RF Propagation in
Mines and Tunnels

Extensive measurements for vertically,

horizontally, and cross-polarized signals in mines and tunnels.
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his article reports measurement results on radio-
frequency (RF) propagation in tunnels and mines for
vertically, horizontally, and cross-polarized signals.
Extensive measurements have been made in concrete
tunnels, coal mines with rock dust and shotcrete, with and
without conductive mesh, and hard-rock mines. The mea-
surements include power attenuation over distances with
and without line of sight (LOS) at four frequencies (455, 915,
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2,450, and 5,800 MHz) that are common to underground
radios, as well as swept wideband-frequency measurements
from 30 MHz to 1 GHz at fixed separation distances to
investigate the attenuation behavior as the waveguide cutoff
frequency is approached. In addition, power loss associated
with radio propagation around a 90° corner was measured
for the four frequencies and two polarizations in an opera-
tional coal mine.

The data show the importance of the tunnel dimensions,
frequency, polarization, and electrical properties of the tunnel
walls on the signal propagation characteristics. The propagation
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measurements generally show a rapid power drop in the first

10-50 m (often referred to as the near zone) followed by a more
gradual linear decrease (far zone) when plotted versus the sepa-
ration distance.

We also show that the simulation results based on both
the ray-tracing and modal methods match the measurement
results in a straight concrete tunnel, indicating that propaga-
tion behavior in such a tunnel environment can be well mod-
eled by the basic dielectric waveguide theory.

BACKGROUND

In response to a series of fatal underground coal mining disas-
ters, the U.S. Congress passed the Mine Improvement and
New Emergency Response (MINER) Act [1]. The MINER
Act requires all U.S. underground coal mines to install wireless
communication systems to provide communications between
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Antenna polarization
plays a more important
role for tunnels that
have a greater difference
hetween their width

and height.

underground miners and surface personnel, especially during
an emergency. Many coal mines have installed communication
systems that use conventional radio frequencies in the ultrahigh-
frequency (UHF) and superhigh-frequency bands. Frequencies of
particular interest are 455 and 915 MHz, and 2.45 and 5.8 GHz,
which are representative of those used in commercially available
mine wireless communications and tracking systems.

UHF propagation in mines and tunnels differs significantly
from that above ground, but previously the underground behav-
ior was not fully understood or able to be accurately modeled.
The National Institute for Occupational Safety and Health'’s
(NIOSH) Office of Mine Safety and Health Research has been
performing research on radio signals in mines to improve the
understanding of and ability to accurately model UHF propa-
gation in mines as a means to enhance both preaccident and
postaccident performance of communications and tracking
systems. Propagation measurements were made in uniform,
straight concrete tunnels that could be easily modeled, as well
as several coal and hard-rock mines with various dimensions,
boundary materials, and assorted conductors. Measurements
were made at four test frequencies for both vertically and hori-
zontally polarized signals along the axial length of the tunnels.
Cross-polarization combinations of propagation were measured
in many of the test sites. Additional characterization of the sig-
nal propagation was performed using swept frequency measure-
ments that enabled the computation of signal attenuation per
100 m as a function of frequency.

MEASURING PROPAGATION IN TUNNELS
AND MINES: RELATED WORK
One of the earliest efforts of experimentally exploring radio
propagation in tunnels took place in the 1920s when researchers
in the U.S. Bureau of Mines (USBM) performed experiments
to detect radio signals from inside the Pittsburgh experimental
mine located in Pittsburgh, Pennsylvania [2]. Since then “tun-
nel talking” [3] has drawn significant attention, and numerous
theoretical and experimental contributions have appeared in the
open literature. Table 1 summarizes some existing measurement
work in straight road or subway tunnels. In addition, some mea-
surement campaigns were performed in curved tunnels, and the
results were reported in [4]-[7].

In comparison with the many measurements reported
involving road or subway tunnels, there have been relatively
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TABLE 1. SOME EXAMPLES OF THE PUBLISHED
MEASUREMENT WORK IN ROAD/SUBWAY TUNNELS.

Research Group Year Polarizations Frequency (MHz) Description
Chibaetal.[23] 1978 HH,VV, 40, 60.150, 470, A straight, concrete
(Japan) and VH 900, 1,700, and tunnel. The entrance is
4,000 circular with a flat base.
Zhangetal.[24] 2000 VV 465 and 820 Quasi-straight;
(Singapore) arch-shaped.
Didascalou et al. 2001 HH 945 and 1,853.4 A short, straight,
(Germany) [6] rectangular, and wide
profile tunnel section.
Wang and Yang 2006 HHandHV 943.4and 942 Circular with a flat base;
(Taiwan) [5] straight.
Lienard et al. 2007 VWV 450, 900, and Circular with a flat base.
(France) [4], [25] 450-5,000
Masson et al. 2009 VWV 2,400 and 5,800  Arch-shaped.

et al. [15] made some propagation
measurements in two longwall coal
mines in China at 900 MHz. French
researchers Lienard and Degauque
[16] measured underground mine
channels both in the narrowband
(150, 450, and 900 MIz) and wide-
band (400-500 MIz) [16]. Re-
cently, many underground mine
measurements were carried out at
the Canada Centre for Mineral and
Energy Technology mine [17]-[20]
at frequencies of 2.4 and 5.8 GHz. In
addition, radio propagation in long
caves and subterranean galleries
share some similarities with propa-
gation in mines and have been re-
ported in [21] and [22].

In this article, we report our
extensive measurement results in
different environments (including

(France) [26]

simple concrete tunnels, coal mines
with rock dust and shotcrete, with and

Note: “V” and “H" in the “Polarizations” column denote vertical and horizontal polarizations, respectively. The
notation is defined in such a way that the first letter represents the polarization of the transmitting antenna
and the second the receiving antenna. For example, “VH” represents the scenario that the transmitting
antenna is vertically polarized and the receiving antenna is horizontally polarized. Unless stated otherwise,

this polarization notation will be used in the rest of this article.

few reported measurement efforts in mines to date. The rela-
tive lack of experimental studies in mines is partially due to
the difficulty in accessing operational mines. As a result, some
researchers have chosen to build a scaled-down tunnel in the
laboratory to experimentally study tunnel propagation mecha-
nisms [8], [9]. Many other researchers rely on measurement
results in the open literature to validate their proposed/devel-
oped models. For example, one of the earliest USBM-spon-
sored propagation measurements in coal mines at UHF and
VHF [10] has been referenced by [11] and recently by [12] for
validating their theoretical analyses. Aside from several early
investigation reports supported by USBM [10], [13], [14], Zhang
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FIGURE 1. A cross section of the waveguide with four
dielectric walls.

without conductive mesh, and hard-
rock mines) at different frequencies
(455, 915, 2,450, and 5,800 MHz) and
with different polarizations (vertical,
horizontal, and cross polarizations). In
addition, the power loss associated with radio propagation around
a90° corner was measured for the same frequencies and polariza-
tions in an operational coal mine.

MODELING RF PROPAGATION IN

MINES AND ITS CHALLENGES

We consider a straight hollow dielectric waveguide with rect-
angular cross-sectional dimensions 2b and 2a, as depicted in
Figure 1. Let €0 denote the permittivity of air and &, the
complex permittivity of the vertical and horizontal walls sur-
rounding the waveguide, respectively. The origin of the coordi-
nate system is in the center of the waveguide cross section, with
x horizontal, y vertical, and z down the waveguide. The mag-
netic permeability of all media is assumed to be the same and
equal to that of the free space fo. A transmitter (Tx) is located
at T (xo, yo, 0) and a receiver (Rx) at R(x, y, z). Without loss of
generality, we also assume that the source is vertically polarized.

MODELING RADIO PROPAGATION IN TUNNELS AND MINES

RAY TRACING METHOD

Based on the ray-tracing method, the electric field in a hollow
tunnel can be represented by a summation of the electric fields
from the two-dimensional images of the source in the excitation
plane, which is defined as the cross-sectional plane of the tun-
nel where the Tx lies. The coordinates of the image .. of an
arbitrary point source located at T (xo, yo, z0) can be obtained
as [27], [28]
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xm =2ma +(=1)"xo
yn =2nb +(—=1)"yo, (1)

where integers m and n represent the number of reflections
that the ray undergoes relative to the horizontal and verti-
cal walls, respectively. The electric field at an arbitrary point
R(x, y, z) within the tunnel can be obtained as [27]-[30]

E-(x,y,z) = E Z

m=—oon=—o0

+oo —jkr,
g rmn ki, n \m\ [n]
, 2
2 S =ple) @)
where E; is the transmitted electric field, k is the wave number
in the waveguide, and 7., is the distance between the Rx and
the image I, and is given by

Tm,n =\/(xm _x)2+(yn —y)2+22 (3)
p1. represent the perpendicular and parallel reflection coef-
ficients, respectively, and can be calculated as

cosO1y—ALy )

s =
p cosOLy—ALy’

where 01/ is the incidence angle relative to a normal to the
reflecting surface and is described by

01 =acos(|xm —x|/ran) 6, =acos(|yn —y|/rmn). (5

Here, A1 11 is a quantity related to the effective surface imped-
ance defined as

L =v&i—sin?0, Ay =y 8_1;—811129///5‘};, (6)

where €4 = €41/€0 are the relative permittivities of the verti-
cal and horizontal walls, respectively.

MODAL METHOD
For the modal method, the electric field is written as [31], [32]

(0‘)1 q+iBp.g)z

Bpg 7

where E; is the transmitted electric field, and

_Zﬂ-E +o00 4o
LN ) P W

p=lqg=1

E =

(7)

Vs
Apg = sm(rz) x +(pp>sm<zb y +(Dq>sm<g Xo +¢p>

sin((;fhy“ +g0q) (8)

is the mode eigenfunction that reflects the influence of both the
Tx and Rx antenna positions on the power distribution. In addition

o el s e )
o= i)

are the propagation and attenuation constants, respectively.

Here, Re{:} denotes the real part of the argument. The two
phase constants ¢, are defined as
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THE EQUIVALENCE OF THE RAY-TRACING AND MODAL METHODS
For a perfectly electric conducting (PEC) waveguide, it is known
that the ray-tracing method is equivalent to the modal method
[33], [34]. Recently, Zhou and Waynert [31] have mathematically
proved that the two methods are equivalent for a lossy dielectric
tunnel. The major difference between modeling a PEC waveguide
and a dielectric waveguide is the modal attenuation constant term
shown in (9). As shown in [28], this modal attenuation constant is
a direct result of the power loss caused by multiple reflections of
waves/rays on the four tunnel walls and, therefore, is zero for PEC
waveguides. It is shown in [31] that the classical modal attenuation
constant can be derived based on the ray summation of the elec-
trical field through a Poisson summation formula. It is also clearly
illustrated in [31] that the existence of modal attenuation constants
is mainly due to the fact that the reflection coefficients from the
four tunnel walls are less than unity, so that part of energy is trans-
mitted into the tunnel walls as the rays are reflected.

Although both (2) and (7) are based on a vertically polar-
ized source, it is worth noting that the corresponding expres-
sion for the horizontal polarization can be readily obtained by
switching associated variables. For example, for the ray-tracing
method, the electric field expression in (2) corresponding to
the horlzontal polarization can be obtained by switching “x”
to “y”, “m” to “n”, and “a” to “b” in (1) and (3)—(6). Note
that a switch should be performed even when those symbols
appear in the subscript. The switch operation can be explained
by the relative rotation principle.

It should be noted that radio propagation in tunnels has
been extensively investigated and several theoretical models
have been proposed. It is our goal in this article to present a
unified ray-tracing and modal solution with sufficient details so
that other researchers can directly use them when needed. The
main contributions of our unified modeling work as compared
with other modeling work in the literature include the following:

We provide a general analytical form for both the ray-
tracing and modal methods. The general form incorporates
all the major propagation controlling factors, which will be
discussed in detail in the following section.

We present a unified ray-mode solution for modeling tunnel
propagation. The equivalence of the ray and modal methods
is mathematically proved [31] under the condition of high
frequencies and large Tx—Rx separation distances. The
numerical results are provided to show that the two meth-
ods yield the same result.

We validated the ray-tracing and modal methods with
extensive measurement results in a real tunnel at four dif-
ferent frequencies and for two polarizations.

CONTROLLING FACTORS

DIMENSIONS
By a close examination of the attenuation constant in (9), we
can find that the tunnel cross-sectional dimensions are the
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most important parameters since the attenuation constant var-
ies inversely with the cube of the dimensions, as compared with
the square of the frequency and approximate square root of
the complexity permittivity. A small change in tunnel dimen-
sions leads to a significant change in the attenuation constant.
Likewise, given a fixed system frequency and tunnel wall mate-
rial, tunnels with a large cross-sectional area generally lead to
a smaller attenuation constant. Conversely, for a fixed cross-
sectional area, the attenuation constant varies with the exact
shape of the cross section.

FREQUENCY

There are generally two types of losses related to system fre-
quency: the antenna loss and the waveguide loss. The antenna
loss is the inherent power loss caused by its radiating element.
It is caused by the frequency dependency in the antenna
aperture formulation and is also the source of the frequency
dependency in the well-known Friis transmission equation cor-
responding to the free space environment. The antenna loss is
unavoidable since an antenna is always needed to transmit or
receive RF signals in a wireless communication system. It is,
however, a fixed value for a fixed frequency and independent
of the separation distance, given that the distance is larger than
one wavelength.

The second type of loss is the waveguide (propagation) loss
that is characterized by the attenuation constant in (9). Unlike
the antenna loss, the propagation loss is proportional to distance.
In addition, based on (9), it is evident that the propagation loss
(in decibels per meter) in a straight tunnel is inversely propor-
tional to the square of the frequency.

When the frequency increases, the antenna loss increases,
but the propagation loss decreases. Therefore, a tradeoff is
needed when one tries to search for the optimum frequency
(minimum loss) in a tunnel environment. In general, depending
on the geometric conditions of the tunnel, high-frequency sig-
nals are better for long-range communication since the associ-
ated propagation loss is less at higher frequencies, although they
suffer from a large one-time loss when the signals are radiated
and received by antennas.

Tx Rx

Agilent V3500A
RF Power Meter

@ \
Agilent 8761A :

RF A/B Switch 350

Tektronix H600
Data-Logging
Spectrum Analyzer

AnaPico Aspin
6000 RF
Signal Source

FIGURE 2. The RF test apparatus block diagram.

POLARIZATION

It is apparent that in narrow and high tunnels where a < b,
vertically polarized signals attenuate less compared with hori-
zontally polarized signals. The opposite is true for wide and low
tunnels where a > b. In general, to achieve the minimum loss
in a rectangular tunnel, the polarization of the E-field should
coincide with the larger transverse dimension of the tunnel.

ELECTRICAL PROPERTIES

As shown in (9), the impact of the tunnel complex permittivity
on the attenuation constant is relatively small compared with the
frequency and tunnel dimensions since the attenuation constant
approximately varies with the square root of the permittivity.

ANTENNA POSITION

As shown in (8), the power distribution in a tunnel is also affected
by the position of the transmitting and receiving antennas relative
to the tunnel walls. In general, positions close to the center of the
tunnel are more favorable in terms of the system power com-
pared with positions close to any of the four walls. Unfortunately,
mounting antennas in a center position is not practical as antennas
may obstruct or interfere with the traffic. Therefore, antennas are
generally mounted near the wall even though doing so will result
in additional power loss from a radio-propagation perspective.

MEASUREMENT SETUP

The design for the RF test apparatus was driven by the unique
environment of an underground coal mine. Ruggedness, porta-
bility, and simplicity were the goals: a system able to survive the
harsh environment of an operating underground mine yet still
be easily broken down for transport and quickly set up for mea-
surements. Materials such as polyvinyl chloride (PVC), carbon
fiber, plastic, and plywood were used whenever possible in an
effort to keep the measurement system RF transparent. Finally,
all the instruments were required to be battery powered due to
the limited availability of mains power in the test areas.

The block diagram of the test apparatus is shown in Fig-
ure 2. It is composed of two components: a stationary Tx and
a mobile Rx. The Tx consists of an AnaPico ASPIN 6000 RF
signal source connected to one of four omnidirectional J-pole
antennas (Laird FG4500, Laird FG8960, Laird FG24005, or
SuperPass SPD]40) for RF Ppropagation measurements or one
of three biconical antennas for swept frequency measurements
(A.H. Systems SAS-542, A.H. Systems SAS-542F, or A.H.
Systems SAS-545). For RF propagation measurements, the Rx
consists of a Tektronix H600 data-logging spectrum analyzer
connected through an Agilent S7T61A RF A/B switch to either
a 50-Q termination or an antenna matching that of the Tx.
For swept RF measurements, the A/B switch and the Tektro-
nix spectrum analyzer were replaced with an Anritsu MS2036C
spectrum analyzer connected directly to an antenna matching
that of the Tx.

Figure 3 is a picture of the test apparatus. On the right is the
Tx with an antenna shown mounted in vertical polarization on a
carbon fiber antenna stand and connected to the RF source with
an LMR-400UF coaxial cable. On the left is the cart used for Rx
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mobility. It was constructed of plywood with plastic wheels and
a PVC handle which allowed the operator to be approximately
2 m in front of the antenna during the measurements. Similar to
the Tx, an antenna is also shown mounted in vertical polarization
on a carbon fiber antenna stand and connected to the spectrum
analyzer with an LMR-400UF coaxial cable.

RF signal propagation was measured as follows. The RF signal
source was configured to produce a continuous wave signal with a
fixed output power. An Agilent V3500A RF power meter was used
to verify power at the Tx antenna end of the coaxial cable before
the beginning of each propagation measurement. The spectrum
analyzer was configured to measure channel power with its input
connected to the 50-Q termination through a microwave A/B
switch. To begin a measurement, data logging was started on
the spectrum analyzer, its input was switched to the Rx antenna,
and the mobile Rx cart was pulled away from the Tx. At presur-
veyed intervals of distance—typically, 30 m—the mobile Rx cart
was halted and the spectrum analyzer’s input was momentarily
switched to the 50-€ termination. This inserted a received power
null in the measured data that served as a distance indicator.
The spectrum analyzer’s input was then switched back to the Rx
antenna, and travel away from the Tx was resumed. Postprocessing
of the logged data was performed to correlate the power nulls in
the data to the presurveyed distances.

Unless stated otherwise, the height of the transmitting
and receiving antennas was set to 1.22 m. The Tx and Rx were
placed in the center line of the tunnel.

Swept frequency measurements were made as follows.
Using sets of A.H. Systems biconical antennas for both the
Tx and Rx, the RF signal source was configured to sweep
frequency at a constant power level while the spectrum ana-
lyzer was configured to sweep the same frequency range in
peak trace hold mode. At presurveyed fixed intervals of dis-
tance—typically 3 or 15 m—measurements were made and
the spectrum analyzer trace data saved.
Postprocessing of the data determined the
incremental change in the RF signal level
over distance. These increments were aver-
aged to produce curves of attenuation per

10 m as a function of frequency. 0.9m ‘

RESULTS !

STRAIGHT CONCRETE TUNNEL WITH

SMOOTH WALLS 28m

To gain some basic understanding about tun- 15m

nel propagation, we started the measure-

ments with a relatively simple case: a straight

concrete tunnel with smooth walls. We

measured power attenuation along a 610-m @ 3xm

section of the concrete tunnel illustrated in B Loy
03m

Figure 4.

FIGURE 3. The RF test apparatus.

ization, respectively). In Figures 5 and 6, the solid blue line
represents the measured result, and the green dashed and red
dashed-dotted lines denote the mode- and ray-based simula-
tion results, respectively. The tunnel has an arched ceiling,
but we approximated the cross section of the tunnel as a
rectangle with the same width and an effective height of 2.35
m in our model. The same electrical properties (8ap =89
and 0 =0.15S/m) are used for all four frequencies and the
four tunnel walls. It is shown that the ray-tracing and modal
methods yield the same simulation results, which agree with
the measurement results for all four frequencies and for both
polarizations. The excellent agreement between the simulated
and measured power confirm that the radio propagation in
tunnels can be well described by both the ray-tracing and
modal methods.

Both the simulation and measurement results in con-
crete tunnels show that propagation can be divided into two

1.8 m

Comparisons between the simulated
and measured propagation results at dif-
ferent frequencies are shown in Figures 5
and 6 (for the horizontal and vertical polar-
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FIGURE 4. (a) The geometry of a straight concrete tunnel with arched ceiling and
smooth walls and (b) a photograph of the tunnel.
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regions: the near and far zone. The signal power fluctuates
widely in the near zone and attenuates linearly with the dis-
tance in the far zone. The propagation behavior in the two
zones can be easily interpreted based on waveguide (modal)
theory. As shown in (9), the modal attenuation constants for
higher-order modes are significantly greater than the lowest
mode EH, ). As a result, after a sufficiently long distance, all
the higher modes will be strongly attenuated, and only the
lowest mode remains. In this case, the propagation behavior is
mainly dominated by the lowest mode, which is also referred
to as the dominant mode. Based on modal theory, the rapid
fluctuations in the near zone are caused by the interaction of
higher-order modes with the dominant mode, and the quasi-
linear behavior in the far zone is an indication of the single
mode (the dominant mode) propagation. The point separating
the near and far zone is known as the Fresnel zone breaking
point [4], [35]-[38]. The breaking point is generally related to
the system wavelength and tunnel dimensions. It moves closer
to the Tx as the frequency decreases. It is also observed that
the attenuation rate in the far zone increases as the frequency
decreases. As a result, the signal power attenuates very quick-
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FIGURE 5. (a)-(d) The measured and simulated power
attenuation over distance in a concrete tunnel (horizontal
polarization).

ly at 455 MHz and reaches the noise floor power level (about
=120 dBm) of the equipment after a short distance, causing
the measured power curve to remain flat over the distance, as
can be observed in Figure 6(a).

OLD SHOTCRETE-LINED COAL MINE

RF propagation measurements were made in a 335-m section
of a mine at the Pittsburgh experimental mine, which is an
inactive shotcrete-lined coal mine located in the Pittsburgh
suburb of Bruceton, Pennsylvania. It is the same mine where
the very early RF tunnel propagation tests were made by the
USBM in 1921 [2]. The width and height of the entry (tun-
nel) vary with the axial distance, but, on average, the tunnel is
about 3 m high and 2 m wide. Significant roughness has been
observed on all four walls of the tunnel. The measurements
performed were of two types. First, signal-level measurements
were taken every 0.3-0.6 m along the tunnel length using a
fixed frequency with horizontal, vertical, and cross polariza-
tion at 455 and 915 MHz, and 2.45 and 5.80 GHz. The second
type of measurement used lower-frequency sweeps from a Tx
that was monitored with a spectrum analyzer and a receive
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FIGURE 6. (a)-(d) The measured and simulated power attenua-
tion over distance in a concrete tunnel (vertical polarization).
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antenna that was moved in 3-m increments to determine
the signal drop-off. Figure 7 shows the entrance of the mine
[Figure 7(a)] and the experimental setup [Figure 7(b)] for the
sweep measurements (the second type of measurement) inside
the mine.

Figure 8 shows the propagation measurement results in the
Pittsburgh experimental mine. Again, we use
the same polarization notation as in Table 1.
The linear signal attenuation in the 455-
and 915-MHz measurements is apparent in
these plots. The reason linear attenuation
does not show in the 5.8-GHz plot is that
the tunnel is relatively short. We expect the
linear attention to appear if the tunnel and
measurements are extended to a sufficiently
long distance.

For all the four measured frequencies, it
is found that HH polarization gives the mini-
mum attenuation, which can be explained by
the fact that the tunnel’s horizontal dimen-
sion is greater than its vertical dimension.
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Another interesting observation from these plots (especially
from the 415- and 915-MHz plots) is that the cross-polarization
signals (HV and VH) eventually show a slope similar to the HH
signal after a sufficiently long separation distance, although
they are about 20 dB lower than the copolarization signal
HH. This indicates that the vertical antenna is measuring the
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t

(b)

FIGURE 7. An RF propagation measurement in the Pittsburgh experimental
mine: (a) the entrance of the mine and (b) the experimental setup for the sweep
measurements (the second type of measurement) inside the mine.
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FIGURE 8. The propagation measurement results in the Pittsburgh experimental mine at (a) 455 MHz, (b) 915 MHz, (c) 2,450 MHz, and

(d) 5,800 MHz.
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horizontal signal but with —20 dB of cross-polarization isola-
tion. In the 915-MHz plot, the VV signal shows a slope similar
to the HH signal after about a 200-m distance. This is prob-
ably due to the severe attenuation of the vertical component. It
may well be that the original vertical transmission has a small
horizontal component that is 25 dB below the vertical com-
ponent (e.g., due to a poor antenna polarization isolation or if
the antenna is mounted slightly off from the vertical axis with
a small offset angle). After 200 m, the vertical component has
been severely attenuated, and its power is even less than the
horizontal component. In other words, the opposite polariza-
tion signal could simply be the remnants of the originally trans-
mitted signal that becomes dominant at greater distances due
to its lower attenuation in the tunnel. Similar cross-polarization
phenomena were observed in an arched road tunnel with rela-
tively larger dimensions in [25].

The second type of measurement performed in the tunnels
was of frequency sweeps using biconical antennas. The setup
is shown in Figure 7(b). The Tx and antenna were set up in the
same fixed location used for the propagation tests. The Tx swept
from 30 to 1,000 MHz in 3,001 discrete steps. The Rx was a
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FIGURE 9. The measured wideband signal attenuation
constants.

- T

FIGURE 10. Conducting the propagation measurements in the
hard-rock mine.

second biconical antenna with the same polarization but con-
nected to a spectrum analyzer with a trace set to peak hold to
capture the maximum at each frequency of the swept Tx. The Rx
is moved away from the Tk, and then the power loss for each dis-
crete frequency component is measured. The tests were repeated
by moving the Rx in 3-m increments from 15.2 to 45.7 m, then in
15.2-m increments from 45.7 to 228.6 m. These measurements
enabled the collection of signal levels at each location for all the
frequencies of the sweep. The higher frequencies are attenuated
less over distance so that the increment is increased to provide
useful measurements. The small increments are required for the
lower frequencies since the power decrease into the noise floor
of the instrumentation quickly. Using these data, the difference
in signal levels for each frequency was determined at each Rx
position. These measurements enabled the determination of the
attenuation slopes at each frequency. The average slopes can then
be plotted to show attenuation per 100 m over the measured
frequency range.

Figure 9 shows the measured attenuation slopes for the
horizontal and vertical polarizations. As expected, for high-fre-
quency signals, the horizontal polarization has a lower attenua-
tion than the vertical polarization because the tunnel width is
greater than the height. However, at the low end of the mea-
sured frequencies, we found that the vertical polarization actu-
ally has a lower attenuation. Thus, the vertical and horizontal
polarization attenuation curves cross at a frequency of around
160 MHz. This is an interesting observation for low-frequency
signals since it cannot be explained by classical waveguide the-
ory, which assumes that the frequency of interest is sufficiently
high such that the tunnel is electrically large. In addition, some
large fluctuations in the measured attenuation slope at low
frequencies are observed in Figure 9. This is probably due to
the poor measurement accuracy at those low frequencies where
signals attenuate so quickly with the distance.

HARD-ROCK MINE WITH QUASI-SQUARE CROSS DIMENSIONS
Propagation measurements were conducted along a 305-m
section of a straight drift in a hard-rock silver mine, as shown
in Figure 10. The cross-sectional dimensions of the mine
were approximately 2.7 m high by 3.0 m wide, although they
varied significantly (about £0.5 m) along the test route as the
surfaces were very rough. The tunnel was cut into the rock
leaving rough rock walls and ceiling. The floor was very wet,
with standing water in most places. The tunnel had steel mesh
bolted to the ceiling and halfway down the walls. A signifi-
cant amount of additional metal was present, including floor
tracks, beams along the wall, roof bolts, a conduit, and water
pipes near the ceiling. Again, we measured four frequencies
(455, 915, 2,450, and 5,800 MHz), and the transmit power
was set to the same level for all four frequencies.

Figure 11 shows the measurement results for 455 and
2,450 MHz for both the vertical and horizontal polarizations and
Figure 12 for 915 and 5,800 MHz. In Figures 11 and 12, signals
at higher frequency experience a significantly higher attenuation
in the near zone. The higher attenuation for the higher-frequency
signals is mainly due to the antenna loss (as discussed in the
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FIGURE 11. The propagation measurement results in the
hard-rock mine (455 and 2,450 MHz).
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FIGURE 12. The propagation measurement results in the
hard-rock mine (915 and 5,800 MHz).

“Modeling RF Propagation in Mines and Its Challenges” sec-

tion), which is proportional to square of the frequency. The linear

signal attenuation slopes that characterize the waveguide loss are
apparent in these plots in the 455- and 915-MHz measurements.
Again, the lowest frequency (455 MHz) gives the steepest atten-
uation slope, while the highest frequency (5,800 MHz) yields the
minimum attenuation slope.

Another interesting observation from Figures 11 and 12
is that the slopes for the horizontal and vertical polarizations
at the same frequency are similar. This is
expected since the height and width of the
tunnel are comparable. A more detailed

FIGURE 13. The mine entry of the wide eastern coal mine.

coal mines. The entry did not contain any significant conduc-
tors, just isolated roof bolts and occasional metal straps between
the roof bolts. There were no metal floor tracks, pipes, air ducts,
ceiling mesh, or cables to influence the RF propagation in the
coal walls, floor, and ceiling.

As shown in Figure 13, the tunnel selected for the tests had
a ceiling about 1.7-2.0 m high and a width of approximately 6 m.
The cross-sectional dimension of the entry varies (on the order
of at least 0.3 m) with the axial distance. The entry was cut into
the coal seam, leaving coal walls with a mostly shale rock ceiling
and wet-clay floor. There were periodic perpendicular cross-cut
tunnels of the same dimensions, leaving 6-m-wide side openings
at 30-m intervals with 24-m square coal pillars. The walls were
rough and uneven, with as much as 0.3-m variation from floor to
ceiling along the length of the tunnel. Most of the wall surface
was rock dust over broken coal, which forms random facets with
small reflective surfaces. The floor was uneven, with 0.5-1.5-m
variations in height along a 30-m section between coal pil-
lars. The ceiling had roof bolts installed somewhat randomly
but spaced at approximately 3-m increments, sometimes with
15-cm-wide metal strips going most of the way across the width
of the entry. LOS was not always available due to the undulation
of the mine tunnel.

The RF propagation tests were made with the cart moving
down the center of the tunnel and its antenna height set to
approximately 1.22-m above the floor, the same height as the
Tx antenna. A single frequency and antenna polarization was

"|___

explanation for this observation will be pro-

vided in the “Discussion” section.

WIDE EASTERN COAL MINE

RF propagation measurements were made
in a 360-m section of an operational mine,
our first opportunity to perform propagation
tests in a long entry with a low ceiling and
the large widths typically found in eastern
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FIGURE 14. The mine map for the around-corner test and propagation test in a
wide eastern coal mine.
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FIGURE 15. The propagation test results in the wide eastern
coal mine (vertical polarization).
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FIGURE 16. The propagation test results in the wide eastern
coal mine (horizontal polarization).

configured for each measurement. The four frequencies, 455
and 915 MHz, and 2.45 and 5.80 GHz, were each tested with
both horizontal and vertical polarizations. The test areas are
marked in Figure 14 by an ellipse. The measurement results
are shown in Figures 15 and 16.

The around-corner propagation test was made while
approaching a 90° turn at 90 m from the T, continuing anoth-
er 30-60 m along the far side of a coal pillar. The Tx was kept
in the same location as in the previous tests (labeled as a star
in Figure 14), but the cart was pulled toward the opposite
direction (left in Figure 14) until it approached and turned the
corner. Again, four frequencies were measured, and the results
are shown in Figures 17 and 18 for vertical and horizontal
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FIGURE 17. The around-corner propagation measurement
results in the wide eastern coal mine (vertical polarization).
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FIGURE 18. The around-corner propagation measurement
results in the wide eastern coal mine (horizontal polarization).

polarizations, respectively. One obvious change in these plots is
the abrupt drop in the signal level after the 90° turn is made at
around 90 m. All frequencies attenuate to nearly the equipment
noise floor after the turn, but the 455 and 915 MHz do not
drop as precipitously and the horizontal signals do not appear
to drop as much as the vertically polarized signal. This could
be due to the fact that the horizontal signals are stronger going
into the corner because of the wide width of the tunnel not
attenuating them as much as the vertically polarized signal.

HIGH-ROOF WESTERN COAL MINE
RF propagation measurements were made in a 400-m section
of a western coal mine. It was an opportunity to perform UHF
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propagation tests in a long entry with a higher ceiling and the
large widths typically found in western coal mines. The entry
selected for the tests is in fresh air near the main access but is
not a working entry. The entry, measuring 2.1-2.7 m high with
a width of approximately 6 m, was cut into the coal seam, leav-
ing a mostly coal floor and ceiling. It had perpendicular cross-
cut tunnels of the same dimensions from the right side only,
leaving 6-m side openings at 30-m intervals, and 24-m square
coal pillars. The left side was almost a continuous wall with few
cutouts. The walls were rough and uneven, with as much as a
0.3-m variation from floor to ceiling and along the length. Most
of the wall surface had light rock dust over broken coal, which
formed random facets with small reflective surfaces. The entry
contained conductors, including roof bolts, metal mesh on the
ceilings and upper walls, and occasional metal straps between
the roof bolts. There were no metal floor tracks, pipes, or air
ducts, but there were large flexible water pipes and hoses on
the floor and pallets of metal brackets in the center at around
the 115-m distance.

Again, we measured the propagation power loss along
the entry for four frequencies and both polarizations. The
measurement results are shown in Figures 19 and 20 for verti-
cal and horizontal polarizations, respectively. It is apparent
in Figure 19 that the 455-MHz signal shows a significantly
higher attenuation rate compared with the other frequencies.
For Figures 19 and 20, the 455- and 915-MHz signals show a
higher receive power than the 2.45- and 5.8-GHz signals for
small separation distances, e.g., within 50 m. Since the trans-
mitted power is the same for all the frequencies, the higher
received power for lower-frequency signals at short separation
distance results because high-frequency signals suffer from
a higher loss caused by the antenna itself, as discussed in
the “Modeling RF Propagation in Mines and Its Challenges”
section. As the separation distance increases, the received
power associated with high-frequency signals tends to have a
lower attenuation rate. After a sufficiently long distance, the
received power of the high-frequency signals is higher than
that of the lower-frequency signals despite the initial larger
power loss they experience due to the antennas.

DISCUSSION

It should be noted that the concrete tunnel (Tunnel 1 in
Table 2) reported in this article is a typical gallery in the
Grand Coulee Dam in the state of Washington. It is different
from typical road or subway tunnels reported in the literature
in the sense that it has significantly smaller cross-sectional
dimensions. For example, the road tunnel reported in [4] has
an equivalent cross-sectional dimension of 7.8 m by 5.3 m,
which is about ten times the cross-sectional area of the tunnel
reported in this article. By comparing the results in this article
to the results reported in [4], one may notice that the linear
propagation behavior starts at a smaller separation distance in
the smaller tunnel for the same frequency. For example, the
linear attenuation behavior is apparent in Figures 5 and 6 for
frequencies of 455 and 915 MHz within the first 200 m, while
it does not fully appear even at the end of the tunnel (>2,500 m)
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FIGURE 19. The propagation measurement results in the
high-roof western coal mine (vertical polarization).
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FIGURE 20. The propagation measurement results in the
high roof western coal mine (horizontal polarization).

in [4]. The linear attenuation behavior starting at a smaller
distance for smaller tunnels can be explained by the modal
theory introduced in the “Modeling RF Propagation in Mines
and Its Challenges” section. Based on (9), the attenuation slope
difference between the dominant mode and any higher modes
EH,, can be expressed as

Aamode =0pg — 11 =

(p*—DA? 1
164° Re{ﬁa 1 }

(qz_l)ﬂ‘z £l
TR Re{Jéh—l}' ()

It is apparent that the attenuation slope difference in (11)
increases as the cross-section dimensions @ and b decrease. In
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other words, higher-order modes diminish faster for tunnels
with small cross-sectional dimensions, and, thus, the dominant
mode shows its dominance at a smaller distance.

The measurement data reported in [4] have been used by a
variety of researchers for validating different theoretical models
(e.g., in [30] and [39]). The measurement data (for Tunnel 1)
reported in this article should be useful in the sense that it
provides a more complete data set (by including four frequen-
cies with both vertical and horizontal polarizations) for a model
validation purpose. Moreover, compared with the road tunnels
reported in the literature, Tunnel 1 reported in this article has
very smooth and uniform walls, which makes it ideal for validat-
ing tunnel propagation models.

Comparing the measurement results at different frequencies
for the same tunnel (Figures 5, 6, 8, 11, and 12) shows that the
linear attenuation behavior for high-frequency signals starts at a
greater separation distance. This can also be explained by (11).
For the same tunnel with fixed dimensions, (11) implies that
the attenuation rate difference between the dominant mode
and higher modes decreases as the system frequency increases.
Therefore, a greater distance will be needed for higher-mode
signals to be attenuated to a negligible value compared with the
dominant mode.

Radio propagation in tunnel environments is mainly char-
acterized by its attenuation slope. In Table 2, we summarize
the estimated attenuation slopes for the four frequencies and
two polarizations in the different testing sites. The attenua-
tion slopes are estimated at large distances from the measured
power measurement results based on the method of linear
regression fitting. As a result, the attenuation slopes in Table 2
can be viewed as the measured attenuation constants of the
dominant mode 1.1 for different configurations in different
tunnels. It should be noted that some estimated slopes asso-

ciated with high-frequency signals such as 5.8-GHz signals
might not be accurate because the maximum separation dis-
tances measured are not large enough to fully show the linear
attenuation behavior.

As a cross check, the estimated attenuation rate in Tunnel 3
at 455 MHz is 66.7 and 35.2 dB/100 m for vertical and horizon-
tal polarizations, respectively. The linear slopes at 915 MHz are
22.0 and 10.7 dB/100 m for vertical and horizontal polarizations,
respectively. Those values are consistent with the values shown
in Figure 8, which were measured through a different approach
(wideband frequency sweeping test).

In Table 2, the attenuation slopes measured for Tunnel 3 are
relatively close to the slopes measured in the concrete tunnel
for the Grand Coulee Dam (Tunnel 1), although the horizontal
and vertical results are reversed because Tunnel 1 is about 1.8 m
wide and 2.4 m tall, compared with Tunnel 3 dimensions of
about 3 m wide and 2 m tall. The slightly larger dimensions of
Tunnel 3 are the reason for its slightly lower slope values.

Some analyses related to propagation controlling fac-
tors are given in the “Modeling RF Propagation in Mines
and Its Challenges” section based on the modeling work
introduced in the same section. After a comparison of the
attention slopes given in Table 2, one will find that the
analyses given in the “Modeling RF Propagation in Mines
and Its Challenges” section are well supported by the mea-
surement results in Table 2. For example, if we compare
the attenuation slopes in Table 2 in the same tunnel/mine
for the same polarization, it is apparent that the attenua-
tion slope decreases with the frequency. In addition, if we
compare the attenuation slopes in the same tunnel for the
same frequency, we can find that the polarization coincid-
ing with the larger transverse dimension of the tunnel gives
less attenuation.

TABLE 2. A SUMMARY OF THE MEASURED ATTENUATION SLOPES
IN DIFFERENT MINES/TUNNELS.

Index TestingSites WX H(m) 455 MHz 915 MHz 2,450 MHz 5,800 MHz
Vertical Horizontal Vertical Horizontal Vertical Horizontal Vertical Horizontal
Slope Slope Slope Slope Slope Slope Slope Slope
dB/100m  dB/100m dB/100m dB/100m dB/100m dB/100m dB/100m  dB/100m
1 Concrete 1.8X24 56.48 77.83 14.16 25.06 2.03 3.67 1.86 1.49
tunnel
2 Pittsburgh 2.2-40X 67.32 35.22 22.61 12.1 742 7.81 N/A N/A
experimental 1.8-2.3
coal mine
3 Hard-rock 3.0X 50.7 55.7 28.45 26.8 6.44 5.21 3.56 2.18
coal mine 24-2.7
4 Wide eastern 6.1 X 107.79 16.37 19.9 8.15 12.25 8.48 10.65 6.26
coal mine 1.7-2.0
5 High-roof 6.1 X 51.49 12.16 11.62 6.86 6.91 5.04 442 4.34
western coal 2.1-2.7
mine
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A closer look at the VV and
HH signals in the four plots
shown in Figure 8 shows that the
two signals exhibit significantly
different propagation behav-
iors at 455 MHz but only a neg-
ligible difference at 5.8 GHz.
In other words, the propagation
difference caused by different
polarizations decreases as the fre-
quency increases. This can be also
explained by the modal method
introduced in the “Modeling RF
Propagation in Mines and Its Chal-
lenges” section. Based on (9), assuming €. = &, = €, we can
write the difference of the attenuation constants corresponding
to the dominant mode of the vertical and horizontal polariza-
tions as

R —

Aatpolarization = alli—al1 = %ﬁ(% — #) (12)
From (12), it is apparent that as the wavelength decreases,
the difference in the attenuation constant between the
vertical and horizontal polarizations significantly decreases
(changing with the square of the wavelength), given fixed
tunnel dimensions (a and b).

In addition to the frequency dependency, it is also shown
in (12) that the propagation difference associated with signal
polarization is mainly caused by the difference in the cross-
sectional dimensions. For a square cross-sectional dimension
where @ = b, we have Adpolarization = 0. As a result, the propaga-
tion difference between the vertical and horizontal polarizations
is completely eliminated independent of frequency. This explains
why in Figures 11 and 12 the VV and HH signals show similar
propagation behaviors for all the four measured frequencies.
Hence, antenna polarization, as one of the factors controlling
radio propagation, plays a more important role for tunnels that
have a greater difference between their width and height. The
attenuation slopes in Table 2 confirm this finding, For example,
at the frequency of 455 MHz, the attenuation slope difference
caused by different polarizations is about 21 dB/100 m in Tunnel
1 but is as high as 91 dB/100 m in Tunnel 4.

CONCLUSIONS

Radio propagation in an underground mining environment is
generally quite complicated and has not been well understood.
In this article, we report a series of propagation measurements
in a variety of mines and tunnels. We start with a relatively
simple case of a straight, concrete tunnel with smooth walls
and show that the propagation behavior in such an environ-
ment can be modeled by either the ray-tracing or modal
methods. The mines reported include a hard-rock mine with
similar horizontal and vertical dimensions, a typical wide
eastern coal mine, and a coal mine with a high roof. The mea-
surement results presented in this article provide significant
insight into the parameters controlling propagation: tunnel
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Extensive measurements
have heen made in
concrete tunnels, coal
mines with rock dust

and shotcrete, with and
without conductive mesh,
and hard-rock mines.

dimensions, frequency, polariza-
tion, and electrical properties of
tunnel walls. The significance of
those controlling factors has also
been discussed. For example, the
influence of polarization is found
to be negligible for tunnels with
similar width and height and for
high-frequency signals. However,
the polarization effect becomes
significant for tunnels with dra-
matically different cross-sectional
dimensions (e.g., for a low ceiling
often found in eastern coal mines)
and, thus, should be considered in the design and deployment
of communication systems in these environments.
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