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ABSTRACT A deployment strategy for antennas is proposed to enhance the field coverage of wireless
devices in underground coalmines, which uses themultimodal approach. Based on the attenuation coefficient
of each mode, the propagation loss of the vertically polarized modes with n = 1, 2, and 3 and that of the
horizontally polarized modes withm = 1, 2, and 3 are less. For the signal propagation in the near-field region
of the source, these modes play significant role. According to the coupling of the antenna to the modes, the
significant modes can be effectively excited by mounting horizontally polarized antenna on the ceiling or the
vertically polarized antenna on the sidewall. For the signal propagation in the far-field region, the (1, 1) mode
is significant, and the horizontally polarized excitation is preferred due to smaller attenuation. By comparing
the total coupling efficiency of the antenna-radiated power, stronger excitation power can be obtained by
mounting the antenna near the center of the ceiling or that of the sidewall. The field strength in the near-field
and far-field region coverage can be maximized by optimizing the antenna polarization and position. For
verification, a grid-based test system was designed and a series of measurements inside an underground
coal mine tunnel were conducted. The measured results have a good agreement with the theoretical ones.
In addition, the EM interference caused by the infrastructure in real mines on the signal received by the
antennas at different positions was also measured and compared. Results show that the influences of cables
with long-term stable loads, such as power cables and communication cables, can be neglected.

INDEX TERMS Antenna deployment, field coverage, underground mines, wireless networks.

I. INTRODUCTION
Field coverage with higher intensity conduces to less power
consumption and longer battery life of the wireless devices.
It also helps to reduce data retransmissions and enhance
link reliability. However, the radio signals in coal mines
do not propagate well due to the bounding of the tunnel
walls [1]–[5].

The radio field coverage in underground mines can be
enhanced by antenna polarization and position [4]–[7]. In pre-
vious studies [4]–[6], the field distributions in terms of
different antenna positions were discussed by geometrical
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optical approach. In [7], the effects of antenna position and
polarization on ultra-wideband (UWB) radio propagation in
mines were studied by measurements. However, the reported
antenna deployment strategies have not considered the differ-
ence in coverage requirements for different wireless devices.
Most existing UWB-based sensor network proposals were
intended to operate in the near-field region of the source.
Nevertheless, other sensor network proposals, which were
based on wireless fidelity (WiFi), ZigBee and long range
(LoRa), were intended to operate in the far-field region of the
source. Great differences were observed in the mechanism
and characteristics of the signal propagation between these
two regions [8]–[10]. Therefore, the effects of the antenna
position and polarization on wireless path loss in these two
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regions were different. A specific deployment strategy of the
antenna is necessary for a wireless proposal with the actual
coverage requirement.

In this paper, a new deployment strategy was proposed
based on multimode theory [11]–[15]. The field propagation
characteristics in the near-field and far-field region of the
source in underground mines were investigated, respectively.
A grid-based test system was designed to validate the pro-
posed method. Good agreements were found between the
theoretical and measured results. In addition, the limitations
of the spatiotemporal EM interference caused by infrastruc-
ture in real mines on the antenna deployment strategy were
also discussed; through a series of measurements. This study
mainly addressed the wireless coverage of the fixed nodes,
with the antennas generally mounted near the walls.

The major contributions of this study were as follows:
1) Infer the significant modes that play a key role in signal

propagation in the near-field and far-field regions of the
source.

2) Deduce the fractions of the antenna-radiated power
coupled into each mode and into the entire field,
respectively.

3) Understand the influence mechanism of the antenna on
the field fading; and then propose the optimal antenna
polarization and position for the field coverage in the
near-field and far-field region.

The remainder of this manuscript is organized as follows.
Section II describes the coupling relationship between the
antenna and the characteristic modes, and provides a theoret-
ical optimal deployment method for the antenna. Section III
presents the tunnel environment, and the measurement sys-
tem and procedure. Section IV presents a comparison of the
results of measurement and simulation. Section V provides
the conclusion.

II. METHODOLOGY
A. PROPAGATION CHARACTERISTICS OF THE
TUNNEL FIELD
The multimodal approach [11]–15] for rectangular tun-
nels is a very representative method used to simplify the
solution of the EM field in tunnels with other transversal
shapes, such as arched tunnels [16]–[19]. In a rectangular
tunnel, set a Cartesian coordinate system with its origin
located at the center of the tunnel. x, y, and z axes are
along the width, height, and length of the tunnel, respec-
tively. With reference to the quantities listed in Table 1,
the

(
EE, EH

)
field can be expressed as the superimposition of

multiple horizontally/vertically polarizedmodeswith indexes
(m, n) [11], [14], [15]:

EE =
∑
m

∑
n

EEmn =
∑
m

∑
n

E0mn · Eemn · exp [−γmn (z−z0)]

(1)
EH =

∑
m

∑
n

EHmn =
∑
m

∑
n

E0mn · Ehmn · exp [−γmn (z−z0)]

(2)

TABLE 1. List of quantities used in EM field description.

where the restrictions of m and n are given by [20]

1 ≤ |m| ≤ mlim =
⌊
2w
/
λ
⌋

(3)

1 ≤ |n| ≤ nlim =
⌊
2h
/
λ
⌋

(4)

The modes are transmitted symmetrically along the for-
ward and backward directions of the antenna in the tun-
nel [21], [22].When only one direction is considered, the total
number of modes in the tunnel is M =

(
2 · 2w

/
λ
)
·(

2 · 2h
/
λ
)
= 16wh

/
λ2.

For the vertically polarized field, the (m, n) mode can
be characterized by the following approximated expres-
sions [20] (similar formulas hold for the horizontally
polarized field)

Eemn ≈ îy · em,n= îy · cos
(mπ
w
x+φx

)
sin
(nπ
h
y+φy

)
(5)

Ehmn ≈ îx ·
em,n
Z0

(6)

αmn =
2m2π2

k20w
3
Re

1
√
K1− 1

+
2n2π2

k20h
3
Re

K2
√
K2− 1

(7)

βmn =

√
k20 −

(mπ
w

)2
−

(nπ
h

)2
(8)
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where Z0 = 120π�, and k0 = 2π
/
λ. K1 and K2 are often

assumed as K1 = K2 [14], [15], [21], [22].
According to the propagation characteristics of the wire-

less signal in mine tunnels, the variation of the EM field in
the tunnel is mainly characterized by the first few modes
with less attenuation [14], [15]. These modes are defined as
significant modes [8]–[10], [13].When the receiver is close to
the transmitter, the difference in attenuation among modes is
small. Hence, multiple significant modes play critical roles
in the coverage field. When the receiver is far away from
the transmitter, the difference among modes is large. With
the rapid attenuation of the higher-order mode, the dominant
role is gradually concentrated on the least-attenuated mode.
The multimode zone is called the near-field region, while
the other is called the far-field region [8]–[10], [13]. The
breakpoint between these two regions can be determined by
max

(
w2
/
λ, h2

/
λ
)
[8].

B. MODES WITH LESS PROPAGATION LOSS
For a given condition of excitation, the total attenuation of
Lmn the (m, n) mode is given by

Lmn = Copmn +MAFmn (9)

where Copmn represents the loss due to the coupling of the
radiated power of the antenna to the (m, n) mode (deduced in
Section IIC). MAFmn represents the loss due to the propaga-
tion of the (m, n) mode. The significant modes with smaller
Copmn and smaller MAFmn are helpful in coverage. This
section first discusses MAFmn.

1) FOR NEAR-FIELD REGION COVERAGE
For a straight and smooth tunnel [15],

MAFmn = −20 log10
[
e−αmn(z−z0)

]
= 8.686αmn (z− z0)

(10)

Substituting αmn from (7) into (10), and considering the
general assumption of K1 and K2, the MAFmn for vertical
polarization becomes

MAFmn = 8.686z
2π2

k20
Re

1
√
K1− 1

(
m2

w3 +
n2K1
h3

)
(11)

According to (11), MAFmn increases with the value of
m and n. When K1

/
h3 > 1

/
w3, the growth of MAFmn with

n is faster than that with m. This condition is satisfactory for
most mines, because most of the coal mine tunnels have a
larger width than height. Therefore, the vertically polarized
modes with less propagation loss in the near-field region are
mainly the modes with a lower order of n, such as n = 1, 2,
and 3. As the structure of the rectangular roadway is symmet-
rical, the horizontally polarized modes with less propagation
loss in the near-field region aremainly themodes with a lower
order of m, such as m = 1, 2, and 3.

2) FOR FAR-FIELD REGION COVERAGE
The propagation loss of the fundamental mode, namely (1, 1)
mode, is the least, according to (11).

C. EFFECTIVE EXCITED POSITION FOR MODES
With reference to an antenna with the maximum current I0
and the current density EJ in the region V , E0mn is given by

E0mn=
1
√
M
Z0

∫∫∫
V

(iz×I0EJ)·
(
Ehmn ·exp [−γmn (z−z0)]

)
dV

(12)

If the antenna size is much smaller than the cross section
of the tunnel, E0mn is simplified to,

E0mn =

I0Z0
∫∫∫
V

EJdV

√
M

cos
(mπ
w
x0 + φx

)
sin
(nπ
h
y0 + φy

)
(13)

The antenna-radiated power coupled into the (m, n) mode
propagating into one tunnel direction is

P0mn

=
|E0mn|2

Z0

≈

I20Z0

(∫∫∫
V

EJdV

)2

M
cos2

(mπ
w
x0+φx

)
sin2

(nπ
h
y0+φy

)
(14)

The power radiated by the antenna in one direction is
Pantenna = I20Rin/2, where Rin is the radiation resistance of
the antenna. Then, the fraction ηmn of the radiated power
coupled into the (m, n) mode is

ηmn=
P0mn
Pantenna

=

2Z0

(∫∫∫
V

EJdV

)2

MRin
cos2

(mπ
w
x0+φx

)
sin2

(nπ
h
y0+φy

)
(15)

The loss Copmn in the (m, n) mode in dB is,

Copmn = −10 log10 (ηmn) (16)

1) FOR NEAR-FIELD REGION COVERAGE
From (15), the position of maximum coupling of the trans-
mitting antenna for the (m, n) mode is,

x0 = ±
kw
m
, if m is odd

x0 = ±
(2k + 1)w

2m
, if m is even

(17)


y0 = ±

kh
n
, if n is odd

y0 = ±
(2k + 1) h

2n
, if n is even

(18)

51956 VOLUME 8, 2020



Y. Huo et al.: Optimal Deployment of Antenna for Field Coverage in Coal Mine Tunnels

FIGURE 1. Effective excited positions of the antenna for modes with less
propagation loss.

where k is an integer. By similar derivation, (17) and (18) are
also suitable for horizontally polarized waves. Substituting
the first modes into (17) and (18), the corresponding most
effective coupling positions of the antenna were obtained and
are shown in Fig.1. Copm1 and Copm3 are the least when the
antenna is located at y0 = 0, and Copm2 is the least when
the antenna is located at y0 = ±h

/
4. Copm3 is also the least

when the antenna is located at y0 = ±h
/
3. As deduced in

Section IIB, the MAFmn values of n = 1, 2 and 3 modes
are the least for the vertically polarized field. Consequently,
mounting the vertically polarized antenna on these locations,
namely the sidewalls of the tunnel, n = 1, 2 and 3 modes
become the significant modes and result in less propagation
loss for field coverage in the near-field region. Similarly,
for the horizontally polarized antenna, the mounting location
with less propagation loss in the near-field region is the
ceiling of the tunnel.

By comparing MAFmn for the horizontally and the ver-
tically polarized modes [20], it can be deduced that the
vertical polarization can obtain less propagation loss when
(h
/
w)3 > (n/m)2. From Fig.1, when the antenna is near the

sidewalls, themost excitedmodes are thosewith a lower order
of n but a higher order of m (m is usually larger than 3, but n
can be the least). In this case, (h

/
w)3 > (n/m)2 is satisfactory

for most mines, so horizontal polarization can easily lead
to greater field fading. Similarly, when the antenna is near
the ceiling, vertical polarization tends to provide greater field
fading.

2) FOR FAR-FIELD REGION COVERAGE
According to (15) and (16), Copmn is unrelated to the propa-
gation distance from the transmitter, while MAFmn increases
linearlywith it.When the distance is long enough, the value of
Copmn is too small compared with that ofMAFmn. Hence, the
difference in Copmn among modes can be negligible, while
the difference in MAFmn is gradually significant. The (1, 1)
mode has the least propagation loss. Hence, it is the most sig-
nificant mode in the far-field region. By comparing MAF11,
it can be seen that the propagation loss of the horizontally

polarized (1, 1) mode is lower than that of the vertically
polarized (1, 1) mode if the tunnel have a larger width than
height, so horizontal polarization has less propagation loss in
the far-field region. In Fig.1, the maximum coupling position
for (1, 1) mode is the center of the tunnel. However, it is
the optimal position only for mobile devices in underground
mines.

D. ANTENNA COUPLING EFFICIENCY
The higher coupling efficiency of the antenna can provide
greater excitation power of the signal. It rather helps to
increase the field strength and range of wireless coverage.

1) FOR NEAR-FIELD REGION COVERAGE
Considering the contribution of multiple significant modes
for the near-field propagation, the total coupled power P0 of
the antenna in one tunnel direction is [11]–[15], [21],

P0 =

∣∣∣∣∑
m

∑
n
E0mn

∣∣∣∣2
Z0

(19)

Substituting (13) into (19), P0 is given by

P0 =
1
M
I20Z0

∣∣∣∣∣∣
∫∫∫
V

EJdV

∣∣∣∣∣∣
2 ∣∣∣∣∣∑

m

cos
(mπ
w
x0 + φx

)∣∣∣∣∣
2

·

∣∣∣∣∣∑
n

sin
(nπ
h
y0 + φy

)∣∣∣∣∣
2

(20)

The overall coupling efficiency η is the overall fraction of
the radiated power that is coupled into the multiple modes.
η is given by

η =
P0

Pantenna
= δV

∣∣∣∣∣∑
n

sin
(nπ
h
y0 + φy

)∣∣∣∣∣
2

(21)

in which δV =
2Z0
MRin

∣∣∣∣∣∫∫∫V EJdV

∣∣∣∣∣
2 ∣∣∣∣∑

m
cos

(mπ
w x0 + φx

)∣∣∣∣2.
The total coupling loss Cop in dB is obtained by

Cop = −10 log10 (η) (22)

Similar formulas hold for η and Cop excited by the hori-
zontally polarized antenna.

Table 2 provides the overall coupling efficiency of the
antenna for the effective excited positions discussed in Sec-
tions IIC. In Table 2, δH is a constant with a similar expression
as δV . Table 2 shows that the vertically polarized antenna
can provide higher coupling efficiency when it is located at
the center of the sidewall, while the horizontally polarized
antenna can provide higher coupling efficiency when it is
located at the center of the ceiling. These antenna deploy-
ments are optimal for the near-field region coverage.

Besides, the vertically/horizontally polarized antenna can
result in the lowest coupling efficiency when it is located at
y0 = ±h

/
3 or x0 = ±w

/
3, which is close to the corner of

the tunnel cross section.
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TABLE 2. Coupling efficiency for vertically polarized antenna at effective
excited positions.

2) FOR FAR-FIELD REGION COVERAGE
In the far-field region, the importance of the higher order
modes is greatly reduced due to the rapid attenuation, and
the (1, 1) mode is dominant. Fig.2 shows the coupling effi-
ciency between the (1, 1) mode and the antenna installed at
all locations with respect to the tunnel cross section. The
value is normalized by the maximum coupling efficiency.
The results for vertical and horizontal polarization are the
same. From Fig.2, it is obvious that the (1, 1) mode can get
stronger coupling power of the antenna when it is located at
the center of the sidewall or that of the ceiling. Therefore,
these mounting positions are optimal for the far field region
coverage. Fig.2 also shows that the antenna mounted at the
corner of the tunnel cross section results in the minimum
coupling efficiency, hence provides the weakest coverage.

FIGURE 2. Normalized coupling efficiency for all the antenna locations
with respect to the tunnel cross section. The antenna location is
x0 = kx ·w and y0 = ky · h, where the range of kx and ky is -0.5–0.5.

The deduction and discussion in this section are
satisfactory for tunnels with a larger width than height.
In a rectangular tunnel, the horizontally polarized and the
vertically polarized fields are opposite [10], [14], [15], [22].
Consequently, if the width of the tunnel is shorter than its
height, the optimal deployment strategy should be reversed.
However, in perfectly square cross-sectioned galleries, no dif-
ference is found in field strength between the horizontally
polarized antenna on the ceiling and the vertically polarized
antenna on the side wall, and also no difference between

the horizontally polarized antenna on the side wall and the
vertically polarized antenna on the ceiling.

III. EXPERIMENTAL SETUP AND PROCEDURE
A measurement campaign was carried out inside an under-
ground tunnel located at the Xinglongzhuang Coal Mine,
Shandong Province, China, to verify the theory.

A. PHYSICAL ENVIRONMENT
Fig.3 shows the inside view of themeasurement tunnel, which
was an arched service tunnel. The radius of the transverse
section of the arched tunnel was about 2.69 m, the width of
the flat base was about 5.12 m, and the maximum height was
about 3.56 m. The testing area of the tunnel was a relative
straight line section with a length of 200 m. The roadway
walls were made of rock. Uneven deformation occurred in the
sidewalls and the ceiling. The pipes, power cables, and com-
munication cables were arranged on the sidewalls. An over-
head cable for narrow-gauge electromechanical vehicles was
suspended at the center of the roof.

FIGURE 3. Inside view of the coal mine tunnel with the measurement
system.

B. EXPERIMENT SETUP
An experimental system based on the grid concept was
designed, which could be used to conduct multiple simulta-
neous sender–receiver tests [23]. The diagram of the exper-
imental system is shown in Fig.4. AS32-TTL-1W LoRa
nodes developed by Chengdu Ashining Technology Com-
pany, Ltd. were chosen to perform the measurements. The
nodes could provide Received Signal Strength Indication
(RSSI). The transmitting power was 21 dBm. The frequency
used was 433 MHz. The receiving sensitivity of the node was
–130 dBm. The antenna of the node was linearly polarized.
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FIGURE 4. Diagram of the experimental system.

When it was placed parallel to the floor but perpendicular to a
side wall, it was horizontally polarized [10], [18]. On reverse
alignment, it was vertically polarized. The mobile end of
the grid-based setup used a single node to broadcast the test
signals, while the fixed end used multiple nodes to simul-
taneously receive signals. Each node was connected to the
computer via Universal Serial Bus (USB) cables to define the
configuration of the sending data or to download the received
data. The statistical analysis included the calculation of the
mean and standard deviation (SD) of RSS, and the packet loss
rate (PLR) for each transceiving period. The experimental
software was self-developed by Eclipse.

The coverage field of the antenna was measured at five
positions, which were denoted as center (C), ceiling center
(CC), corner (CO), sidewall center (WC), and the widest part
of the sidewall (WW). At the mobile end, the antenna was
placed at the C position. Fig.5 shows the positions of the
antennas, which refers to the position of the center of the
antenna. After each group of packet test, the transmitting node
moved backward along the track by 1.40 m distance.

FIGURE 5. Cross section of the arched tunnel with antenna positions.

C. EXPERIMENT PROCEDURE
In the experiments, a set of LoRa nodes were firstly compared
and calibrated to reduce the differences in the sensitivities of
their RSSI. The configuration of the sending data during one
sending period was defined as follows:

The total number of packets was 300, with each packet
containing 40 bytes, and the delay of each packet was 600ms.
Under such conditions, the measured data in the test area
showed that RSSI average varied at most ±1 dBm from the
mean value for the set of nodes, when PLR of each node was
less than 30% and SD of RSSI of each node in one experiment
was less than 2.8 dBm. PLR and SD were used to judge
the effectiveness of the received signal during one test. The
duration of one period was about 3 min. The average RSSI
was recorded by calculation over 300 packets 2 times.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
Fig.6 shows the simulation parameters. Fig.7 and Fig.8 show
the measured and simulated Received Signal Strength (RSS)
of the vertically polarized (denoted by VV) and the horizon-
tally polarized (denoted by HH) antenna at different locations
in the tunnel, respectively. Using the method in [17], [18],
the arched tunnel for the experiments was equivalently sur-
rogated by a rectangular tunnel with 5.10 m width and
3.43 m height. The location of WW in the arched tunnel
was moved to the center of the sidewall to adjust to the
surrogate tunnel. Looking up the rock test for coal mines
located in this district [24], the relative permittivity of the rock
was around 10-15. In this simulation, it was assumed that
K1 = K2 = 12.

FIGURE 6. Simulation parameters of the equivalently surrogated
rectangular tunnel with antenna positions.

Table 3 presents the calculated mean error and error SD
between the theoretical and measured results. The error was
within the acceptable range. The reasons for the inaccuracies
were as follows.

1) The parameters of the surrogate rectangular tunnel
were not necessarily the best values, as their optimiza-
tion was beyond the purpose of this study.

2) In the arched tunnel, the EM wave excited by
the antenna at different positions presented different
degrees of depolarization [16], [18]. However, no depo-
larization was assumed in the theory of propagation for
the rectangular tunnel.

3) The actual EM environment was not ideal. Scatters,
such as rails, cables, and pipes, were present in the
gallery. Deformation was observed on the wall.

Using max
(
w2
/
λ, h2

/
λ
)
[8], the break point of the near

and far-field regions in the tunnel was about 37.51 m away
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FIGURE 7. Distance-dependent signal power in underground mine when antennas are vertically polarized. (a) Results for each receiving location.
(b) Results for location differential.

FIGURE 8. Distance-dependent signal power in underground mine when antennas are horizontally polarized. (a) Results for each receiving
location. (b) Results for location differential.

from the transmitting antenna. The field coverage in these two
regions was compared in Tables 4, 5, and 6.

A. COMPARISON OF FIELD IN NEAR-FIELD REGION
1) LOCATION DIFFERENTIAL
Table 4 shows the differences in the field power for different
antenna positions. In the near-field region, both the mea-
sured and theoretical comparisons showed that mounting the

vertically polarized antenna on the sidewalls could produce
greater field strength; while mounting horizontally polarized
antenna on the ceiling could result in a stronger field. This
was consistent with the results of the measurements con-
ducted at ranges of 32 m in a tunnel in [7]. Besides, both the
polarized antennas nearly had the weakest signal strength at
the CO position and the strongest strength at the C position.
These results were consistent with the prediction in Section II.
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TABLE 3. Comparison of field power between measurement and
simulation.

TABLE 4. Average signal strength (in dBm) received at different positions.

2) POLARIZATION DIFFERENTIAL
Table 5 shows the differences in the field power for different
antenna polarizations. As can be seen, for WC andWW loca-
tions, vertically polarized links presented stronger average
path power in the near-field region, while for the position
of CC point, horizontally polarized links exhibited stronger
average path power. This result was also consistent with the
previous study in [7]. The reasons have been interpreted in
Section II. It also could be explained from the view of the ray
theory discussed in [7].

TABLE 5. Average difference in signal strength (in dBm) for horizontally
and vertically polarized waves.

Table 6 compares the average path strength for the better
deployment scenarios. Generally speaking, the differences
among these deployments in the near-field region were rather
small. The measured differences were no more than 1.5 dBm,

TABLE 6. average difference in signal strength (in dBm) for three
preferred deployment methods.

and the theoretical differences were no more than 5 dBm. The
slight differences were due to the fact that multiple modes
participating in the propagation in this region.

B. COMPARISON OF FIELD IN FAR-FIELD REGION
1) LOCATION DIFFERENTIAL
As shown in Table 4, both horizontally and vertically polar-
ized antennas had the weakest signal strength at the CO
position and the strongest strength at the C position in the
far-field region, and similar results could be obtained for the
near-field region. However, comparisons of other positions
demonstrated some different characteristics. Mounting the
antenna at the CC position and the WW position obtained
the stronger signal power, whereas mounting the antenna at
the WC position obtained much weaker signal power. These
were consistent with the prediction in Section II.

2) POLARIZATION DIFFERENTIAL
As shown in Tables 5, in the far-field region, both the
measured and the theoretical results showed that for all
observation locations, the signal coverage of the horizontally
polarized links was much stronger than that of the vertically
polarized links. As described in Section II, the reasons was
that the significant mode in the far-field region was the (1, 1)
mode for both horizontal and vertical polarizations, and the
coupling efficiency of the (1, 1) mode for these two polariza-
tions was nearly the same, but horizontal polarization could
get less propagation loss.

C. EFFECT OF UNDERGROUND INFRASTRUCTURE
The industrial EM noise generated by the coal mine infras-
tructure in different regions has a great influence on the
power fluctuation of the covered field. The applicability of
the theoretical deployment in real mines is limited. This study
mainly focused on the effect of the cables that existed in all
tunnels.

For the grid experiments, the position of C was furthest
away from all facilities. The position of WW was relatively
far away. The positions of CO, CC and WC were near the
communication cables, the overhead cable driving narrow-
gauge vehicle, and the power cables for mining machines,
respectively. Considering the test data of each group for
3 min as a unit, the deviation value from the mean received
power was calculated. After measurements over several days,
the probability of deviation from the mean measured signal in
a small time interval is shown in Fig.9.
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FIGURE 9. Deviation from the mean measured signal in a small time
interval (3 min) due to EM interference.

The results showed that the field fluctuation in a small time
interval was the most severe when the antenna was at the
CC position. The maximum deviation could be 12 dBm from
the average power. The reason was that the field at the CC
position was affected by the unstable power load of the cable
due to intermittent operation of the locomotive. For other
locations, the probability of the field deviation was much
smaller, because the power load of nearby cables varied less
due to the continuous and relatively stable operation of the
mining equipment and communication equipment. In addi-
tion, their probabilities of the field deviation were rather
similar because of the spatial constraints of the tunnel. Hence,
it was not necessary to consider the influence of the power
cables and communication cables when arranging the antenna
positions.

V. CONCLUSION
In this study, the optimal antenna polarization and position
were proposed to enhance the field coverage for wireless
communications in underground coal mines. The optimiza-
tion was based on the multimodal approach, which provided
the order of the significant modes for the field propagation
and the coupling efficiency of the antenna to the modes. The
analyzed results showed that:

1) In the near-field region of the source, the effect of
antenna polarization on the filed fading depended upon
antenna position.
• For vertical polarization, the modes with n = 1, 2,
and 3 played a significant role in the signal prop-
agation. Installing vertically polarized antenna on
the sidewalls could effectively excite them and
present stronger field power.

• For horizontal polarization, the modes with m= 1,
2, and 3were significant, and the optimalmounting
location was the ceiling.

2) In the far-field region, antenna polarization alone had a
deterministic effect on the filed fading.
• Only horizontal polarization could provide lower
field attenuation, and the optimal mounting loca-
tion of the antenna was the center of the ceiling or
that of the sidewalls.

A grid-based test system was designed, and a series of
measurements were conducted inside an underground coal

mine tunnel for verification. The measured results had a good
agreement with the theoretical ones, which verified that the
proposed deployment strategy had a good performance and
potential applications for coal mines.
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