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Abstract

An efficient procedure for modeling medium frequency (MF) communications in coal mines is introduced. In particu-
lar, a hybrid approach is formulated and demonstrated utilizing ideal transmission line equations to model MF prop-
agation in combination with full-wave sections used for accurate simulation of local antenna-line coupling and other
near-field effects. This work confirms that the hybrid method accurately models signal propagation from a source to
a load for various system geometries and material compositions, while significantly reducing computation time.
With such dramatic improvement to solution times, it becomes feasible to perform large-scale optimizations with the
primary motivation of improving communications in coal mines both for daily operations and emergency response.
Furthermore, it is demonstrated that the hybrid approach is suitable for modeling and optimizing large communica-
tion networks in coal mines that may otherwise be intractable to simulate using traditional full-wave techniques

such as moment methods or finite-element analysis.

Keywords: Coal mines; communication network optimization; medium frequency (MF); propagation; transmission

lines (TLs)

1. Introduction

Throughout history, mining tragedies have emphasized
the need for communication systems in the mining in-
dustry with improved survivability. In response to such types
of disasters, the United States Congress passed the Mine Im-
provement and New Emergency Response Act (MINER Act)
in 2006, considered to be the most significant mine safety
legislation since the Federal Mine Safety and Health Act of
1977. Over the years, researchers have performed extensive
research on the design optimization and implementation of
communication systems for use in coal mining operations
[1-5]. A large range of frequencies have been proposed for
various types of coal mine communications, ranging from
very-high-frequency and ultrahigh-frequency technologies
[6-15], typically for in-mine daily operations, to emergency
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tracking systems [16-20] based on very-low-frequency through-
the-earth technologies. MFs have also been proposed for
in-mine communications [8], [21-30], which is the focus of
this paper.

MFs are identified for their ability to parasitically cou-
ple into conductor infrastructure within a mine tunnel and
propagate large distances through various room-and-pillar
architectures with relatively low attenuation [27, 28]. In
practice, this means that a medium frequency (MF) system
may take advantage of existing conductor infrastructure in
a coal mine, only requiring wireless handhelds for communi-
cations. Examples of typical conductors in mines include
trolley rails, lighting and telephone wiring, and machinery
power cables. Another advantage of MF signals is their abil-
ity to propagate hundreds of meters through the coal seam
without man-made metal conductors present [31, 32],
because the relative conductivities of the coal and surround-
ing rock layers can form a suitable waveguide. As mandated
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by the MINER Act, current research efforts are to primarily
focus on improving the survivability of existing technologies
and developing new solutions for emergency tracking.
Hence, the characteristics outlined above make MF commu-
nications attractive for day-to-day mining operations as well
as in the event of an emergency, although the low carrier
frequency generally limits the system to a single channel.
As a result, there is a renewed interest in MF technologies
[33-38] to address this mandate.

The current modes that can be excited along multiple-
conductor configurations within a coal mine tunnel are char-
acterized as differential mode (DM) and common mode
(CM) propagations. DM refers to propagation 180 degrees
out of phase along conductors; CM refers to in-phase propa-
gation along conductor networks whereby currents return
through surrounding mine-earth boundaries. Many times,
one mode is dominant in a communication system; however,
the most general propagation is a superposition of both CM
and DM. Furthermore, CM and DM propagation modes
can experience discernible differences in attenuation and
coupling efficiency from antenna to transmission line (TL)
[39—41]. Because of these differences, accurate modeling of
both modes is crucial for understanding and optimizing MF
communications in coal mines. The remainder of this paper
will demonstrate the proposed hybrid approach by concen-
trating on each mode individually and leaves multimodal
(or multiconductor) TL analysis for consideration in future
work. Looking forward, when the proposed hybrid approach
is extended to accommodate multiconductor systems, it will
be constructed in the same way as outlined in this paper,
with the difference in that TL models would be represented
by matrix equations to accommodate multiconductor con-
figurations [42—44].

In order to determine what factors most influence the
behavior of MF propagation in coal mines, extensive numeri-
cal and analytical modeling is required. Many previous
models of MF propagation in earth-bounded systems [45,
46] develop modal equations that require sophisticated nu-
merical methods in order to facilitate accurate calculations.
Alternatively, constructing representative models using
commercial method of moments (MoM) codes presents a
separate challenge because they require considerable compu-
tational resources and time. For example, a typical coal mine
tunnel cross section is on the order of meters, suggesting
information about the meshing resolution of the MoM
model; meanwhile, the length of a mine may be on the order
of kilometers, indicating the overall size of the model.
Hence, full-wave simulation of signal propagation from one
end of a mine to another can become an extremely large
problem for traditional computational electromagnetic (EM)
modeling codes. The hybrid approach outlined and demon-
strated in the following sections mitigates this challenge.
The general concept is illustrated in Figure 1, showing
“black box” regions of interest that are to be modeled using
MoM. These sections could contain a source/transmitter cou-
pling to a TL, a load/receiver receiving a signal from a TL,
or a line break and scattered overburden due to a mine

IEEE Antennas and Propagation Magazine, Vol. 57, No. 1, February 2015

Full-wave

—  Source/ Load/ —
T . Transmission Line R o
ransmitter (twin-lead geometry shown) ecerver
— Region [x - 3 Region [—
Modeled using Full-wave
Moment Method A =
Modeled using Full-wave Modeled using Full-wave
Moment Method . Moment Method
Hybrid /
—Source/  HTMAAN Load/——
« Transmitter L R c= G§ Receiver »
= Region [t 51 Region
\
Modeled using Transmission
Line Equations

Figure 1. Comparison of a strictly full-wave model to a hybrid
model using both full-wave regions and TL equations.

collapse; essentially, these sections are used to model any-
thing not trivially represented by simple analytical expres-
sions. In contrast, the interconnects for these regions are
typically a network of conductors, or a TL, providing a uni-
form path for MF propagation and hence can be modeled
with simple TL equations. This technique allows for efficient
simulation of communication paths while providing model-
ing flexibility and enabling parametric investigations of the
source and receiver/load sections in addition to effects as-
sociated with mining disaster events. Exhaustive parametric
studies of excitation (i.e., antenna-line coupling) and line
termination types would be impractical, if not impossible,
if the entire propagation path in a given communication link
were modeled using full-wave techniques alone. As will be
demonstrated, this hybrid approach significantly reduces the
amount of computational resources and time required to
make calculations of interest.

Ultimately, a primary objective of this work is to facili-
tate system-level optimization of coal mine communication
networks. For example, optimizations may include maximiz-
ing power transfer from a transmitting antenna to a receiv-
ing antenna and minimizing standing-wave ratio (SWR).
Another goal may be to design an MF communication sys-
tem that is more survivable during disaster events. In order
to efficiently optimize such large problems, specialized
global search algorithms were used in conjunction with the
proposed hybrid model to analyze fitness of candidate net-
work designs. Such an optimization technique, which may
require hundreds or even thousands of function evaluations,
would not be feasible without the significant improvement of
solution times afforded by the hybrid approach. For demon-
stration, the final example in this work minimized SWR near
the transmitting and receiving antennas of an MF communi-
cation network. Subsequently, a line break was introduced to
the previously optimized design, simulating the event of a
mine collapse. Once again, the hybrid approach was applied
by modeling the broken TL with a full-wave region, and it
was shown to accurately reproduce the corresponding propa-
gation effects and power losses. These effects would be diffi-
cult to reproduce applying only TL equations; however, on
the other hand, the entire communication network is too
large to model and optimize using MoM or finite-element
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method techniques alone. The solution is to use both full-
wave and TL models in a hybrid approach, which is formu-
lated in the follow sections with examples to demonstrate the
efficiency, accuracy, and modeling versatility it can offer.

2. Formulating the Hybrid Approach

When constructing the hybrid models, it is important to
both maintain accuracy and minimize solution times. That is,
when properly implemented, a hybrid model should yield
results consistent with its full-wave counterpart (i.e., no TL
equations) and reduce the corresponding calculation time.
MF propagation in a coal mine, whether along multiple con-
ductors in a DM state or those involving lossy earth return
paths, can commonly be approximated as transverse electro-
magnetic (TEM) modes [40]. When a quasi-TEM approxi-
mation is valid, full-wave sections in an MoM model can be
represented by TL equations; this is how the hybrid approach
is constructed. Full-wave sections are strategically retained
within a hybrid model to include local effects such as an-
tenna-line coupling and other near-field interactions that are
difficult to generalize with TL equations. This general idea is
illustrated in Figure 1.

2.1 Formulation Methods

There are two major steps to perform when constructing
a hybrid model for a given MF communication system: 1)
determine adequate sizes for all full-wave sections, capable
of capturing sufficient detail of the near-field interactions
within the system, and 2) determine the TL equations that
best represent the uniform MF propagation occurring in the
coal mine communication network. In other words, “what is
the correct ratio of full-wave sections to TL equation sec-
tions?” This is important since the smaller and less frequent
the full-wave sections are, the smaller the resulting computa-
tional cost will be.

Starting with the determination of the full-wave sec-
tions, consider two examples of particular interest for analyz-
ing and optimizing the survivability of a communication
network. First, consider a TL excited by a transmitting an-
tenna. The length of the full-wave section in the vicinity of
the transmitter must be adequately long in order to capture
the correct antenna-to-line coupling. A hybrid model with
this type of full-wave section could be used to determine
how best to excite an MF communication network in an un-
derground mine. That is, because the antenna coupling sec-
tion is modeled using full-wave techniques, it would be
straightforward to move the antenna, change its orientation,
or change its position and then use the TL equations within
the hybrid approach to calculate the impressed currents on
the remainder of the communication network. For the second
important example, consider a broken TL due to a collapsed
tunnel. Again, it is extremely important to use a full-wave
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region sufficiently large enough to accurately model the
power losses associated with the broken TL.

Based on the experience gained from this work, there
is no generalizable procedure that can answer how much of
a given MF communication network should be modeled
using full-wave sections and how much can be modeled
using TL equations. In fact, this highlights the motivation
behind the hybrid approach. That is to say, if the designer
could trivially model and predict how various antennas
would couple to a given communication network and how
that network would respond to extreme environmental
changes induced by a mine collapse, then analytical expres-
sions, such as TL equations, would suffice alone. Unfortu-
nately, this modeling task is not so straightforward. Hence,
choosing the appropriate full-wave sections must be done on
a case-by-case basis.

To show how this was typically done in this work, an
example was constructed, which is outlined in Figure 2a,
showing a twin-lead TL having a separation distance of 2 m
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Figure 2. (a) Example geometry constructed to determine
the full-wave sections required to accurately calculate
power transfer from T, to R.. (b) Required length of
full-wave (moment method) section to accurately couple
EM energy from a small antenna element to the twin lead
TL shown in (a).
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and a wire radius of 1 mm (Zy =911 ). The TL, which
was terminated at both ends with loads Z, was positioned
near two small loop antennas (20-cm diameter) separated by
a distance L that were displaced from the plane of the TL by
a distance Ax. The objective in this example was to deter-
mine what length of the TL near the two antennas must be
modeled using MoM in order to accurately calculate the
power transferred from Ty, operating at 500 kHz, to Ry.
First, for a given L and Ax, the power transfer was calcu-
lated using strictly moment method (i.e., no TL equations) to
establish a baseline. Then, a hybrid model was created start-
ing with full-wave sections 2 m long, symmetrically posi-
tioned about the antennas’ respective positions. Next, the
power transfer for shorted, matched, and open terminations
was calculated. If the power transfers were within 10% accu-
racy of their full-wave-only counterparts, then the goal was
met. If the power transfer error for any termination type was
greater than 10%, the full-wave section of the hybrid model
was increased by 2 m, and the power transfers were calcu-
lated again. This process was subsequently continued until
the accuracy goal was met and was performed for three dif-
ferent L values (0.7, 1, and 2 km), each with 11 different Ax
values (linearly spaced from 0 to 50 m). The result from this
experiment is shown in Figure 2b, where it is clear that as
the antenna was positioned further from the TL, the length
of the full-wave section must be increased for a fixed accu-
racy criterion. In all cases investigated, the required full-
wave section length was subwavelength (A &~ 600 m). It is
also apparent that this relationship was independent of L due
to the identical TL characteristics in each case.

Note that although this example suggested rather short
full-wave sections were required to model accurate antenna
coupling, all of the examples explored in the remainder of
this paper made use of longer (~ A/4 to \/2) full-wave sec-
tions. The main reason for this was so that when presenting
hybrid model calculations, the variations in line current mag-
nitude and phase could be easily identified and compared
with the full-wave equivalent models.

In order to apply TL equations to the hybrid models,
the propagation constant and characteristic impedance asso-
ciated with the system must be calculated beforehand. With
these data, TL equations may be formulated to calculate the
equivalent loading and excitation on the full-wave sections
associated with the sources and loads (e.g., transmitters and
receivers), respectively. The TL propagation constant and
characteristic impedance can be calculated using either nu-
merical or analytical techniques. Typically, closed-form solu-
tions are preferred due to the ease with which calculations
can be made; however, they are not always available for
the diverse range of geometries and materials commonly
encountered in coal mines. Many times, only approximate
solutions or more complex modal equations can be formu-
lated. In this respect, it can be most straightforward to use
available commercial codes to model prescribed geometries
and calculate the associated propagation characteristics. For
example, when considering low-loss TL, it can be shown
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that the propagation phase and attenuation constants are
approximated by [36]

A
5—2— arctan o y + 2mm (1)
1—-4
1 1+4
“ 2Ln’1—A' )

Here, L is the length of the TL, m is a nonnegative integer,
and 4 = \/Zy/Zo, where Zy. and Z,. are the input imped-
ances for shorted and open terminations, respectively.
Finally, the characteristic impedance can be calculated by
[47]

ZO =V Zochc- (3)

This way, the parameters required for the TL equations of
the hybrid approach can be solved by calculating only the
input impedances corresponding to open and shorted termina-
tions. This technique, when applied to modeling performed
with commercial codes, provides an efficient alternative when
straightforward analytic methods are not available. Once
propagation characteristics have been calculated, TL equa-
tions can be implemented in the hybrid approach and subse-
quently applied to optimization procedures. The remainder of
this paper will concentrate on examples were the hybrid
approach was applied.

2.2 Initial Examples

Ultimately, it is desired to model and optimize full-
scale mines with the hybrid approach. Before this is done, it
is instructive to demonstrate the efficiency and accuracy of
the hybrid approach for a less complex geometry. The initial
example considered demonstrates the accurate modeling of a
TL T-intersection in free space, where Figure 3a details the
geometry that was used. A 1-W ideal power source, operat-
ing at 500 kHz (free-space wavelength, Ay ~ 600 m) was
used to feed the network. The twin-lead TLs were assigned a
separation distance of 2 m and a wire radius of 1 mm. Each
branch of the T-intersection was chosen to be 500 m long
and was terminated with a load Z, which, for TL analysis,
was chosen to be open, shorted, and matched. As shown in
Figure 3a, three different hybrid models, i.e., Hybrids 1, 2,
and 3, were considered and corresponded to utilizing ideal
TL sections that were 100, 300, and 400 m long, respec-
tively. The three hybrid models and the original full-wave
model were compared in order to demonstrate the accuracy
and increasingly reduced computational demands of the
hybrid approach when larger and larger ideal TL sections
were utilized, which effectively reduced the size of matrices
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Figure 3. (a) Geometry of a T-intersection full-wave and
hybrid model comparison using open, shorted, and matched
terminations. (b) Currents calculated using equivalent full-
wave and hybrid models. The calculated current magni-
tudes were normalized to the source current.

used in MoM calculations. Figure 3b compares the calcu-
lated current profiles of the full-wave and hybrid models
along the X- and Y-axis-aligned branches. The current cal-
culations, which were normalized to the source current, indi-
cate that the hybrid approach agreed well with its full-wave
counterpart. Note that where current values have been omit-
ted indicates the location of the analytic ideal TL sections.
Finally, using an 8-core Intel E5620, hybrid models 1, 2,
and 3 reduced simulation times by approximately 4, 20,
and 80 times, respectively, compared with the equivalent
full-wave model.

In the previous example, the computational time re-
quired by the hybrid model depended only on the size of
full-wave sections used for the source and load regions. Sub-
sequently, the hybrid approach allows networks to increase
in size without discernible change in computational times,
whereas an equivalent full-wave model using MoM would
require more computational time and resources as the
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physical size of the model increases. This not only makes
the hybrid approach attractive for large problems but also
facilitates modeling of full-scale mines, whereas using MoM
would not be feasible, even with notable computer resources.

In the next example, this fact was exploited and tested.
Specifically, a TL 27 )¢ long at 500 kHz (i.e., 16.2 km) was
placed between two parallel plates of lossy earth in order to
test the hybrid model subject to environmental loading,
which is an important consideration when modeling MF
communication networks in coal mines. The TL possessed
the same separation and wire radius as in the previous exam-
ple. A 10-cm radius loop antenna with a wire radius of
1 mm was used for both the transmitting (Ty) and receiving
(Rx) antennas. Ty was fed by a 1-W power source operating
at 500 kHz. This geometry is illustrated in Figure 4a. For
this example, the environmentally-loaded TL equations were
constructed using moment method models in conjunction
with the techniques discussed in [36]. Currents along the
full-wave section surrounding Ry were calculated for shorted
and open terminations and are compared for the hybrid and
full-wave models in Figure 4b. This example clearly demon-
strates the accuracy of the hybrid approach, even over very
large distances of propagation. Because of this large dis-
tance, computational times for the full-wave and hybrid
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Figure 4. (a) Geometry of a 27 )¢ long TL (i.e., 16.2 km)
placed between two parallel boundaries of lossy earth
used to test the hybrid model subject to environmental
loading. (b) Current magnitudes and phases calculated
on the Ry TL section were compared between full-wave
and hybrid models for shorted and open terminations.
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models were 5540 and 6.9 s, respectively, on an 8-core Intel
E5630. This equated to a factor of 800 reduction in computa-
tion time.

3. Propagation With an Earth Return
3.1 TL Approximations

In order to account for the various possible MF propa-
gation modes in coal mines, it is also important to consider
those that use the surrounding earth material as a current
path. This may occur when either a multiple wire system is
experiencing CM propagation or a single wire conductor is
placed within the coal mine tunnel. In the following sections,
the modeling of a single wire conductor placed close (i.e.,
much less than one wavelength) to a lossy earth material is
considered. This geometry, as shown in Figure 5, can equiv-
alently represent multiple wire conductors facilitating in-
phase propagation (CM propagation) and subsequently using
the earth as the current return path. As predicted in the litera-
ture [46], [48, 49], at MF, a quasi-TEM mode is readily
established between a single conductor and earth material
return path. Because of this characteristic, the modeling of a
conductor positioned near a single earth layer should be a
good approximation to an identical conductor placed nearest
to one (out of four) of the boundaries within a mine tunnel
(more on this and its importance shortly). This is a reason-
able application since, in practice, conductors would usually
be supported by ceilings or floors. As will be shown, with
this approximation, the TL analysis is significantly simpli-
fied. However, it is worth noting that this approximation
may not hold as well when the conductor is placed in a cor-
ner of the tunnel cross section, effectively placing it close to
two intersecting earth surfaces. Developing accurate and effi-
cient models for this scenario is a topic of future consideration.

Propagation with earth return has been a topic of inter-
est for almost a century. First reported in 1926, Carson [49]
derived approximate TL solutions under the assumption that
the wires are thin, placed in close proximity to the ground,
and that the ground return dissipation factor is characteristic
of good conductors (i.e., o/ew>> 1). In effect, Carson’s
approximation provides straightforward calculations but

Free Space
Lossy Earth

€0, Ko
€95 0,04

Figure 5. Geometry of single wire above lossy earth and
free-space boundary.
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requires low frequencies of operation and/or the return path
to have high conductivity, which may not be the case for all
mine materials of interest. Significant improvement was
made in 1972, when the analysis of J. R. Wait [46] provided
the exact modal equation for all ranges of both electrical and
geometric parameters. Wait’s model showed that the propa-
gation constant, i.e., jy, could be written in terms of the stan-
dard TL modal equation given by

v=vzy, 4)

where Z and Y are the equivalent series impedance and shunt
admittance, respectively, and are functions of ~.

The difficulty with Wait’s approach is that v is a func-
tion of itself and therefore requires advanced numerical
methods to compute solutions in all but the simplest cases.
To avoid the challenges associated with solving the exact
modal equation and obtain intuition for the system, attempts
to improve on Carson’s original approximation have been
reported, which introduce corrective terms that account for
displacement currents associated with lossy dielectrics. The
approximation used here was reported in 1996 by D’ Amore
and Sarto [48], which is formulated in the Appendix. When
compared with Wait’s exact modal (4), this approximation is
remarkably simple to use, so long as the appropriate limiting
conditions are met, providing an accurate means to perform
rapid computations of the propagation constant and charac-
teristic impedance.

3.2 Hybrid Approach for a Wire With
Earth Return

Next, a hybrid model was constructed using the D’ Amore
approximation outlined in the Appendix. The example consid-
ered was a wire placed 20 cm above an earth/air interface. The
lossy earth return was assigned material parameters of o =
0.01 S/m and € = 10. The 5-km-long copper wire had a 1-mm
radius and was terminated into the ground, normal to the air/
earth surface boundary. The grounding rod was 1.5 m long
and had a radius of 1 mm. At one end of the TL, there was an
ideal voltage source operating at 500 kHz. At the opposite
end, there was a load Z. The corresponding geometry is illus-
trated in Figure 6a. In this hybrid model, a 4.4-km-long section
between the source and the load was replaced by TL equations
constructed using the D’Amore approximation. Effectively,
these TL equations were used to properly load the source sec-
tion and excite the load section. Line currents were calculated
and are compared in Figure 6b for the load Z designated to be
both open and short. It is extremely important to note that
there was an additional resistance associated with the ground-
ing rod geometry (i.e., length and diameter) beneath the earth’s
surface, which can be seen from the reduced SWR of the so-
called shorted currents. To account for this in the hybrid model,
the resistance was approximated using the low-frequency
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Figure 6. (a) Geometry: 1-mm-radius wire placed 20 cm
above lossy earth return. (b) Currents for full-wave and
hybrid models were calculated and are compared for
both shorted and open terminations.

power system equations for grounding rod resistance discussed
in [50], which is given by

1 21
Rerm:—1 _
! 27ol 0g(a>

®)

where ¢ is the ground conductivity, / is the length of the
grounding rod, and «a is the radius of the grounding rod. It is
important to note that this equation assumes that the earth mate-
rial surrounding the grounding rod is characteristic of a good
conductor. This is often the case for MF propagation in coal
mines; however, an alternative approach would be required for
low-conductivity earth materials.

The current calculations in Figure 6b indicate only

a small current error between the hybrid and full-wave
models—approximately an error of 2 dB and 15 degrees in
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phase. Again, note that the omission of currents in the hy-
brid model indicates where TL equations have been ap-
plied. The good agreement of current calculations for both
termination types further indicates the accuracy of the
D’Amore approximation for these geometries when excited
with MF. Furthermore, using an 8-core Intel ES620, the hy-
brid models were simulated in 7.4 s. The full-wave counter-
part was completed in 440 s, which corresponded to a factor
of 60 reduction in computation time.

As was previously suggested, the D’ Amore approxima-
tion can be effectively utilized due to the TEM nature of
MF waves in coal mines, where most of the EM energy is
confined between the wire conductor(s) and the nearest tun-
nel boundaries. The next example considered employing the
hybrid technique to support this argument. In this example,
we made use of the fact that if a wire conductor is posi-
tioned closer to one tunnel boundary than the others, such
as is shown in Figure 7b, then the EM environment should
be approximately equivalent to that shown in Figure 7a,
which is the geometry that was just previously considered
for a hybrid model.

In the next example, a 1-km-long wire conductor was
positioned 50 cm above a mine tunnel floor. The tunnel cross
section was assigned typical coal mine dimensions with a
height of 2 m and a width of 6 m; however, due to the ap-
proximation used here, these dimensions were not expected
to greatly affect the propagation characteristics. That is, only
the mine floor material parameters and distance the wire was

(a) z (b) Lossy Earth
..-.4'.__. Free Space
TR @ 2a
| 1
Coal Coal

h
Free Space l gty I T b @ 3‘?8 "
Lossy Earth | &g H0:0¢ Lossy Earth & F0:0;
(©

Full-wave
G, = le-2 S/m, le-3 S/m g, = 10
Wire rad. = 1 mm

Length =1 km

50 chCV)
' G,=le2S/m, 1e3S/m g, =10
O Hyvia b

o, = le-2 S/m, le-3 S/m g, = 10

Wire rad. = 1 mm
50 ch V)
I

D’ Amore Approx. . > ml
Z
c, = le-2 S/m, le-3 S/m :

<— TL eqns —>
d

£;=10

Figure 7. (a) Geometry: wire placed above a lossy earth
return. (b) Geometry: wire placed above a mine tunnel
floor. (c) Side view of a mine tunnel hybrid model with a
wire positioned 50 cm above a mine floor.
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Figure 8. Currents for full-wave and hybrid models were
calculated and are compared for both shorted and open
terminations and two different return path conductivities.

positioned from that surface would dictate the EM properties
of the TL. An ideal voltage source operating at 500 kHz was
positioned opposite to either a short or open termination.
This geometry is illustrated in Figure 7c. Currents for the
hybrid and full-wave models were calculated for both termi-
nation types and two different mine floor conductivities
(g = 10): 0, = le—2 S/m and le—3 S/m. The corresponding
currents that were calculated are compared in Figure 8.
There was some disagreement in the calculated currents,
likely due to additional loading from the other tunnel bound-
aries; however, overall, the results demonstrate the accuracy
of the hybrid approach for mine tunnels where a single con-
ductor is placed close to one of the boundaries. Again, it is
important to note that this assumption will need further con-
sideration and revision in geometries where the wire con-
ductor is placed equally close to two intersecting surfaces.
Furthermore, to add complexity to the system, the coal seam
(i.e., tunnel walls) and conductive rock layers (i.e., ceiling
and floor) generally have conductivities that differ by one to
several orders of magnitude [27]. This is a topic to be con-
sidered in future work, but remember it is always possible to
construct accurate TL models by applying the techniques
formulated in [36] to representative full-wave models. To
conclude this example with calculation time comparisons,
the full-wave and hybrid models were simulated in 3800 and
720 s, respectively, on a 12-core Intel E5645. This equated
to a factor of 5.2 reduction in the computation time. It is
very important to note that for this example, the memory
requirements were 37.7 and 4.6 GB for the full-wave and
hybrid models, respectively. Hence, for typical computers,
the coal mine tunnel length is very limited using full-wave
techniques alone; only the hybrid approach can allow for
substantial line lengths required to model large-scale coal
mine communication networks. Furthermore, optimizing such
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networks without the hybrid method would be infeasible
all together.

4. Large-scale Optimizations Using
the Hybrid Approach

As previously mentioned, the main motivation behind
the hybrid approach was to facilitate large-scale optimiza-
tions of coal mine communication networks that would
otherwise be very challenging due to the limited analytic
solutions or the large computational cost of full-wave
(MoM) computer models. With the previous examples estab-
lishing the basic tools for constructing communication net-
works with the hybrid approach, two final optimization
examples were formulated and are presented next.

The first example optimized power transfer from a
single transmitter to three receivers through a large TL net-
work placed in free space, as shown in Figure 9. Each seg-
ment of the TL network was 240 m long. Each antenna had
a 10-cm diameter and a 1-W power source operating at 500
kHz. A binary genetic algorithm was used to maximize
power transfer by choosing whether an open or short (i.e.,
one or zero bit) should be placed at each node and end termi-
nation. The goal of power maximization was achieved by
implementing the following cost function:

cost = Z| 101og;o(P:)| (6)

i

where i represents each receiving antenna, and absolute
values were imposed because evolutionary algorithms tradi-
tionally try to minimize cost. Each iteration of the optimiza-
tion using the hybrid model required only 7.9 s on an 8-core
Intel E5620. In comparison, the full-wave counterpart required
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Figure 9. Large TL network used to demonstrate the feasi-
bility of performing large-scale optimizations by utilizing
the hybrid approach. The optimization protocol was to
simultaneously maximize power transfer from Ty to three
different receivers by implementing open and shorted
terminations at each node and end load.

171



HE
>

-
P

N/

Black = Coal
White = Tunnel
- . A‘

Figure 10. Map of mining area showing room-and-pillar
layout.

100 ft.
D —

356 s, a runtime factor difference of about 45. To fully appreci-
ate this time difference, consider that this example was con-
verged by generation 25 using a population of 20. Hence,
totaling 500 iterations for convergence, the hybrid approach re-
quired about 1 h, whereas optimizations employing the full-
wave models would require approximately two days. The opti-
mal solution is shown pictorially in Figure 9, where unfilled
and filled circles represent open and shorted terminations, re-
spectively. The hybrid model calculated power transfer from
T, to be —156.3, —148.9, and —157.4 dB to Ry, Ry, and
R3, respectively. Using the same terminations in an equivalent
full-wave model, the calculated power transfer was determined
to be —156.3, —148.6, and —157.4 dB to Ry, Ry, and Rys,
respectively. Hence, even for a large communication network,
the hybrid model produces extremely accurate results.

The second and final example optimized a communica-
tion network similar to what could be used within a room-
and-pillar mine architecture such as that shown in Figure 10.
To simplify the problem, conductors were placed much
closer to the floor than to other surfaces, such as the coal
pillars and ceiling, allowing the system to be approximated
as if only the floor were present. The communication net-
work used for optimization is shown in Figure 11la, which
illustrates the top view of a series of single conductor inter-
connects that use the earth as a return path. The lossy earth
layer was assigned material properties o = 0.01 S/m and
€ = 10. All copper wires were positioned 20 cm offset from
the air/earth interface. In this example, SWR was minimized
by using the covariance matrix adaptation evolutionary

Figure 11. (a) Geometry for optimization problem using the
hybrid approach. A network of single conductors is con-
structed and optimized for minimum SWR on the segments
nearest to the transmitter and receiving antennas. Optimi-
zation is performed by varying the length of grounding
rods at the end of each open segment. (b) Top: Current
comparison for optimized hybrid and full-wave models.
Bottom: Current comparison for hybrid and full-wave
models after a line break was introduced. The TL section
corresponding to R,; is located after the TL break, as is
evident in the relatively small current magnitudes.
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strategy (CMA-ES) [51]. CMA-ES is a powerful evolutionary
algorithm recently introduced to the EMs community [52],
which moves a multivariate normally distributed population
around the solution space. This algorithm has advantages
over other popular real-valued global optimization algorithms, such
as particle swarm optimization, in that it maintains and exploits
search history, allowing for small population sizes and, subse-
quently, accelerated and robust solution discovery. CMA-ES also
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has the advantage of requiring few user inputs, where only the
independent input variable ranges and standard deviations are re-
quired from the user. For this hybrid optimization example,
SWR was minimized by utilizing the cost function, i.e.,

IA
cost = Z max 1] (7

win 1]

where /; are the currents on the wire sections closest to the trans-
mitting and receiving antennas, which are represented by orange-
dashed lines in Figure 11a. This was accomplished by simply
extracting the calculated currents along the full-wave sections
from the simulation output files. Subsequently, the corresponding
SWR values were calculated and used as a feedback mechanism
for CMA-ES. Network tuning was accomplished by varying the
distance that the grounding rods penetrated into the ground (i.e.,
grounding rod length) at the end of each TL section, which ef-
fectively varied their individual termination resistances. The ge-
ometries of the transmitting antenna and two receiver antennas
were identical: 10-cm loop antennas with 1-mm-radius wire. To
excite the network, Ty was fed by a 1-W ideal power source op-
erating at 500 kHz. Only the 200-m full-wave sections nearest to
the antennas were left in the hybrid model. Figure 11b compares
the currents calculated in the optimized hybrid model and the
equivalent full-wave model. All currents were normalized to the
source current on Ty in order to indicate overall power transfer
from T to Ry and Ry,. The agreement between currents was ex-
tremely good considering the beneficial improvement in computa-
tional speed. The full-wave models required 1157 s to simulate on
an 8-core Intel E5620. On the same machine, the hybrid model
required only 10.7 s, providing a runtime reduction factor of 110.

Finally, to further demonstrate the power of the hybrid
approach, a TL break (1-cm section removed), simulating a
mine collapse, was introduced into the communication net-
work, represented by a red “X” in Figure 11a. Such an EM
model would not be easily represented using simple TL
equations. However, using the hybrid method, a full-wave
section introduced to model the line break fully captured the
propagation effects and associated power losses. The currents
predicted by the hybrid model were calculated and are compared
with the equivalent full-wave model in Figure 11b. The reliabil-
ity and versatility of the hybrid approach for near-field effects
such as line breaks will be crucial for performing parametric
studies on communications systems designed for emergency re-
sponse in coal mines and improved survivability.

5. Conclusion

The hybrid approach was shown to significantly improve
computational efficiency while simultaneously providing a
high degree of precision. First, TLs making a T-intersection
placed in free space were verified. Then, geometries that uti-
lize earth materials as a current return path were approxi-
mated using D’Amore’s method. From this approximation,
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appropriate TL equations were implemented into both above
earth and coal mine tunnel hybrid models, which were validated
through comparisons with full-wave simulations. With these
basic tools, it was demonstrated that full-scale coal mine com-
munication networks can be constructed and optimized both for
daily operations as well as emergency communications and
tracking. Future work will include comparing the outlined
design techniques and optimized coal mine communication
networks with measurements to further verify the accuracy of
the hybrid method. It will also be important to extend the
hybrid approach to accommodate multimodal/multiconductor
TLs. The combined methods of numerical and analytic model-
ing with measurements should provide a powerful engineering
package for future system design.
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7. Appendix

The approximation used for single-wire configurations
with an earth return, which has been implemented here in
the hybrid approach, was reported in 1996 by D’Amore and
Sarto [48]. The derivation assumes a thin-wire diameter, and
wire heights are much smaller than one wavelength (i.e.,
a << X and h < X\ in Figure 5, respectively). With these
assumptions, the approximate form of the propagation con-
stant in (4) is given by

217, 2h
ot - In (%) 4 281 (h)
7~k (“’ ()

(%) + S(h)

where Z;,; is the wire’s internal impedance, whereas S; and
S, are the small argument, logarithmic approximations for
the associated Sommerfeld integrals given by

Si(h) = %m(l +ar™) )
2

=% _In(1 -h. 10

Here, jko and jk, are the propagation constants of unbounded
EM waves in the free Space and ground media, respectively.
Finally, r = (4h* +a®)'", where h is the distance from the
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earth/free-space boundary to the center of a wire conductor with
radius a, shown in Figure 5. The o and (3 terms are defined by

a=— 2 (11)

k2 + k2
B= _0 " % (12)

N

Note that the propagation constant, i.e., 7, is no longer a
function of itself, making subsequent TL equations in the
hybrid approach a straightforward task.
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