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ABSTRACT: Wireless communication is an essential part of future smart mines. However, the complex structure of mines, especially
curved mine tunnels, makes the coverage of wireless signals drastically reduced compared to the ground, which increases the difficulty of
wireless communication inside the mine. In order to improve the transmission characteristics of wireless signals in the underground non-
line-of-sight (NLOS) region, a new passive reconfigurable intelligent metasurface (PRIS) is proposed, which realises the reconfigurable
characteristics of the PRIS beam through the principles of passive coding and splicing, and can be applied to different turning angle
tunnels. Finally, the PRIS with different radiation directions is designed and simulated in the simulation software, and loaded into
different turning angle tunnels for the simulation of tunnel power distribution. By comparing with the simulation results of unloaded
PRIS, the PRIS is the most effective when the turning angle is 50°. The overall power intensity of the tunnel is improved by 25 dBm, and
the overall power intensity of the tunnel is improved by 14 ~ 17 dBm at other turning angles, which proves the effectiveness of passive
splicing metasurface in the application of underground wireless communication blindness mending scenarios.

1. INTRODUCTION

he advancement of wireless communication technology

has greatly facilitated the exploitation of mining resources.
However, the operational viability of these technologies is con-
tingent upon the signal power strength in diverse scenarios,
which must reach the minimum communication limit [1,2].
However, the complex structure of underground passages in
mines presents significant challenges to the propagation of elec-
tromagnetic energy carrying base station signals, which en-
counter substantial obstacles in the form of mine walls and are
unable to propagate properly. In non-line-of-sight (NLOS) sce-
narios, there may be weak communication or even blind ar-
eas in any radio communication frequency [3,4]. It is there-
fore imperative that steps be taken to improve the signal cov-
erage of underground wireless communication systems. In or-
der to achieve enhanced coverage, it is common practice to de-
ploy large-scale small base stations for the secondary radiation
of electromagnetic energy [5,6]. The deployment of Leaky
Feeder Communication System (LFCS) and fibre optic com-
munications can also be applied to mine communications [7].
These methods rely on complex active devices, and an increase
in the number of devices will lead to more complex control
algorithms, complicating hardware and software systems and
leading to high costs. Repeaters represent an effective method
of improving signal coverage [8,9]. One type of repeater is
a metal reflector, comprising metal plates or balls. However,
the high attitude and inflexible waveform control due to Snell’s
law limit its application. Another type is a dual antenna sys-

* Corresponding author: Xiaoliang Li (1433853747@qq.com).

doi:10.2528/PIERC24082102

59

tem, whereby the signal received by the receiving antenna can
be controlled by the transmitting antenna over a wide range of
angles [10-13].

It can be observed that the fundamental objective of the
aforementioned two repeater methods is to facilitate the trans-
formation of an NLOS scenario into a line-of-sight (LOS) sce-
nario. The deployment of these two repeaters in NLOS sce-
narios necessitates the utilisation of a multitude of passive or
active structures, distributed in a manner that ensures reason-
able coverage within complex underground tunnels. A meta-
surface is a planar artificial structure comprising an ordered ar-
rangement of subwavelength meta-atoms, which can modulate
electromagnetic waves emitted from a base station antenna with
high efficiency and accuracy. It offers a novel approach to wire-
less communication in mines, representing a significant depar-
ture from the use of repeaters [14—18]. This paper proposes a
scheme to enhance mine NLOS signal coverage in the 5G-6G
band, using the metasurface concept and hardware design.

Due to the limited diffraction capacity of high frequency
electromagnetic waves, tunnels with different curvatures can
block signals from base stations. If we configure a thin, low-
cost, lightweight passive metasurface on the tunnel wall to de-
flect incoming signals, the blocked NLOS area can be used for
effective communication. It is notable that passive metasurface
presents a substantial cost advantage for this pervasive corner.
The deflection of the incident wave at a specific angle towards
the NLOS region represents a viable concept. Deflecting the
incident wave to a specific angle pointing to the NLOS region
is just a concrete idea. However, the turning angles of each
tunnel underground are different, and a single passive metasur-
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FIGURE 1. Schematic of metasurface unit structure: (a) Top view; (b) survey view.

face is not suitable for signal coverage enhancement in tunnels
with different turning angles. Therefore, how to use the passive
metasurface to improve the signal coverage characteristics in
the blind area of wireless signal coverage in tunnels with differ-
ent turning angles has always been the concern of researchers.
In [19], Yi et al. put forward a method for achieving signal
coverage which involved using a wide beam deflected into the
NLOS region of an L-shaped corridor with a flat scattering pat-
tern, which is less susceptible to blockages. In [20], Guo et al.
put forth a proposal for a multiple reflective Reconfigurable In-
telligent Metasurface (RIS) as a potential solution to the NLOS
signal blinding issue caused by mine collapse or curved tun-
nels. In [21], Xue et al. advanced a concept for a reflective RIS
that could potentially reduce the number of p-i-n diodes needed
by up to 60% by optimising the elements and arrays of the
metasurface through the use of an algorithm to enhance the sig-
nal coverage of wireless communication. The aforementioned
studies on the utilisation of metasurfaces in wireless commu-
nication blind coverage predominantly concentrate on conven-
tional indoor and corridor scenes. Conversely, there is a paucity
of research exploring NLOS blind area in the context of com-
plex and dynamic tunnel environments beneath mines. Fur-
thermore, the explosion-proof specifications for subterranean
applications are particularly rigorous, and the demands placed
on active devices are considerable. Accordingly, in this paper,
the use of metasurfaces in underground mine tunnels will be
extended by array splicing, so that Passive Reconfigurable In-
telligent Metasurface (PRIS) can be applied to the signal cov-
erage of mine tunnels with different turning angles by simple
splicing.

Here, we propose a splicable PRIS. Compared with the tradi-
tional reflective metasurface, it is more applicable in the mine
tunnel. The paper is structured as outlined below. Section 2
presents the design of the “Jerusalem” unit. Section 3 expounds
on the methodology and fundamental principles underlying the
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splicable PRIS. Section 4 presents the simulation outcomes of
the splicable PRIS, alongside an assessment of the power in-
tensity within the mine tunnel, thereby validating the efficacy
of this innovative technology for underground mine tunnel ap-
plications. The analysis underscores the splicable PRIS as an
attractive solution for addressing mine tunnel blinding chal-
lenges. Lastly, Section 5 summarizes the key findings and con-
clusions of the paper.

2. DESIGN OF METASURFACE UNITS

In order to make the metasurface unit more suitable for the mine
situation, the classical “Jerusalem” square ring structure [22] is
chosen in this paper, and by using the structure of the unit with
multiple oscillators, a phase shift range of 330° and a phase
shift curve with good linearity can be obtained by only chang-
ing the size of the patch. As shown in Fig. 1, the top and side
views of the element of the reflection array are given. The re-
flection array element is printed on a grounded substrate F4B
having a relative dielectric constant of 2.2 and a dielectric loss
angle tangent of 0.007. The relationship among the lengths L,
L., and L, is determined by (1), and the values of the specific
variables of this element are shown in Table 1.

L=2xL,=2x1L, €))

TABLE 1. Structural parameters of the square ring of Jerusalem.

Element Dimension and Descriptions

Parameters
Dimensions (mm) Descriptions
D 17 Media plate thickness
h 3 Unit period
w 0.5 Oscillator width
g 0.6 Gap width
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By using periodic boundaries and the Flouquet model, the re-
flection phase and amplitude of the unit are varied by changing
the arm length of the patch in the CST simulation software.

As can be seen in Fig. 2, the range of variation of the unit re-
flection phase is greater than 330°, and the reflection amplitude
is greater than 0.95. The linearity of the curve with the length
of the unit patch is good. Therefore, the proposed Jerusalem
structure with accompanies oscillators has great potential for
complex mine wireless signal coverage.
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FIGURE 2. Phase and amplitude curves of reflections from the PRIS

unit.

3. DESIGN OF RECONFIGURABLE PRIS SUITABLE
FOR MINE NLOS SIGNAL COVERAGE

3.1. Passive Splicing Metasurface Design Theory Based on Bit
Phase Quantisation

For a planar reflective metasurface with the beam pointing in
the azimuthal plane as 6,, the phase gradient p, of each unit on
the metasurface is:

g = ko sinf, 2
a penumbral or shaped beam excited by a plane wave, it can
be seen from Eq. (2) that the beam pointing 6, is determined
by the phase gradient p,. Assume that there are two kinds of
subarrays with different phase gradients, which are represented
by the numerical symbols 0 and 1 in the 1-bit phase quanti-
sation principle, in which the phase gradient of 0 is pgo, the
beam pointing to 6,0, and the phase gradient of 1 is py1, the
beam pointing to 6,1. According to the interpolation theory,
the combination of several 0 and 1 can be used to get the ar-
ray with equivalent phase gradient pg;, in which the variation
range of pg; is [pgo, Pg1]. As the equivalent phase gradient py;
changes, the beam pointing 6,; can be theoretically obtained as
any value in the range [0,0, 04:]. In order to determine the sub-
array splicing method with beam pointing to 6,;, the principle
of average phase gradient is proposed in this paper. Assuming
that the array consists of M subarrays 0 and IV subarrays 1, the
array can be denoted as a row vector V, which contains IV el-
ements 0 and M elements 1. The total phase shift of the array
after splicing is 4.

Yo = 21(M + N) 3)
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The average phase gradient is defined as:

- wall
ML)

“)

where L(V) is the physical length of the array along the az-
imuthal direction. To make the beam point to 6,;, the ap-
proximation error ¢ needs to be small enough according to Eq.
(4), and then the array V' can be considered to be constructed
through M subarrays 0 and IV subarrays 1 to make the beam
point to the desired value 6,;:

€= ‘pgi - p}| Q)

Through passive subarray splicing, the array elements in a
cycle are used as subarrays, by splicing multiple subarrays,
the metasurface array can be extended to the desired aperture
while keeping the phase gradient and beam pointing unchanged.
Therefore, this PRIS technology has the reconfigurable and in-
telligent functions of RIS, it can real-time stitch the metasurface
arrays according to the changes of the external environment and
realise reconfigurable beam pointing, and it is a completely pas-
sive design, which can be realised on a large scale and has the
advantages of low-cost, low-power consumption and low com-
plexity.

3.2. Splicing PRIS Design

The passive RIS in this paper consists of 2 subarrays with dif-
ferent phase gradients, which are denoted by 1-bit numerical
symbols “0” and “1”, respectively, with “0” denoting a uni-
form phase-gradient subarray with beam pointing to 8,y and
“1” denoting the uniform phase gradient subarray with beam
pointing to 6,1. The phase variation of each unit of each subar-
ray along the x-direction ranges over exactly one phase cycle,
i.e., the phase variation from the first array element to the first
array element of the next cycle is 27, and the phase variation
of each unit of the subarray along the y-direction is 0, i.e., each
unit is kept the same along the pitching direction, as shown in
Fig. 3. According to the principle of average phase gradient, the
Mg subarrays 0 and Ng subarrays 1 are arranged in an orderly
manner to form the minimum period row vector Vi, in the re-
flecting array array, and Mg and Ng are integers greater than
or equal to zero. In order to make this minimum period row
vector Viyin the main beam pointing to § when the frequency is
f, according to the specific application scenario, the minimum
period row vector Vi, is used as the unit to arrange the period
in the x-direction of the array for the purpose of reconstructing
the reflected beam from the metasurface. In order to make the
reconstructed beam pointing range of PRIS satisfy [48°, 72°],
the beam pointing of the arrays consisting of subarrays 0 and 1
should be chosen around 48° and 72°, respectively.

In order to verify that the passive RIS can achieve beam re-
configuration, the array beam pointing is designed to be 64°.
From Eq. (5), the maximum error ¢ = 0.5 when one subar-
ray 0 and four subarrays 1 form the minimum row vector Vin,
and this error is within the controllable range of the require-
ments for blinding the mine tunnel. Combined with the sim-
ulation software to calculate the simulation beam pointing of
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FIGURE 3. Principle of passive splicing RIS regulation.
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FIGURE 4. Simulated beam pointing at 64°.

TABLE 2. Full-wave simulation results for 5 sets of different vector V'
beam pointing.

Vinin 6 Full-wave simulation value
00000 48°
00011 52°
001011 57
11011 64°
11111 72°

Vinin as shown in Fig. 4, the three arrangements are compared,
and considering the beam pointing and sub-flap level, the array
with Viyin, = [11011] and an exit angle of 64° is selected for
enhancing coverage in blind areas of wireless signals.

To further substantiate the veracity of the average phase gra-
dient principle in estimating beam pointing accuracy, we under-
take an in-depth verification process. The full-wave simulation

62

Directivity(dB)

-90 -80 -70 -60 -50 -40 -30 -20 -10 0
Theta(degree)

FIGURE 5. Simulated directional maps for 5 sets of different vector V'
beam pointing.

results of the beam pointing of five different vectors V" are given
in Table 2 and Fig. 5, and the most suitable group is selected by
combining with the subvalve level. The simulated values of
the beam pointing for these five vectors V are 48°, 52°, 57°,
63°, and 72°, which basically satisfy the reconfigurable range
of beam pointing of [48°, 72°].

4. SIMULATION OF SIGNAL COVERAGE IN BLIND
ZONE OF CURVED TUNNEL WITH DIFFERENT TURN-
ING ANGLES

In practical underground tunnel communication scenarios, the
propagation space for electromagnetic waves is distinctly cat-
egorized into near-field and far-field regions. The delineation
between these two zones is precisely determined by Eq. (6):

a® b?
dp = maximun ( )

Www.jpier.org



Progress In Electromagnetics Research C, Vol. 149, 59-65, 2024

rPIER C

(a)

|

1 .
— base station
-

1
— base station

—— base station
s

Power intensity(dBm)

-30

35
-40
45

-50

P PRIS(S?)

-70

-75

-85
PRIS(64°)

-90

FIGURE 6. Simulation of the signal coverage of the mine tunnel with different turning angles. (a) 50° without PRIS. (b) 50° with PRIS. (c) 70°
without PRIS. (d) 70° with PRIS. (¢) 90° without PRIS. (f) 90° with PRIS. The power level below —90 dBm is marked as white.

a and b are the length and width of the mine tunnel, and from the
formula, we calculate that the blinding area of the tunnel is the
near-field region, in which the electromagnetic wave is mostly
multi-mode propagation, similar to the propagation mode of
free space. Therefore, we use the free-space wave propaga-
tion loss model for the near-field region and combine it with
the ray-tracing method for analysis.

The ray tracing method in Altair WinProp is used to simulate
the electromagnetic wave transmission in the tunnel with differ-
ent turning angles. The passive reflective device can be equiv-
alent to an active base station located at the corner position. In
the actual underground tunnel environment, the incident wave
from the base station to the passive reflector array is approxi-
mated as an obliquely incident plane wave, and the equivalent
omnidirectional radiated power of the equivalent active base
station is:

Tps EIRP

FEIRP =
R 47d?

RCSA(8,¢) (7

63

where RCS 4(0, ¢) denotes the antenna RCS direction map;
Tps EIRP denotes the signal source transmit power; and d de-
notes the distance from the signal source to the PRIS.

The signal coverage of the mine tunnel mainly consists of
wall reflections as well as direct radiation from the transmit-
ting source to the receiving source. Using the equivalent radi-
ation source model, we set the EIRP of the reflective element
surface, import the antenna radiation direction map of the pas-
sive RIS, and set the relevant electromagnetic parameters of the
mine tunnel, as shown in Table 3.

The power distribution simulation analysis is carried out for
the tunnel with turning angles of 50°, 70°, and 90°. Due to
the complex electromagnetic environment in mine tunnels, with
current technological means, the minimum received power in-
tensity required by terminal devices must reach —90 dBm, and
after simulation analysis, the comparison of power intensity be-
fore and after loading the PRIS in mine tunnels with varying
angles is illustrated in Figs. 6(a)—(f).
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TABLE 3. Tunnel structure and electromagnetic parameter setting.

Sectional Parameters of the Mine tunnel (m)

Radio Transmission Parameters (dB)

Length  Width Height Reflective Loss  Transmission Loss  Number of Ray Traces
2 32 2.5 9 40 5

It can be seen that the signal strength in the NLOS region PRIS is most obvious when the turning angle of the tunnel turn
in the tunnel loaded with the passive RIS is significantly en- is 50°. The power intensity is increased by about 25 dBm, and
hanced. To explain the function of the PRIS more clearly, the the power intensity in the blind zone after loading PRIS is in-
power intensity at different positions on the tunnel (expressed creased by 15-20 dBm when the turning angle of the tunnel turn
as the distances from the corner to different positions) can be is 70° and 90°. By comparing and analysing the simulation re-
quantitatively analyzed, and the results are shown in Fig. 7. sults, the effectiveness of PRIS in enhancing the wireless sig-

nal coverage in underground mine is proved and lays a solid
ol ——— S0(Without PRIS)—— S0(With PRIS) foundation for the application of PRIS in mine tunnel wireless
- e 70(Without PRIS ) === 70(With PRIS) communication.
——90(Without PRIS) === 90(With PRIS)
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