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In order to reduce the path loss of the wireless communication signal in the underground tunnel, a scheme for configuring the
antenna polarization of wireless systems based on a zone-division method is proposed. A multimodal method is used to estimate
the effect of antenna polarization on the wireless propagation. When the optimal polarization of the antenna leading to low path
loss is different in the zones near and far from the transmitting antenna, a dividing point is used to separate the zones. Experiments
are conducted in an underground mine. It shows that the results by the multimodal method are consistent with the real data.
Compared with the existing coverage schemes, the proposed scheme can obtain better coverage. Meanwhile, zone division has an
important influence on the optimized performance of the wireless coverage. /e zones divided based on Fresnel zone clearance
and system identification are too small or too large, which result in incorrect polarization switching and high path loss.

1. Introduction

Mining is very important in modern life by supporting
mankind with energy and various mineral resources. A large
proportion of mining operations take place underground.
/e operating environment is very dangerous because un-
derground hazards (e.g., roof falls and toxic gases) occur
from time to time [1–3]. With the development of smart
technologies, wireless communication is used at every stage
of mining operations, such as personnel positioning, envi-
ronmental monitoring, remote operation, and emergency
rescue [4–8]. With the aid of wireless communication,
working safety, productivity, and emergency response effi-
ciency in underground mines can be greatly improved. /e
effectiveness and reliability of coverage play a significant role
in the quality of wireless communications. In underground
mines, radio waves do not propagate well [1–3]. Wireless
devices are powered by batteries with limited capacity.

/erefore, optimizing the coverage of energy-constrained
devices in underground mines is a challenging and signif-
icant task.

In [9], the attenuation of the signal power is reduced by
optimizing the position of the antenna. In [10], radio wave
coverage is optimized by using the spatial diversity and
polarization diversity of the transceiver antennas. In [11], the
optimal polarization is analysed by measuring radio prop-
agation, so as to obtain the minimum attenuation of the
signal power in the tunnel. In [12], it is reported that the
optimal antenna polarization relies on the antenna position.
/e coverage schemes studied in [9–12] usually focus on the
deployment optimization of wireless devices, so the signal
power can be improved only when the antenna is in a certain
position. In addition, the authors in [9–12] use the same
antenna polarization to communicate in the whole tunnel.
However, it is found that the effect of antenna polarization
on signal propagation is different in the zones near and far
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from the transmitter [13]. In underground mines and
tunnels, only the horizontally polarized antenna can achieve
low path loss when the electromagnetic signal is propagated
in the zone far from the transmitter [13–15]. When the
wireless signal is propagated in the zone near the transmitter,
the vertically polarized antenna can also obtain low path loss
[12, 13]. In underground mines, many wireless users are
mobile, such as miners, vehicles, and some mining ma-
chines. Hence, in order to reduce the power loss of the signal
for communication, it is necessary to distinguish the dif-
ferent propagation regions of the wireless system and
configure different optimal antenna polarization as the user
moves. /is paper expands the work in [13]. It employs
region division and polarization switching to realize dy-
namic coverage optimization of wireless systems at any
position in the tunnel.

In studies [16–20], a dividing point is used to separate
the propagation regions near and far from the transmitting
antenna. /is point is determined by the first Fresnel zone
clearance. In [21, 22], the dividing point of the regions is
determined by system identification. It has been proved to be
reasonable for path loss modeling and prediction [16–22],
whereas existing methods of zone division do not take into
account the axial variation of the optimal polarization.
Whether the antenna polarization configuration and cov-
erage optimization based on the existing zone-division
methods are reasonable has not been verified.

/e major contributions of this paper are as follows:

(1) A multimodal method is proposed to quickly esti-
mate the axial variation of the optimal antenna
polarization and the dividing point of the propa-
gation zones in the tunnel. /e method depends on
the solution of the propagation equation.

(2) Zone division and polarization switching are applied
to dynamic coverage optimization of the wireless
system for communication in underground mines
and tunnels. /e effectiveness and feasibility of the
coverage optimization are validated by experiments
in real mines.

In addition, from empirical studies, it shows the dif-
ference in zone division between our proposed method and
existing methods. /e significant effect of zone division on
the performance of coverage optimization is also shown.

/e rest of this paper is organized as follows. /e related
work is introduced in Section 2. /e optimization strategy
for coverage is described in Section 3. It also presents the
proposed zone-division method. Sections 4 and 5 conduct
numerical experiments for zone division and coverage op-
timization examples and analyse experimental results.
Section 6 concludes this work and discusses the future
works.

2. Related Work

Radio field coverage in underground tunnels can be im-
proved by the positions, polarization, and radiation patterns
of the antennas [1]. Table 1 summarizes some existing efforts

to optimize wireless communication coverage in under-
ground tunnels.

Li andWang [9] use a modal method to discuss the effects
of the antenna on the field coverage in tunnels. /e results
indicate that the attenuation of the signal power can be re-
duced by narrow beam width and proper location of the
transmitting antenna. However, the optimal configuration of
antenna parameters is not given in this study. Besides, Li and
Wang [9] suggest that the deep fading of radio waves in a
tunnel can be suppressed by the spatial diversity of the
transceiver antennas. /is work is extended in [10]. Two
antennas are used to realize spatial diversity. /e locations of
the antennas are determined by finding the smallest corre-
lation coefficient. By combining polarization with diversity,
the field intensity and uniformity can be further improved.

Zhou et al. [11] discuss the effect of antenna polarization
on radio propagation by extensive measurements in mines
and tunnels. Results show that horizontal polarization gives
the minimum attenuation in the tunnel which has a larger
width than its height.

Bashir [12] reports that the optimal antenna polarization
for ultrawideband (UWB) propagation channel relies on the
antenna position. Analysis is based on channel measure-
ments. /e results show that the horizontally polarized
antenna can obtain low average path loss when it is mounted
on the ceiling, whereas the vertically polarized antenna can
obtain low average path loss when it is mounted on a side
wall of the tunnel.

Based on multimode theory, Huo et al. [13] find that the
results reported in [12] are valid when the receiver is located
near the transmitter. However, when the receiver is located
far from the transmitter, only the horizontally polarized
antenna can achieve low path loss. /e optimal mounting
location of the antenna is the center of the ceiling and the
center of the side wall. Besides, both horizontally and ver-
tically polarized antennas have the weakest signal strength at
the corner of the tunnel cross-section.

On one hand, existing coverage optimization studies
[9–13] mainly focus on the deployment of wireless devices.
/e power of wireless signal can be improved only when the
antenna is in a certain position. However, it is also necessary
to solve the coverage optimization problem of the wireless
devices in nonoptimal locations because wireless devices
may not always be installed in the theoretically optimal
locations in practice. /e real deployment of wireless nodes
and sensors should also consider the location of monitored
objects (e.g., hazard sources), deployment of mining in-
frastructure, influence of industrial electromagnetic noise
generated by miningmachine, and so on. On the other hand,
the coverage schemes in [9–12] usually use the same antenna
polarization to communicate in the whole tunnel. In un-
derground mines, some wireless communication devices are
carried by miners and some mining machines. /eir loca-
tions change dynamically as miners and mining machines
move. In this nonstatic scenario, it is essential to develop a
dynamic configuration strategy in which the polarization
changes with the user’s movement. /e reason is that the
optimal antenna polarization for radio propagation is dif-
ferent in the zones near and far from the transmitter [13].
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Usually, zones for wireless propagation along the tunnel
axis are separated by a dividing point [16–20]. On one side of
the dividing point, the zone is close to the transmitter and is
known as a near-field region. On the other side, the zone is
far from the transmitter and is known as a far-field region.
/is point can be determined by the following two methods.

Method 1: most researchers use the Fresnel break point
(FBP) to divide the near-field region and the far-field
region [16–20]. /e dividing point is given by

zDV � max
w

2

λ
,
h
2

λ
 , (1)

where λ is the wavelength; w and h denote the width
and the height of the rectangular tunnel, respectively. If
the tunnel is nonrectangular, it can be equivalently
surrogated by a rectangular tunnel [16–20], by using
the method reported in [23, 24].
Method 2: system identification (SI) is used to estimate
the parameters in the models that depict wireless
propagation in the near-field region and the far-field
region [21, 22]. In the near-field region, the electro-
magnetic field has the lognormal distribution, and the
path loss model is estimated by nonlinear optimization
[21, 22]. In the far-field region, the field exhibits an
exponential fall-off, and the path loss model is esti-
mated by linear optimization [21, 22]. /e dividing
point is the tangent point of the optimized nonlinear
curve and the optimized linear curve of the field
[21, 22].

Existing methods, which distinguish the near-field re-
gion and the far-field region of the source, are mainly based

on the law of the field fading [16–22]. /e difference in field
power between horizontal polarization and vertical polari-
zation is not captured by these methods.

In this paper, we focus on the dynamic coverage opti-
mization of wireless devices at any position in the tunnel.
Locations of the receiver and transmitter are the key pa-
rameters at every stage of the coverage procedure. User
positioning and zone division are used to guide the polar-
ization switching of the transceiver. /e propagation zones
are divided based on a multimodal method, which can
quickly estimate the axial variation of the optimal antenna
polarization in a tunnel.

3. Methodology

3.1. Coverage Optimization for Wireless Communication

3.1.1. Variation of Optimal Antenna Polarization for Wireless
Communication. According to multimodal theory, the
wireless propagation in the near-field region is dominated by
multiple modes [18–21]. /e modes that are significant for
propagation and the optimal polarization with lower path
loss are determined by the location of the antenna [9, 13].
For example, n (n� 1, 2, and 3) modes can be effectively
excited and play significant roles in the propagation when
the transceivers are close to the side walls of the tunnel [13].
Compared with the horizontally polarized excitation, these
modes have lower path loss under the vertically polarized
excitation [12, 13], whereasm (m� 1, 2, and 3) modes can be
effectively excited when the transceivers are close to the
ceiling of the tunnel [13]. Compared with the vertically
polarized excitation, these modes have lower path loss under
the horizontally polarized excitation [12, 13]. /e hori-
zontally polarized antenna is parallel to the floor. /e

Table 1: Examples of wireless coverage optimization scheme in underground tunnels.
Research
group Optimization scheme Characteristics Limitations

Li and
Wang [9]

Antenna beam width and
antenna deployment

(1) Use antennas with narrow beam width Optimal configuration of antenna parameters
is not given(2) Deploy antennas on proper locations

Zhao et al.
[10] Antenna diversity Use spatial and polarization diversities of two

antennas

(1) Optimization is limited by antenna
locations

(2) Scheme cannot be adjusted dynamically as
the user moves

Zhou et al.
[11] Antenna polarization Use the horizontally polarized antenna to

communicate

(1) Scheme cannot be adjusted dynamically as
the user moves

(2) Optimization is restricted to the case
where the receiver is in the far-field region of

the transmitter

Bashir [12] Antenna deployment Consider the interaction of the effects of antenna
polarization and location on field propagation

(1) Optimization is limited by antenna
locations

(2) Scheme cannot be adjusted dynamically as
the user moves

(3) Optimization is restricted to the case
where the receiver is in the near-field region of

the transmitter

Huo et al.
[13] Antenna deployment

Consider the different effects of antenna
polarization on field propagation in the near-

field and far-field zones

(1) Optimization is limited by antenna
locations

(2) Scheme cannot be adjusted dynamically as
the user moves
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vertically polarized antenna is parallel to the side walls of the
tunnel.

In the far-field region, the field is dominated only by the
fundamental mode [18–21]. /e power attenuation of the
fundamental mode is lower for horizontal polarization than
vertical polarization [13–15]. Only horizontal polarization is
optimal for signal propagation [13–15].

When the optimal polarization changes along the tunnel
axis, we define the near-field region is the zone where the
vertically polarized signal has a lower path loss. /e far-field
region is the zone where the horizontally polarized signal has
a lower path loss. According to the propagation mechanism
revealed by the multimodal theory [13], we consider the
dividing point of both regions as the point where the high-
order mode (the horizontally polarized and the vertically
polarized wave) has greater power attenuation than the
fundamental mode (the horizontally polarized wave).

3.1.2. Coverage Optimization. /is work studies peer-to-
peer communication. /e antenna position of the fixed
wireless system is known. A Cartesian coordinate system is
set with its origin located at the center of the tunnel. x, y, and
z axes denote the width, height, and length of the tunnel,
respectively. /e coordinate of the antenna of the fixed
wireless system is expressed as (x0, y0, 0).

/e optimization process is as follows:

(1) Estimate the location of the user through positioning
algorithms. (x1, y1, z1) denotes the coordinates of the
antenna of the user.

(2) Estimate the variation of the optimal polarization
with the axial distance in the tunnel.

(3) Divide the propagation zones:

If horizontal polarization has lower path loss in the
propagation zones, there is no need to divide the
zones. /e fixed wireless system and the user use
horizontally polarized antennas to send and receive
signals;
Otherwise, the near-field region and the far-field
region are divided by a dividing point. /e location
of the dividing point is indicated by its longitudinal
coordinate zDV. /e range of the near-field zone is
from 0 to zDV.

(4) If the propagation zones are divided, configure the
optimal polarization for the communication systems
by comparing the position of the dividing point with
the position of the user:
If 0≤ z1 ≤ zDV, the user is in the near-field region.
Wireless systems use vertically polarized antennas to
send and receive signals [12, 13]; if z1 > zDV, the user
is in the far-field region. Wireless systems use hor-
izontally polarized antennas to send and receive
signals [13];

(5) If the communication does not end, return to step
(1). Continue steps (1)–(4) until the communication
end.

/e procedure of coverage optimization for wireless
communication in underground tunnels is shown in Fig-
ure 1. It can be used for most tunnels with their width being
larger than their height. If the tunnel has a shorter width
than its height, the polarization configuration for coverage
optimization should be reversed [13]. If the width of the
tunnel is equivalent to its height, there is no need to divide
the communication cell to switch polarizations during the
communication.

3.2. Optimal Polarization Estimation and Zone Division

3.2.1. Multimodal Method. /e proposed zone-division
method is a multimodal method (MM). Table 2 lists the
symbols used in the paper.

/e path loss of each mode Lmn is given by [13, 25–28]

Lmn � Copmn + MAFmn, (2)

where Copmn is the loss of signal power at both the
transmitter and receiver due to the inefficient coupling of the
antennas to the (m, n) mode andMAFmn is the power loss of
the (m, n) mode as it propagates along the tunnel.

/e restrictions of m and n in (2) are as follows [28]:

1<|m|≤ ⌊
2w

λ
⌋,

1<|n|≤ ⌊
2h

λ
⌋.

(3)

/e (1, 1) mode is the fundamental mode [28].
Copmn is given as

Copmn � −10 log10 ηT
mnη

R
mn , (4)

where ηT
mn is the fraction of the transmitting antenna ra-

diated power that is coupled to the (m, n) mode; ηR
mn is the

coupling fraction for the power of the receiving antenna./e
function of ηmn is reported in [13]. ηT

mn and ηR
mn change with

antenna current density and antenna positions with respect
to the tunnel cross-section, but change little with antenna
polarization and communication distance [13].

MAFmn is a function of antenna polarization and the
distance [13, 26, 28]:

MAFmn � −20 log10 e
−αmn z

  � 8.686αmnz, (5)

where αmn is the attenuation coefficient of the (m, n) mode.
αmn can be calculated by functions reported in [28].

According to the definition of the dividing point in
Section 3.2.1, we can get the following relationship when the
waves travel to the dividing point:

L
V
mn ≥L

H
11,

L
H
mn ≥L

H
11,

(6)

where LV
mnand LH

mn are the path loss of the (m, n) mode for
vertical polarization and horizontal polarization,
respectively.
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By combining (2) and (4)–(6), for wireless communi-
cation in the far-field region, the axial distance between the
receiver and the sender should satisfy the following
conditions:

z≥Z
V
mn �

Cop11 − Copmn

8.686 αV
mn − αH

11 
,

z≥Z
H
mn �

Cop11 − Copmn

8.686 αH
mn − αH

11 
,

(7)

where ZV
mn is the boundary of the zone where the attenuation

of the vertically polarized (m, n) mode is larger than that of
the horizontally polarized (1, 1) mode; similarly, ZH

mn is the
boundary for the horizontally polarized (m, n) mode.

/e optimal polarization estimation and zone division
are as follows:

(1) If max(ZH
mn)<max(ZV

mn), it can be inferred that
higher-order modes for horizontal polarization at-
tenuate more quickly than that for vertical polariza-
tion. Hence, before max(ZV

mn), vertical polarization is

Begin

Estimate optimal
polarization Zone division

No

Yes

No

Yes

Stop

Use horizontal polarization 
to communicate

Zone division?

Stopping
communication? 

No

Yes

User in the
near-field region?

Estimate user
location

Use vertical polarization
to communicate 

Figure 1: Procedure of coverage optimization for communication systems in underground tunnels.

Table 2: List of symbols used in this paper.

Symbol Quantity
w Width of the rectangular tunnel
h Height of the rectangular tunnel
(x0, y0, 0) Coordinate of the antenna of the wireless device
(x1, y1, z1) Coordinate of the antenna of the user
m, n Order of the waveguide mode
λ Wavelength
Lmn Path loss of the (m, n) mode
Copmn Coupling loss of signal power at both the transmitting and receiving antennas
MAFmn Power loss of the (m, n) mode as it propagates along the tunnel
ηT

mn Coupling fraction of the transmitting antenna power along the (m, n) mode
ηR

mn Coupling fraction of the receiving antenna power along the (m, n) mode
αmn Attenuation coefficient of the (m, n) mode
zDV Longitudinal coordinate of the location of the dividing point

ZV
mn

Boundary of the zone where the attenuation of the vertically polarized (m, n) mode is larger than that of the horizontally
polarized (1,1) mode

ZH
mn

Boundary of the zone where the attenuation of the horizontally polarized (m, n) mode is larger than that of the horizontally
polarized (1,1) mode

Pv Vertically polarized field power
Ph Horizontally polarized field power
ΔP Power difference between vertical polarization and horizontal polarization
ΔP Mean value of ΔP per unit length
p Pseudoperiod of the field variation
z0.5 Longitudinal coordinate of the location of the observation interval
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optimal due to smaller path loss. /ere is a change in
optimal polarization when the waves propagate along
the tunnel axis.
In order to configure optimal polarization for the
communication system, different propagation re-
gions need to be distinguished. /e location of the
point dividing the regions is

zDV � max Z
V
mn . (8)

(2) If max(ZH
mn)≥max(ZV

mn), it means that higher-order
modes for vertical polarization attenuate more
quickly than that for horizontal polarization.
/erefore, horizontally polarized field has a lower
path loss in the zone close to the source. /en, there
is no change in optimal polarization along the tunnel
axis. It is unnecessary to divide the propagation
regions and change the antenna polarization.

3.2.2. Statistical Methods. In order to verify the prediction,
the following statistical method (SM) is used to identify the
measured polarization difference and dividing point:

(1) Measure the distance-dependent signal power along
the tunnel, and record the field power in decibels.

(2) Calculate the difference between the vertically po-
larized field power Pv and the horizontally polarized
field power Ph./e power difference is represented as
ΔP, and ΔP � Pv − Ph.

(3) Calculate the mean value of ΔP per unit length. /e
mean value of ΔP per unit length is represented
asΔP.
/e observation interval is the pseudoperiod of the
field variation along the tunnel axis [23, 24]. /e
pseudoperiod of the field variation is expressed as p
and is deduced from the minima locations of ΔP
[24]:

p �

�����

1
V



V

v�2




zv − zv− 1



2

, (9)

where zv is the location of the vth minimum of the
power difference and V is the total number of
minima.

(4) Move the observation interval along the tunnel axis.
Search the location of the observation interval, where
ΔP is equal to 0. /e location of the observation
interval refers to the center of the interval, and its
longitudinal coordinate is expressed as z0.5.

(5) Search the furthest z0.5, where the average ΔP is
smaller than 0 before z0.5 and greater than 0 after
z0.5. /e furthest z0.5 is the location of the dividing
point between the near-field region and the far-field
region. If there is no furthest z0.5 that meets the
aforementioned condition, it can be obtained that
horizontal polarization is optimal in the both

propagation zones, and there is no need to split the
zones.

4. Experimental Setup and Configuration

For validation purposes, the distance-dependent field power
is measured in two arched underground tunnels located at
Xinglongzhuang Coal Mine, Shandong Province, China.
One of the tunnels is wide. /e tunnel has a cross-section
radius of 2.69m, a flat bottom width of 5.12m, and a
maximum height of 3.56m. /e other tunnel is narrow. /e
tunnel has a cross-section radius of 1.54m, a flat bottom
width of 2.82m, and a maximum height of 2.16m.

/e grid-based system introduced in [13] is used to
measure the electromagnetic field. /e grid-based system
can carry out multiple transceiver tests at the same time to
improve the testing efficiency [13, 29]. /e diagram of the
grid-based system is shown in Figure 2(b). Long-range
measurements (up to 500m in the wide tunnel) are needed
in order to analyse the propagation characteristics in both
near-field and far-field regions [20, 21]. High transmitting
power and low receiving sensitivity are conducive to long-
range measurements [30, 31]. 21 dBm AS32-TTL and E22-
900T nodes are used in the grid-based system. /eir re-
ceiving sensitivities are −130 dBm and −148 dBm, respec-
tively. AS32-TTL and E22-900T nodes operate at 433MHz
and 900MHz frequencies, respectively. /e antennas of the
nodes are linearly polarized. /e gain of the antennas is
4 dBi. Other antennas with different gains are also consid-
ered. Experimental results show that the antenna types and
characteristics do not influence the effectiveness and feasi-
bility of the proposed coverage optimization scheme. For the
purpose of this paper, we do not describe the parameters of
other antennas and the corresponding experimental results.
Figure 2 and Tables 3–5 how the configuration of the
measurements.

In the measurements, five fixed nodes simultaneously
receive signals and provide the Received Signal Strength
Indication (RSSI). /e antenna nodes are, respectively,
mounted at the tunnel center (C), ceiling center (CC), corner
(CO), sidewall center (WC), and the widest part of the
sidewall (WW). One node broadcasted signals at C point.
/e antenna position parameters are shown in Table 5. For
each test, the average RSSI was recorded by calculation over
300 packets for 2 times. /e average RSSI varied at most
±1 dBm from the mean value of the set of the test nodes.
After each test, the transmitting node is moved backward
along the tunnel by 1.40m distance in the wide tunnel and
0.6m distance in the narrow tunnel./e detailed description
of the experimental system, node calibration, the signal
transmitting and receiving, and the data recording can be
found in [13].

5. Results and Discussion

Figure 3 shows 900MHz and 433MHz distance-dependent
signal power measured in the wide tunnel and the narrow
tunnel. /e field is measured only by the horizontally po-
larized antennas or only by the vertically polarized antennas.
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Sending
node 

Wide tunnel Narrow tunnel

Receiving node

(a)

USB hub

Fixed end

(Receive signals) (Broadcast signals)

Mobile end

(b)

E22-900T LoRa nodeAS32-TTL LoRa node

Position of receiving
antenna 

O x
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zC
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antenna 

CC
CO
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WW

45°
x

y
zC

O

(c)

Figure 2: Measurement configuration. (a) Inside views of the tunnels. (b) Diagram of the measurement setup reported in [13]. (c) Details of
LoRa nodes.

Table 3: Experimental settings: parameters of the measure tunnel.
Parameters of cross-section Wide tunnel Narrow tunnel
Shape Arched Arched
Radius 2.69m 1.54m
Floor width 5.12m 2.82m
Maximum height 3.56m 2.16m

Table 4: Experimental settings: details of LoRa nodes.

Parameters AS32-TTL node E22-900T node
Center frequency 433MHz 900MHz
Sending power 21 dBm 21 dBm
Receiving sensitivity −130 dBm −148 dBm
Antenna polarization Linear Linear
Antenna gain 4 dBi 4 dBi

Table 5: Experimental settings: locations of antennas.

Antenna Position of C Position of CC Position of CO Position of WC Position of WW
Measurements in wide tunnel
Sending antenna (0, 0.94, z1) — — — —
Receiving antenna (−0.28,0.89,0) (−0.04,2.40,0) (−1.62,1.90,0) (−2.30,0.90,0) (−2.45, 0.02,0)
Measurements in narrow tunnel
Sending antenna (0, 0.46, z1)
Receiving antenna (0,0.46,0) (0,1.29,0) (0.89,1.06,0) (−1.20,0.46,0) (−1.20, 0,0)
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Figure 3: Continued.
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Figure 3: Distance-dependent signal power measured in the coal mine tunnel. V indicates vertical polarization, and H indicates horizontal
polarization. (a) 900MHz signal in wide tunnel; (b) 433MHz signal in wide tunnel; (c) 900MHz signal in narrow tunnel; (d) 433MHz signal
in narrow tunnel.
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Figure 3(b) has been reported in [13], and other data is
expanded in this paper.

5.1. Optimal Polarization Estimation and Zone Division.
To simplify the solution of the proposed method, the
measured tunnels are equivalently surrogated by rectangular
tunnels by using the method reported in [23]. /e simu-
lation parameters are presented in Figure 4.

Firstly, we show an example of the optimal polarization
estimation and zone division by using the proposed method
for 900MHz field coverage in the wide tunnel.

5.1.1. MM. /e boundary of the zones where the power
attenuation of the higher-order mode is larger than the
fundamental mode is calculated by using (7). /e maximum
boundaries for horizontal polarization and vertical polari-
zation are shown in Table 6.

Compare the results in Table 6. It can be observed that
the maximum boundary for horizontal polarization is
smaller than that for vertical polarization, when the signal is
received at the position of CO, WC, and WW. /e opposite
results appear when the signal is received at the position of C
and CC.

As illustrated in Section 3.2.1, when the signal is received
at the position of CO, WC, and WW, vertical polarization is
optimal in the near-field region./ere is a change in optimal
polarization when the signal travels along the tunnel axis.
When the receiver is fixed at the position of C and CC,
horizontal polarization is optimal, and there is no change in

optimal polarization when the signal travels along the tunnel
axis.

For the receiver mounted at the position of CO,WC, and
WW, the propagation regions are divided into a near-field
region and a far-field region by a dividing point at 293.29m,
307.97m, and 308.70m, respectively. /e corresponding
range of the near-field region is from 0m–293.29m,
0m–307.97m, and 0m–308.70m, respectively. For the re-
ceiver mounted at C and CC positions, zone division is
unnecessary.

5.1.2. SM. 900MHz measured field distribution in the wide
tunnel is shown in Figure 3(a).

/e difference between the vertically and the horizon-
tally polarized field power ΔPis plotted in Figure 5. /e
smoothing spline filter is used to reduce the influence of the
noise on the data and to facilitate the analysis of the field
variation. /e pseudoperiod of the field variation measured
at the positions of C, CC, CO, WC, and WW are 103.88m,
81.19m, 62.68m, 71.64m, and 63.50m, respectively.

Take the pseudoperiod of the field variation as the ob-
servation unit, and then calculate the mean value of ΔP per
unit length. /e results are shown in Figure 6.

It can be noted that when the receiver is located at the
position of CO, WC, and WW, vertical polarization results
in less average path loss in the near-field region, while
horizontal polarization results in less average path loss in the
far-field region. /e corresponding measured dividing
points of the regions are located at 274.20m, 248.60m, and
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Figure 4: Simulation parameters of the equivalently surrogated tunnel.

Table 6: Maximum boundary for horizontal polarization modes and vertical polarization modes at 900MHz frequency in the wide tunnel
(in m).

Polarization Position of C Position of CC Position of CO Position of WC Position of WW
Horizontal 0 269.94 268.08 79.09 79.28
Vertical 0 25.03 293.29 307.97 308.70
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317.30m, respectively. /e corresponding range of the near-
field region is from 0m–274.20m, 0m−248.60m, and
0m−317.30m, respectively. When the receiver is located at
the point of C and CC, there is no change in optimal po-
larization along the tunnel axis, and it is unnecessary to
divide the propagation regions.

Table 7 lists the separation of the zones in all experi-
mental scenarios. In comparison, the prediction by MM is
close to the measurement. /e difference between the theory
and the measurements may be due to the influence of the
industrial electromagnetic interference, the nonuniformity
of scatters, materials, and shapes present in coal mine
tunnels.

/e dividing points estimated by the proposed method
are also compared with the existing methods based on FBP
[16–20] and SI [21, 22]. /ere are two dividing points de-
termined by SI for each experimental scenario. One is de-
duced from the horizontally polarized field, and the other is
deduced from the vertically polarized field. As listed in
Table 7, the dividing points determined by FBP and SI are
usually different from the measured dividing points. /e
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Figure 5: Difference between the vertically polarized and the
horizontally polarized field power.
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Figure 6: Average difference between the vertically polarized and
the horizontally polarized field power.
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reason is that FBP and SI do not capture the polarization
difference in the path loss.

From Table 7, the dividing point is farther from the
transmitter for larger tunnel or higher frequency. /is
result is consistent with the previous study in [18–21]. /e
reason is that larger tunnel size and higher frequencies can
excite more modes with lower path loss [18–21]. /e near-
field region where the field consists of many modes is
expanded.

5.2. Coverage Optimization. According to the aforemen-
tioned results obtained from MM and SM, zone division is
unnecessary for nodes installed at C and CC points, but
necessary for nodes installed at CO, WC, and WW points.
By using coverage optimization introduced in Section 3.1,
we adopt horizontal polarization to communicate with the
nodes fixed at C and CC points. We optimize the field
coverage of the nodes fixed at CO, WC, and WW through
polarization switching. /e proposed coverage scheme
and other coverage schemes [11–13] are also compared in

this section. Table 8 lists the coverage schemes for
comparison.

Figure 7 shows an example of 900MHz field distribution
covered by a node fixed at the WW point in the wide tunnel.
In Figure 7, DP-MM/SM/FBP/SI represents the dividing
point determined by MM/SM/FBP/SI. SI–H/V represents SI
based on the horizontally/vertically polarized field.
Figure 7(a) provides the cumulative probability of RSSI. It
can be seen that the signal power covered by the proposed
strategy (Strategy-MM/SM) is much larger than that covered
by other strategies. Figure 7(b) shows the distance-depen-
dent signal power. It can be seen that Strategy-FBP and
Strategy-SI-H/V lead to unreasonable zone division and
polarization switching and obtain higher path loss in some
propagation regions. To further analyse the significant im-
pact of zone division on the optimized performance of the
wireless coverage, Tables 9 and 10 list the average path loss
covered by different strategies in different propagation re-
gions. In all experimental scenarios, the results by Strategy-
MM are consistent with Strategy-SM. For Strategy-FBP, the
average path loss fromDP-MM to DP-FBP tends to be larger

Table 7: Location of dividing point (in m).

Method Receiver Position
C CC CO WC WW

900MHz-wide tunnel
MM — — 293.28 307.97 308.70
SM — — 274.20 248.60 317.30
FBP 77.98 77.98 77.98 77.98 77.98
SI-H 143.50 200.90 350.70 454.30 469.70
SI-V 46.90 91.70 101.50 95.90 76.30
433MHz-wide tunnel
MM — — 67.53 70.92 71.09
SM — — 62.18 57.21 83.76
FBP 37.51 37.51 37.51 37.51 37.51
SI-H 13.30 51.10 67.90 62.30 69.30
SI-V 120.30 38.50 118.30 94.50 94.50
900MHz-narrow tunnel
MM — — 61.30 63.22 59.76
SM — — — >34.80 >34.80
FBP 25.66 25.66 25.66 25.66 25.66
SI-H — — — — —
SI-V — — — — —
433MHz-narrow tunnel
MM — — 13.75 14.50 13.64
SM — — — 17.19 14.34
FBP 12.34 12.34 12.34 12.34 12.34
SI-H 5.40 7.20 13.20 13.80 —
SI-V — 7.20 3.60 — —

Table 8: List of coverage schemes for comparison.

Coverage scheme Description
Strategy-H [11, 13] Coverage without zone division; use the horizontally polarized antennas
Strategy-V [12] Coverage without zone division; use the vertically polarized antennas
Strategy-MM Coverage with zone division by using MM
Strategy-SM Coverage with zone division by using SM
Strategy-FBP Coverage with zone division by using FBP [16–20]
Strategy-SI-H Coverage with zone division by using SI [21, 22]; SI is performed based on the horizontally polarized field
Strategy-SI-V Coverage with zone division by using SI [21, 22]; SI is performed based on the vertically polarized field
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because the estimated near-field region is usually smaller
(Table 7), and the antenna polarization is changed earlier.
From DP-MM to DP-FBP, the average path loss of Strategy-
FBP can exceed that of Strategy-MM8.99 dBm. For Strategy-

SI, the average path loss from DP-MM to DP-SI is usually
larger because the estimated near-field region is either
smaller or larger (Table 7), and the antenna polarization is
switched either earlier or later. From DP-MM to DP-SI, the
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Figure 7: 900MHz coverage with and without coverage optimization. (a) Cumulative probability of RSSI. (b) Distance-dependent signal
power.

Table 9: Average field power in different propagation regions (in dBm): coverage in the wide tunnel.

Coverage
strategy

Position of CO Position of WC Position of WW
Propagation region

DP-MM to
DP-FBP

DP-MM to
DP-SI-H

DP-MM to
DP-SI-V

DP-MM to
DP-FBP

DP-MM to
DP-SI-H

DP-MM to
DP-SI-V

DP-MM to
DP-FBP

DP-MM to
DP-SI-H

DP-MM to
DP-SI-V

900MHz-wide tunnel
Strategy-
MM −49.85 −55.26 −50.41 −49.83 −55.37 −50.26 −43.14 −50.35 −43.09

Strategy-SM −50.36 −55.26 −50.99 −47.94 −55.37 −48.22 −43.21 −50.88 −43.09
Strategy-FBP −51.88 −55.26 −52.33 −51.42 −55.37 −51.32 −48.41 −50.35 −48.53
Strategy-SI-
H −49.85 −64.65 −50.41 −49.83 −61.27 −50.26 −43.21 −56.16 −43.09

Strategy-SI-
V −51.55 −55.26 −52.33 −50.80 −55.37 −51.32 −48.41 −50.35 −48.71

Strategy-H −51.88 −55.26 −52.33 −51.42 −55.37 −51.32 −48.41 −50.35 −48.71
Strategy-V −49.85 −64.65 −50.41 −49.83 −61.27 −50.26 −43.21 −56.16 −43.09
433MHz-wide tunnel
Strategy-
MM −37.11 −43.95 −44.41 −38.44 −40.51 −42.97 −32.68 −35.78 −41.60

Strategy-SM −37.40 −43.95 −44.41 −37.37 −42.02 −42.97 −32.68 −35.78 −41.35
Strategy-FBP −39.68 −43.95 −44.41 −38.73 −42.02 −42.97 −38.34 −37.34 −41.60
Strategy-SI-
H −37.11 −42.62 −44.40 −38.45 −42.02 −42.97 −32.74 −37.34 −41.60

Strategy-SI-
V −37.11 −49.54 −51.40 −38.44 −40.51 −49.83 −32.68 −35.78 −41.86

Strategy-H −39.68 −43.95 −44.41 −38.73 −42.02 −42.97 −38.34 −37.34 −41.60
Strategy-V −37.11 −49.54 −51.40 −38.44 −40.51 −49.83 −32.68 −35.78 −41.86
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average path loss of Strategy-SI can exceed that of Strategy-
MM 9.39 dBm.

6. Conclusions

/is paper applies zone division and polarization switching
to coverage optimization of the wireless system in under-
ground tunnels. A multimodal approach is proposed to
estimate the axial variation of the optimal antenna polari-
zation along the tunnel for zone division. Extensive mea-
surements are conducted to validate the effectiveness and
feasibility of the coverage optimization. Compared with
coverage that only uses a single polarization in the entire
propagation region, polarization switching based on rea-
sonable zone division can reduce the power attenuation of
the signal. Meanwhile, we compare the performance of our
proposed method with that of the existing zone-division
methods based on the Fresnel breakpoint and system
identification. Results show that zone division has an im-
portant influence on the optimized performance of the
wireless coverage./e zones divided by the existing methods
are too small or too large, which results in incorrect po-
larization switching and higher average path loss. It is more
reasonable to switch polarization based on the proposed
zone-division method.

/e proposed coverage scheme requires repeated user
positioning, zone division, and polarization configuration.
However, there is no need to repeatedly call the coverage
optimization procedure, when the user is relatively static or
is always in one of the propagation zones during commu-
nication. /e efficiency of the coverage optimization pro-
gram can be further improved by optimizing the repetition

cycle of the program with the information of the user’s
movement direction and speed.

/e proposed coverage optimization and zone division
can also provide solutions for other wireless energy effi-
ciency related problems in underground tunnels such as
wireless charging and network connectivity.
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