil from another area [181].
Low-resistivity soil is characterized by a higher percentage of fines
[182]. This technique can be expensive but this can be economized
by targeting the area of critical resistance closer to the electrodes

One of the simplest techniques is also to compact the soil. Materials
such as compacted clay have the potential to reduce resistivity [183]

Highly resistive soil can be chemically treated using ion-producing
chemicals substances such as sodium chloride or calcium sulfate,
and ordinary salts such as sodium chloride (NaCl), copper sulfate
(CuS0,), calcium chloride (CaCl,), magnesium sulfate (MgSO,) and
potassium nitrate (KNO;) [184—-186]. This technique can be expen-
sive when treating large areas, depending on the type of chemicals
applied [161]. NaCl is commonly used due to it being cheaper than
the other substances but being an excellent conductor that is very
effective, although it is highly corrosive [187-190]. One of the major
challenges with chemical treatment of the soil is the possibility of
erosion or wash-away of the substances during rainy seasons. This
necessitates periodic replacements but necessarily further increases
the cost

Materials such as ceramic alloy solid compound filled into perforated
copper pipes can be used to fill the soil to improve impedance. These
techniques are commonly used in the grounding systems of substa-
tions [191]. These materials are used to preserve the moisture content
in the soil and to release electrolytic ions to improve the conductivity
of the ground and the earthing system

Use of non-soil material with good conductivity The resistivity of the soil or ground can be reduced by introducing sub-

stances with good conductivity, such zeolites, bentonite, biochar or
charcoal [192-196]. These substances have the capability to absorb
water from the surrounding soil and to retain this water by increasing
its volume. This can improve earth resistance by up to 20% over a
long period [186]
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Table 4 (continued)

Impedance Factors

Resistance reduction technique

Water retention and moisture in the soil

Temperature of the soil

Electrode Size of electrode — length and diameter

Burial depth of the electrode

Spacing between the electrodes

Number of electrodes

Configuration of the electrodes

Water retention is one of the most effective methods of improving
ground impedance [197]. The presence of water and other ionisable
salts forms an electrolyte in the earth and this electrolyte can act as
a conductor for the electric current injected into the ground. Better
conductivity can be obtained with good distribution of moisture in
the soil. The retention of water in the soil can be influenced by the
texture and structure of the soil [198]. This depends on various fac-
tors. Some types of soils have good moisture-retention capacity, such
as clay with up to 45-55% retention and loam soil with up to 20-35%
retention [199, 200]. Water can be retained by the presence of pores
in the soil. The retention of water around electrodes can be achieved
by means of vegetation to contain moisture within the soil and by
irrigation systems which prevent surface water runoff [181]. The
moisture content in the soil can be lost due to factors such as direct
sunlight causing evaporation in high temperatures, and by drainage
systems, both of which can be prevented by covering the surface

An increase in the temperature of the soil results in an increase in the
conductivity of the soil and subsequently a reduction of resistivity
due to ionic agitation [201]. An increase in temperature of just 1 °C
is equivalent to a 2.02% increase in conductivity [202]

The electrode contact impedance can be improved by increasing the
size of the electrodes in terms of length and diameter. The resist-
ance can be reduced by up to 40% if the length of the electrodes is
doubled in size while doubling the diameter only reduces impedance
by 10% [185]. These studies are not conclusive due to the condi-
tions under which the field tests were conducted but they verify that
installing additional electrodes improves earth resistance

The impedance can be reduced by increasing the burial depth of the
electrodes. This increases the surface contact area between the elec-
trodes and the ground. Coating has been used to improve the earth
electrode impedance for the buried electrodes [203, 204]. One of the
challenges with the electrode burial is the possibility of corrosion
[205]

Electrodes that are closely spaced at regular intervals have a lower
impedance. The electric current intensity of rods spaced at 40 m is
higher than that of rods spaced 60 m apart [159]. However, reducing
the electrode spacing to increase the intensity of current injection
does not guarantee a longer transmission range but it does increase
the transmission power. The electrodes should be installed at a
distance that is not less than the length of the electrodes for optimum
conduction results (more than the length of their immersion)

Increasing the number of electrodes reduces impedance but too many
electrodes are unnecessary [17]. Increasing the number of electrodes
by as little as two was found to yield a 40% improvement, 60% with
three and up to 66% with four rods [185]. However, a converse find-
ing was a 60% improvement with two electrodes, 45% with three and
35% with four [186]

The arrangement of the electrodes in the ground can improve imped-
ance [148, 159]. A square or circular pattern can reduce electrode
impedance better than a linear arrangement of electrodes. Approxi-
mately 90% of the total resistance surrounding an earth electrode
occurs within a radius of 2-3 m [161]
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Table 4 (continued)

Impedance Factors

Resistance reduction technique

Electrode material

The material used to manufacture an electrode has an influence on the
electrode’s impedance [148]. Metallic materials such as pure silver,
copper, aluminum, gold and stainless steel are known to be good
conductors of electric current, while non-metallic materials such as
wood, glass and rubber are very poor conductors. The different mate-
rials have different conductivity and resistivity values [206-208].
The conductors have their own advantages and disadvantages in
application, such as cost-effectiveness, with copper being the pre-
ferred material. The conduction of electric current in metallic wires
or electrodes can be influenced by several factors, such as the cross-
sectional area, length of the electrode, temperature, impurities in the
conduction material, electromagnetic fields and choice of frequency.
The efficiency of electrodes can also be affected by temperature vari-
ations. An increase in temperature decreases conductivity due to the
vibrations or movements of electrons which impede the flow of cur-
rent. A larger cross-sectional area allows current to flow more easily

than a smaller cross-sectional area

Table 5 Trade-off between the magnetic inductive and electrode-based systems

Parameter

Magnetic induction

Electrode-based

Signal carrier
System components
Range

Coverage
Frequency

Communication

SNR

Deployment

Flexibility

Auvailability and accessibility
Scalability

Earth resistivity

Magnetic flux

Larger loop antennas or solenoids, transceiver and
receiver coils, power supply and central processing
unit

Relatively shorter — this is due to the high attenuation
rates in high conductivity rock

Localized and limited to the number of installed sta-
tions underground

VLF to ULF range (Typically 300 Hz to 30 kHz)
Lower data rates — voice, text, and data (limited)

Relatively lower due to high attenuation of signals

Makes use of large, heavy loop antennas which may be
difficult and impractical to install underground

Fixed stations (multiple stations may be required) but
stations cannot be easily relocated

Trapped miners must be able to reach stations

Easier to expand — stations are independent of each
other and can be added with the advance of the mine

Medium to high (magnetic fields are less affected by
resistivity and can maintain performance with vary-
ing rock properties)

Electric current (current flux)

Electrodes (anode and cathode pair of rods), amplifiers
and central processing unit

Relatively longer — depends on the conductivity of the
rock

Increased coverage in less resistivity ground

ELF to VLF range (typically 30 Hz to 3 kHz)

Relatively higher data rates — voice, text, and data
(full-duplex two-way possible with good conductive
medium)

Relatively higher in high resistivity ground

Requires pre-installed electrodes both on surface and
underground but can also work through existing shaft
infrastructure (e.g. steel pipe columns inside the mine)

Portable and mobile units to establish link with surface
electrodes

Portable units can be carried miners when travelling
underground

Relatively difficult to expand — require electrode arrays
planning and assessment based on ground resistivity

Low to medium (require less resistivity for better perfor-
mance, high degradation of signals at high resistivity
medium)
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two systems requires an extensive trade-off study involving
simulations and field experiments. These systems capital-
ize on their low frequencies to improve penetration range
but with reduced data rates.

7 Through-the-Earth (TTE) Seismic Wave
System

The TTE seismic wave system (Fig. 14) uses geophysi-
cal methods to detect trapped miners. This method,
also referred to as a listening device, makes use of base
stations consisting of iron plates and sledgehammers
installed at regular intervals underground and of sensi-
tive listening devices (geophones) placed on the surface.
In the event of an accident where miners have become
trapped underground, the trapped miner must reach a base
station and start pounding against the wall to indicate
their location. Distinct fingerprint seismic waves are gen-
erated by the pounding miner, transmitted through inter-
connected rock layers, and received by the geophones on
the surface. The geophones should be able to overcome
various types of external or electrical noises and other
interferences from mining activities and other rock col-
lapses [209]. The seismic waves are picked up as rhythmic
vibrations at ULF between 28 Hz and 1 kHz [210]. The
geophones must be strategically placed in an array on the
surface in order to compute an accurate location of the
pounding trapped miners [43]. At least three geophones
are required for this purpose. The first geophone detects
the radius of the source, the second geophone indicates
two possible locations, and the third geophone confirms

(a) Array of geophones on surface

the common source of pounding, which indicates the
actual location of the trapped miner. Each location in the
mine being pounded has a unique seismic wave finger-
print, which indicates the location of the trapped miner.
The base stations are continuously added and calibrated
as the mine expands and advances. Adebisi [209] suggests
that buried geophones provide more accurate locations as
they can pick up twice the peak particle velocity (PPV)
of the seismic waves. The seismic wave system has been
extensively researched by researchers from the University
of Utah [211].

One of the biggest challenges of this system is the
need for the trapped miner, who may be injured, to be
able to find a sledgehammer and start pounding against
the surrounding rock. Factors affecting detection include
background noises and interferences, geological forma-
tions, the material used for pounding (e.g., crib block
better than sledgehammer), off-set distance, and depth
limitation. Initial field tests of the seismic waves system
were conducted to investigate the effects of background
noises and the effects of subarrays on the system [60].
Extensive field tests were conducted to determine opti-
mum depth [212-215]. Findings showed that the system
could detect seismic waves from miners pounding at
135 m underground [212] but failed to detect seismic
waves at 240 m [213]. Subsequently, an improved ver-
sion of the system managed to detect seismic waves at
300 m [214]. Further field tests were aimed at testing
the design capability of the system to a depth of 600 m
[214]. Adebisi [209] conducted field tests between 130
and 240 m. The relationship between depth and location
error has been researched, and the error was found to be

(b) Trapped miner pounding

(c) Detection of geolocations

Central processi

|
& Trapped miner pounding
@ underground

Fig. 14 a Array of seismic waves receivers on surface, (b) Miner pounding against mine wall to communicate location, and (c) propagation of

seismic waves through the earth [211]
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increasing with depth [216]. Another type of a unique
seismic wave system was proposed, making use of a very
small transmitter underground and a receiver on the sur-
face [217]. The developed and tested prototype of this
concept could transmit prearranged messages through
rock using seismic waves rather than radio signals. These
messages included information about the locations of
the trapped miners and the surrounding environment.
Although the system proved to be successful and prom-
ising, with transmissions of up to 271 m achieved, the
concept does not seem to have gained much traction for
further research since then.

Table 6 Factors affecting TTE communication systems [145]

8 Factors Affecting TTE Communication
Systems

The TTE communication systems can be affected by several
factors. Although the rock properties are a major influence,
the design and deployment arrangements of the systems can
also influence the transmission efficiency. The surface and
underground components require special arrangements dur-
ing deployment. Yan et al. [145] conducted an extensive
evaluation of the factors that can affect the performance of
the electrode-based system in Table 6. These factors are also
noted by other researchers [76, 90].

Factor Principles

Offset between transmitter and receiver

A good alignment or coupling between the underground and surface transceivers and loop

antennas is required. However, can be difficult to achieve in underground mines due to

the confined spaces. As a result, there is an offset distance between the transmitter and the
receiver. The voltage received at the receiver reduces with an increase in the offset. As a
result, the signal strength is reduced. A null location is reached as the transmitter is moved
further away from the receiver, resulting in poor to no communication

Orientation angle between transmitter and receiver The deployment of the of antennas underground can also be a challenge. Failure to place
transmitter and receiver optimally between surface and underground can cause an orienta-
tion offset by a certain angle. This angle has an effect on the received voltage, which
decreases with angle. This voltage is minimal when the angle is 90° due to the transmitter
and receiver being perpendicular to each other. Ideally, the transmitter and receiver should
be vertically aligned as far as possible to achieve maximum voltage

Depth of overburden

The overburden and its properties have an effect on the efficiency of propagating signals

between surface and underground. The electric field decreases with an increase in depth of
the overburden monotonically at a specific frequency. Mines that are operating at greater
depths will experience challenges in establishing reliable communication. However, this

is often overcome by inducing ultra-low or extremely low frequency waves which have a
better chance of establishing communication

Overburden conductivity and resistivity properties

The conductivity properties of the overburden have an influence on the propagation of

electromagnetic waves. The electric field can be affected by the conductivity of the
overburden at a certain depth and at a certain frequency. The horizontal electric fields
decrease with the conductivity of the overburden at a certain frequency. A decrease in the
electric field strength with conductivity generally results in an increase in frequency. A
high apparent conductivity and low operating frequency are ideal conditions for a mine to
achieve optimum communication

Length of transmitter and receiver antennas

The length of the receiver antenna has an effect on the magnitude of the voltage that will be

received. The receiver voltage changes with the length of the receiver for different trans-
mitter antenna lengths. The receiving voltage is increased when the length of the receiving
antenna is increased. However, this will result in a decrease in transmission rates which
will eventually cease when the length is large enough

Operating frequency

The frequency at which the system is operating has an influence on the reliability of the

communication link. Electric fields change with the operating frequency for different
types of apparent conductivities. There is no conclusive proportionality index for the oper-
ating frequency for different earth conductivities. In certain cases, increasing the operating
frequency of ELF and ULF does not necessarily increase the electric field at the receiving
end. This is, however, provided that other parameters are kept unchanged. For example, an
optimal operating frequency can exist for high earth conductivity that is between 100 and

500 Hz

Current generated by transmitter

Signal reception at the receiving end will be optimal when the transmitter current is maxi-

mized. This implies that the electric current at the receiving end is directly proportional
to the transmitted current. The contact impedance of grounding rods or electrodes at the
transmitting end will have an effect on the current being transmitted and thus influence
signal reception at the receiving end
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9 Gaps and Challenges in the TTE
Communication Systems and Future
Research

The transmission of signals for large distances through rock
is still the main challenge for the application of the TTE com-
munication systems in underground mines. Although these
systems have been extensively researched and advanced
over the last decades, there are still some gaps and chal-
lenges affecting their performances. For example, signifi-
cant research should still be focused on overcoming signal
attenuation and pathloss effects. This can be linked to range
and bandwidth or data rates which are the current major
limitations of the systems. Trying to increase data rates and
range at the same time is one of the biggest challenges. Range
depends on factors such as the frequency of the signals, rock
properties and input power. For example, an increase in the
input power of an antenna can improve the performance of an
antenna in terms of radiation efficiency and range. However,
the input power has limitations due to permissibility require-
ments but also requires careful considerations of impedance
matching. The properties of the rock such as the variations
in electrical conductance, moisture content, and mineralogy
can also affect the achievable range. Bandwidth and data rates
can also be affected by the rock properties. These factors
make it difficult to maintain a strong and clear signal over
long distances into the ground. For lower bit rates at lower
frequencies, an increased range is possible, but increasing
the bit rates limits the range due to higher frequency. This
suggests further studies to gain a thorough understanding of
the rock properties and their influences on range and data
rates. These studies can be used to establish more relation-
ships between the antenna design considerations and the rock
properties. Proper simulations and modelling of these fac-
tors can be applied to reduce signal attenuation and pathloss
effects. This can help develop more accurate electromagnetic
wave propagation models that incorporate factors such as sig-
nal attenuation, scattering, refraction, and reflection. If these
parameters are well understood, the range and data rates can
be improved.

Further research is suggested on strategies that can be
used to improve transmission efficiencies, enhance signal
penetration rate, and reduce pathloss. Relay coils and MIMO
systems are examples of some of the techniques that have
been developed to improve range and bandwidth simul-
taneously. But relay coils cannot be practically deployed
and installed into the ground. The use of relay coils can
be considered in multilevel mines. The relay coils can also
solve issues related to power consumption and antenna size
restrictions in the underground mines.

There is also a need for further research to develop more
robust noise-cancellation algorithms and techniques. These
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techniques are required to minimize interferences and noises
to improve range and achieve clear communication. This can
also be essential for the selection of an optimal frequency
band to overcome electrical noises and other external inter-
ferences. This can be further supplemented by SNR optimi-
zation and advanced signal processing (noise cancellation,
filtering, shielding and error correction) techniques to detect
and decode weak signals.

A significant amount of radiation efficiency of the mag-
netic inductive systems is lost in the air-to-earth interface due
to the reflection and refraction of signals. Understanding this
interface can help improve the penetration efficiency of the
signals from the transmitter into the rock, whether electrodes
or antenna. Certain rocks may be suitable for electrodes and
other for electrically small loop antennas. The efficiency lost
due to the air-to-earth interface can also be quantified.

This study provided a brief comparison between the mag-
netic inductive and the electrode-based systems. However, a
comprehensive trade-off between these systems is suggested.
This can be conducted through field experiments in areas of
varying geological formations and depth. This study should
focus not only on the technical parameters, but also fac-
tors such as regulatory requirements and compliance, costs,
added health and safety risks, and environmental impact.

Antenna design and optimization are also critical factors
of consideration for the magnetic inductive communication
systems. Further research should still focus on designing and
optimizing antennas with improved radiation and signal recep-
tion efficiencies with practical sizes suitable for underground
mine deployment. This is particularly critical when considering
the material, shape, and power consumptions. Antenna design
optimization should also consider factors such as the choice of
frequency, polarization, and radiation patterns. This can fur-
ther address issues concerning the portability, mobility, and
deployment of these systems. This will ultimately improve their
accessibility and availability, especially during emergencies.

Furthermore, underground mines do not only require effi-
cient antennas, but the antennas must also be robust and com-
pact to withstand the harsh conditions of underground mines
and remain operational post-accident. The antennas should
also be easy to deploy underground. The TTE communica-
tion systems are believed to have a higher survivability com-
pared to most communication systems. This is mainly due to
the minimal infrastructure, but the hardware components of
the systems can still be damaged during accidents. Further
research is needed to explore the development of explosion-
proof and rugged components to protect the systems against
impacts from accidents such as rock falls and explosions.
The TTE communication systems have predominantly been
operated in isolation. There is an opportunity to potentially
integrate the TTE communication systems with existing
communication infrastructure and other mining systems and
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technologies. However, the existing infrastructure and systems
operate at different frequencies which may not be interoperable
with the TTE communication systems. An integration of the
TTE communication systems with existing infrastructure and
the primary tracking systems to function as a single system
is part of ongoing research to scale up the coverage, avail-
ability, and accessibility of the TTE communication systems.
The TTE communication systems can ultimately be real-time
monitoring and automation systems.

10 Conclusion

This study reviewed the capabilities and limitations of the dif-
ferent types of TTE communication systems and their applica-
tions in underground mines. These systems have been exten-
sively researched and trialled in their applications to establish
wireless two-way communication between surface and under-
ground, and for locating trapped miners post-accident. One of
the biggest advantages of these systems is their non-reliance
on backbone infrastructure where the earth strata become the
medium of transmission. This makes the TTE systems to be
better suited for post-accidents communication in compari-
son to the traditional primary tracking systems. These systems
have evolved significantly over the last decades with many suc-
cesses. However, further research and trials are still required
and ongoing to further improve and modify these systems,
particularly in terms of range and bandwidth. This is because
the TTE systems are still faced with several shortcomings and
challenges. Their shortcomings are driving future research on
their efficiency, reliability, and practicality of deployment in
underground mines. The influence of rock properties on the
performances of these systems remains one of the biggest chal-
lenges to solve. New innovative antenna design and optimiza-
tion solutions are still required to overcome these challenges
and various other challenges identified in this study. Overall,
with the necessary improvements and advancements, these
systems are promising to be an integral part of the safety of
underground mines and can play a critical role in saving sur-
vivors. This will reduce trapped miner fatalities and ultimately
improve overall mine safety.
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