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ABSTRACT: In the context of 6G communication technology, Reconfigurable Intelligent Surfaces (RIS) can effectively reconfigure signal
propagation paths through the adjustment of their passive metamaterial reflector units. This capability mitigates the issue of radio wave
attenuation in the complex environments of mine tunnels by optimizing signal paths, thereby reducing energy loss and minimizing
coverage dead zones. By utilizing RIS-assisted multi-antenna terrestrial mobile communication channels and ray tracing techniques,
researchers have established a wireless channel fading model specifically for rectangular coal mine tunnels. The results suggest that
under comparable conditions, RIS technology enhances low-frequency signals (e.g., 2.4 GHz) more effectively than high-frequency
signals (e.g., 30 GHz). Furthermore, these improvements are more pronounced as the size of the RIS increases.

1. INTRODUCTION

he communication systems in coal mine tunnel are of-

ten severely impacted by multipath interference, electrical
noise, coal-rock dielectric constant, and absorption of propaga-
tion medium, which greatly restrict the real-time transmission
and processing capabilities of underground information. As a
vanguard innovation in the sphere of 6G telecommunications,
the concept of RIS (Reconfigurable Intelligent Surfaces) [1-4]
has been posited for integration within subterranean communi-
cation networks. This integration aims to optimize the infor-
mation transmission and blind spot coverage of the coal mine
tunnel. The hardware construction of RIS is based on a meta-
surface, comprising an electrolytic substrate and copper plate,
and incorporates a planar array of sub-wavelength tunable pas-
sive reflector units. These units are externally manipulated in
amplitude and phase by an intelligent controller (e.g., FPGA:
field programmable gate array) [4]. The reflector units, com-
posed of PIN diodes and load resistors, generate phase shifts
through the switching states of the diodes. The controller ad-
justs the signal phase by setting different bias voltages, while
load resistors with varying resistances are employed to modify
the signal amplitude.

Currently, extensive research has delved into various aspects
of RIS in ground-space channels, including theoretical analy-
sis of RIS channels [5], estimation of achievable rates in RIS-
assisted communication systems [6], maximization of energy
efficiency in RIS-aided downlink systems [7], as well as the
optimization of energy harvesting performance, spectral effi-
ciency, bit error rate, and outage probability in RIS-assisted
wireless communications [8]. In the study of RIS channel mod-
eling and wave loss characteristics, the authors in [9] concen-
trated on the physical channel modeling of RIS-assisted wire-
less networks within the Sub-6 GHz band. The study takes
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into account both far-field and near-field transmission behav-
iors, and proposes an open-source physical channel simulator.
This simulator is adaptable in terms of operating frequency,
propagation environment, terminal locations, as well as the size
and position of the RIS. The authors in [10] conducted multi-
scenario broadband channel measurements and modeling in the
Sub-6 GHz band, encompassing outdoor, indoor, and outdoor-
to-indoor environments. The study introduced two improved
empirical models and analyzed the propagation characteristics
of RIS-assisted channels, such as path loss gain, spatial consis-
tency, and frequency stability.

In terms of channel transmission performance, the authors
in [11] analyzed the performance of RIS channels under both
static and dynamic scenarios, considering Rayleigh fading and
Additive Generalized Gaussian White Noise (AAGWN). It also
derives closed-form expressions for the average Bit Error Rate
(BER), average Channel Capacity (ACC), and Outage Proba-
bility (OP) in these two scenarios. The challenges of channel
estimation and the impact of feedback overhead in RIS-assisted
systems are also under investigation. In the context of Orthogo-
nal Frequency Division Multiplexing (OFDM) systems assisted
by RIS, the authors in [12] and [13] introduced a transmission
protocol that sequentially carries out channel estimation and re-
flection optimization. This protocol employs a low-complexity
algorithm based on the strongest signal in the time domain to
optimize the reflection coefficients after estimating the Channel
State Information (CSI). This approach enhances the efficacy
of the system’s estimation methodology. However, the cost as-
sociated with estimating CSI was not considered. The authors
in [14] addressed this gap by proposing an expression that com-
bines an overhead model with energy efficiency and transmis-
sion rate. This expression is used for optimizing power and
bandwidth during communication and feedback phases, max-
imizing a balance between resource allocation and overhead.
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FIGURE 1. RIS-assisted underground rectangular tunnel communication system model.

RIS, as a passive reflective material, possesses the capability to
actively control electromagnetic wave beams in wireless envi-
ronments, enabling beamforming and lossless reflection. The
authors in [15] provided a comprehensive overview of RIS de-
sign work from the perspectives of prototype system and unit
design. They also categorized and reviewed channel model-
ing for RIS-assisted indoor communications. In the applica-
tion of RIS in coal mines, the authors in [16] proposed an in-
novative method of using RIS technology to achieve wireless
signal coverage and fill coverage gaps in mine channels. By
strategically deploying RIS, the absorption and scattering of the
main signal components by tunnel walls are reduced, and signal
strength and coverage are enhanced through phase reconstruc-
tion. Building on this foundation, the study conducted a series
of experiments to verify the effectiveness of RIS technology in
specific underground mining environments. Utilizing Monte
Carlo simulations for the RIS-augmented subterranean channel
loss model, signal loss across 2.4 GHz, 5.8 GHz and 30 GHz
bands is rigorously analyzed. The results show that RIS can
greatly reduce the transmission loss of the signal in the tunnel,
and this improvement is more obvious for the low-frequency
signal. The loss of 2.4 GHz signal at 100 meters can be reduced
by 54.78%, and 5.8 GHz signal loss can be reduced by 31.89%.
In addition, for the high-frequency signal of 30 GHz, there is a
threshold for the improvement characteristics of RIS, and when
the transmission distance exceeds 100 meters, the improvement
effect of RIS is not obvious, which puts forward a new pos-
sibility for the next stage of multiple RIS in the downhole to
optimize the propagation of the signal. Moreover, enhancing
the size of RIS markedly improved the power and reach of the
transmitted signal. These findings not only validate RIS’s role
in elevating underground transmission quality and broadening
coverage in signal-blind areas but also offer practical directives
for designing subterranean communication systems, with sub-
stantial implications for safety and efficiency in coal mining
operations.

The main contributions of this article can be summarized in
three key aspects: (1) This study explores the application of Re-
configurable Intelligent Surface (RIS) technology in coal mine
tunnels, which focuses on the modeling and analysis of the RIS
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channel matrix, as well as an analysis of coal mine tunnel noise.
(2) A mine channel fading model assisted by RIS technology
has been constructed and employs ray tracing methods to ana-
lyze propagation paths in rectangular tunnels, constructing an
RIS channel fading model under rough loss conditions. (3) The
paper elucidates how RIS decisively ameliorates the channel
characteristics of mine communications, particularly in terms
of mitigating signal attenuation. These analyses provide a de-
tailed understanding of the impact of RIS on enhancing com-
munication in challenging environments, underscoring its vital
role in advancing mining communication systems.

The article is divided into five sections. The first is an intro-
duction, outlining the research background and the application
of RIS technology in mining. The second discusses RIS chan-
nel matrix modeling and coal mine noise analysis. The third
section uses ray tracing to analyze tunnel propagation paths and
construct an RIS channel fading model. The fourth section in-
cludes simulation experiments. The fifth concludes the paper.

2. SYSTEM MODEL

2.1. Channel Matrix Model

The RIS-assisted straight tunnel wireless communication sys-
tem model is depicted in Figure 1, in which the Cartesian co-
ordinate system is established at the center of cross-section of
the tunnel, and the radio wave propagates along the axis direc-
tion. The RIS is positioned between the Base Station (BS) and
User Equipment (UE), with their primary function being to en-
hance signal strength and extend propagation distance. It is as-
sumed that the tunnel has a width of 2a and a height of 2b, with
both side walls as well as the top and bottom having a relative
permittivity of €,. The interior of the tunnel is filled with an
ideal transmission medium characterized by electrical parame-
ters (€9, f40). The underground tunnel structure of coal mine is
complex and diverse, which can be roughly divided into three
typical application scenarios (I-type tunnel, L-shaped tunnel,
and T-shaped tunnel) as shown in Figure 2. It should be noted
that although there are three types of roadway structures, the
channel matrix model assisted by RIS is consistent.
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FIGURE 2. Underground deployment of RIS in (a) I-Type, (b) L-Type, and (c) T-Type scenarios.

In this model, when an electrical signal travels from the base
station and reaches the RIS, it passes through multiple effec-
tive scattering paths, expressed as Ry,.. Each of these paths
possesses a specific amplitude «; (represented as the amplitude
of the ¢th scattering path), delay 7; (represented as the delay for
the ith scattering path to reach the RIS unit), and phase ¢; (rep-
resented as the phase for the ith scattering path to reach the RIS
unit). Here, g3,-(¢) denotes the relationship between delay and
phase. Therefore, the propagation model of the system’s BS to
RIS link can be described by these parameters:

Rp,-—1 )
S @dt—m)e I i=1,2 Ry (1)

=0

Gbr (t) -

Converting Equation (1) into the frequency response of a nar-
rowband system yields:

+o00 _ Rpr—1 ) _
h(t):/ Gor (t)e 920t gt = Z e I2mfoTie=i%i ()
o i=0

In the wireless communication system under consideration,
the radio wave signal finally received by the RIS is the vector
sum of all signal rays emitted from the BS that are reflected
multiple times through the reflector wall to reach the RIS. This
signal reception mechanism is akin to the signal processing in
Multiple-Input and Multiple-Output (MIMO) systems. In this
context, for RIS reflective unit n, its channel coefficient can be
expressed as per Equation (3). This channel coefficient collec-
tively reflects the impact of all ray paths from the BS to that par-
ticular RIS unit, including the amplitude, phase, and delay char-
acteristics of each path. This approach enables precise analysis
and design of RIS-assisted wireless communication systems,
optimizing the transmission and reception quality of the signal.

—1 _
Ry om L BS—RIS

R (t) = Z ae T
i=0

eI (3)

hnm represents the channel impulse response between the
transmitting antenna 7;,, and RIS unit R,,, while ¢ denotes the

number of transmission paths. Therefore, the BS-RIS channel
matrix is defined as:

H11 H12 HlJV[
H21 H22 H2M .

Hy, = e CVM (&)
Hy1 Hno Hnm | your

Similarly, the communication channel coefficient from RIS
to UE is represented as:

+oo ) )
ha() = / Gna(B)e 927100 gt
— 00
N-1 _ QWL(;IS—L'E )
= 3 i T et s)
n=0

Assuming that the UE is a single-antenna device, the channel
matrix of the RIS-UE can be represented as a vector h,, of
dimension CV*1:

hyu = [h11 ha hyi)" e CNX1 (6)

In the RIS-assisted communication link, the reflective char-
acteristics of the RIS units lie in their ability to modulate the am-
plitude and phase of the incident waves. The phase of the RIS
reflection coefficient is represented as @ = [0y,6,--- ,0n]7,
0, € [0,27m), and the amplitude is represented as B3 =
[B1, B2, BN]T, Bn € [0,1]. Defining ®,, = S3,¢7% as the
reflection coefficient of the ith reflective unit, which includes
the phase adjustment value for each unit, the RIS reflection co-
efficient matrix is represented as:

© = diag (ﬂneje") ,

Under the assumption that each unit of the RIS can reflect
electromagnetic wave signals and that each reflective unit has
the same amplitude 5 € [0, 1], the cascaded channel under RIS
assistance is represented as HY! ©h,,,,. For Type I straight tun-
nel, considering the line-of-sight (LOS) link between the trans-
mitter and receiver, the LOS path channel vector is defined as
hy, = [hb* RS R3T € CM>*1. Therefore, the com-
bined signal matrix model for the direct link and the cascaded
link is: Hg@hnu + hy,,.

6, € [0,27) (7
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2.2. Noise Factor Correction

Different from ground noise, the noise inside the coal mine
tunnel is mainly reflected in the characteristics of the sound
source, sound wave propagation path, and sound field environ-
ment. Noise inside the mine is mainly due to activities such
as mechanical operations, drilling processes, and rock crushing
inside the mine. The sound waves generated by these activi-
ties propagate through the narrow, enclosed space of the tun-
nel, and are reflected and refracted many times, increasing the
noise level and complexity. Therefore, the Gaussian distribu-
tion is used to describe the sound sources generated by me-
chanical operation. Considering some sudden noises (such as
equipment failure, etc.), this noise generation is regarded as a
“Bernoulli experiment”, i.e., random events that occur or do not
occur. Therefore, a Gauss-Bernoulli distribution can be used to
better describe the noise characteristics of the coal mine tunnel.
If the BS emits a signal s(t), then the transmitted power is
Pr. Define the weight vector of the sender antenna as w, where
w € CM*1 and is unit-modulus, meaning that each element of
w has an absolute value of ||w|| = 1. This ensures that the
power of the reflected signal is conserved. Therefore, the ex-
pression for the received signal is:
n is the electrical noise of the mine, and due to the wide spec-
trum characteristics of the electrical noise, the electrical noise
that affects the radio signal can be regarded as an impulse in-
terference response. Therefore, we represent the signal noise in
the underground roadway as:

rwes+n

n=v-+k

€
where v represents the additive Gaussian white noise, and x
represents the impulse interference noise signal, x = B - G. In
this equation, B is the Bernoulli distribution with a mean of 0,
and a variance of success is 1. If the probability of success is
p, it can be expressed as equation B ~ Bernoulli(p). If G is a
Gaussian distribution that obeys (0, 20%), the downhole noise
interference can be regarded as an independent and identically
distributed Bernoulli-Gaussian process, which is expressed as:

n=v+B-G (10)
The noise power is expressed as:
0%+ 20?%p, P=p
Prwise_tutal = { 2 2 (11)
02 +20%(1-p), P#p

3. LOSS CHARACTERISTICS OF RIS AUXILIARY MINE
RADIO WAVES

3.1. Analysis of Radio Wave Propagation Path Based on the
Tent Law

In the underground tunnel environment, the electromagnetic
wave signal emitted by the BS undergoes multiple reflections,
and the spiral ray path [17] formed in the space limited by
the four walls is particularly critical. In order to further study
this complex reflection mechanism, a single ray emitted from

16

the source was selected as the object of analysis, and the law
of reflection in optics was applied, which can be divided into
two different types of reflective surfaces: horizontal and ver-
tical [18]. According to the “Tent second law” in geometrical
optics, that is, when a ray is emitted at a specific starting point
(point source: S), it will exist in both a horizontal and a verti-
cal plane of incidence and will be reflected and propagate along
the intersection of these two planes according to the law of re-
flection. In the transmission link from the BS to the RIS, if the
number of reflections of the signal in the tunnel is M, the total
number of valid paths to the RIS formed by the multiple re-
flections of the signal through the tunnel wall is a deterministic
value and is expressed as [17]:

Ry, = 2M? +2M +1 (12)

According to the “Tent Third Law” [19], the length of a heli-
cal ray emanating from a transmission point .S and reaching the
receiver D after undergoing m + n reflections off both the left
and right walls, as well as the top and bottom plates, is equiva-
lent to the linear distance covered by a mirrored image of point
S, post m + n reflections to the receiver. Consequently, the
angle of arrival at the receiver is synonymous with the azimuth
angle of this direct line.

To give a simple example, Figure 3 shows the propagation
of a signal ray in a T-shaped roadway using the “Tent second
law”. The central axis of the precession is oriented along the
z-axis, intersecting the horizontal plane at (xg, yo, 0), where S
is the emission point. The RIS is positioned at a certain point
on the xy plane, denoted by P at (), where the product of the
horizontal coordinate P x Q = N, P and @ are orthogonal co-
ordinates. Additionally, the RIS central axis intersects the xy
plane at a particular point, forming the RIS central axis’ pro-
jected emission point (2, Yq, 2).

Taking the depression angle as the observation direction in
the three-dimensional coordinate system, the mirror point S*
of the point source S after m + n reflection is found. Refer-
ence [20] informs us that by using the mathematical induction,
it can be deduced that if the last reflection of the ray is on the
right wall of the alleyway, the coordinates of the mirror image
point after m + n reflections are S™ ((2ma+(—1)"x0), yo, 0).
If it is stipulated that the last reflection of the signal occurs
off the left alleyway wall, then by the same logic, the coor-
dinates of the mirror image point after m + n reflections are
S™((=2ma + (=1)" o), Yo, 0).

Summarizing the above can be summarized as:

50 = {

In the same way, the coordinates of the mirror point reflected
by m + n times on the upper and lower walls can be expressed
as:

5 = {

When the rays are plucked in a rectangular tunnel, the co-
ordinates of the mirror point through m horizontal mirrors

2ma + (—1)™xy,
—2ma + (—1)™xg,

on the right wall

1
on the left wall (13)

2nb + (—1)”:{]0,
—2nb + (—1)"yo,

on the upper wall

(14)

on the lower wall
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FIGURE 3. Schematic diagram of the second law of tents in a “T” shaped roadway.

and n vertical mirrors can be expressed as S*(S*(z), yo, 0) or
S*(x0,5*(y),0). Therefore, the length of the path for the rays
emitted from an antenna of the Base Station to reach a certain
unit (p, q) of the RIS through the tunnel wall reflection is cal-
culated as:

din = /(5% (@) = )2 + (30 — o)? + 22
(15)

i = (20 — 7)2 + (S*(y) — )2 + 22

To concretize formula (15), the specific propagation path ex-
pression can be derived using mathematical induction, based
on the reflection characteristic functions of the top and bottom
plates and side walls. Assume that the height of the transmit-
ting antenna above the ground is hr; the height of the receiving
antenna above the ground is h g; the transmitting antenna is lo-
cated at a distance g7 from the right wall; the receiving antenna
is located at a distance gr from the right wall; and the direct
distance from the BS to a specific unit of the RIS transceiver
is d. Because direct waves and reflected waves are the primary
forms of transmission in the tunnel, we only study the effects
of these two types of waves. The following Figure 4 illustrates
the first reflection from the top and bottom plates and the first
reflection from the sidewalls within the tunnel.

When the signal has undergone m reflections (m is an odd
number), there is an m + 1 segment polyline, which can be ob-
tained by mathematical induction, and the mirror point of m —1
full roadway is required, then the path length of the single-hop
odd reflection is calculated as:

L= \/[hT+hR+(m—1)H]2+d2 (16)

In the above formula, H represents the vertical distance be-
tween the walls or the roof and floor on both sides of the tun-
nel. When the angle between the ray and the roadway wall is

expressed as 6, the incident angle can be calculated by 6; =
/2 — 0, so the propagation angle relationship satisfies:

hr +hr+ (m
L

VH

cost; =

amn

d
i 62 = )
sSin 17

In the same way, for a single hop even number of reflections
on a side wall of a tunnel, assuming that n reflections are made
(n is an even number), there is an n + 1 polyline, and the total
path length obtained by mathematical induction is:

L = \/Ihr — b + Hnl? + @2 (18)
Similarly, the angular relation satisfies:
. hr —hr+ Hn
sinf; = I cosf; = — 7 (19)

3.2. Establishment of RIS-Assisted Rectangular Coal Mine Tun-
nel Radio Wave Loss Model

For the reflection loss of radio waves, the reflection coefficients
defined as vertically polarized and horizontally polarized of ra-
dio waves on a smooth surface are as follows:

cosf; — \/e, — sin?(6;)

a|] = )
cosb; + /e, — sin’(6;)
—erc080; + 1/ ey — sin®
a” = (20)

ercost; + /e, — sin?

0; is the grazing angle of the ith path, and ¢, is the relative
permittivity of the coal and rock. Assuming that the roughness
obeys a mean of 0, a Gaussian distribution of variance h, and
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FIGURE 4. Primary and secondary reflection of the top and bottom plates and the walls on both sides [21].

Proughness denotes the roughness loss factor, then the scattering
loss coefficient due to the rough surface is:

@n

PL = Proughness® L, P|| = pmughnessan

2
Proughness = €XP <_8 (Trh C;S 91’) ) [14]

Therefore, the propagation loss of each ray reaching the re-
ceiving end can be obtained from the direct path loss and the
reflection path loss in free space, which is expressed as:

2
) GG, Gris  (22)

P () (v
" t 4 Lgs_gris 4 Lpis—vE

Gpris 1s the adjustable RIS gain, which is denoted as:
Go(A,/A?)N cos? 6. Gy is the basic gain of each RIS unit, A,
the total effective area of the reflective surface, N the number
of elements effectively participating in the reflection, and 6
the angle of arrival of the electromagnetic wave. Lgg_g;s and
Lpgis—yg indicate the path lengths on the BS-RIS and RIS-UE
sides, respectively. Assuming that the fading of the downhole
signal obeys the Rayleigh distribution, then its probability
density function (PDF) is:

o{ ee) 5o
0 (r <0)

In the above equation, o2 represents the fading depth. ¥(r)
is the fading loss factor of the Rayleigh distribution; L is the
length of the reflection path; and in the RIS-UE link, Lg;s—yg
is assumed to be the direct path after amplitude modulation and
phase modulation. In addition, &; represents the product of each
reflection coefficient experienced by the ith path, and we take
the calculation of the vertically polarized wave as an example,
assuming that the rays are reflected m times on the walls on

(23)
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both sides and n times on the top and bottom plates, then the
expression of the product of the reflection coefficient of a cer-
tain path ¢ is:

o]

By defining the normalized direction function and direction

coefficient of the antenna, the fading model of the coal mine
RIS can be obtained. Suppose that the RIS is placed in the z-y
plane of the Cartesian coordinate system facing the base station
as shown in Figure 3, and the unit size of each RIS is d, x d,
and d, = dy, = A/2. R(p,q) is the RIS unit in row p with
q columns, and each RIS unit has a programmable reflection
coefficient, which is denoted as T, 4, p € [1 — VN /2,V/N /2],
ge[1—+vN/2,V/N/2.
Suppose that L2 RIS represents the propagation distance of
the mth antenna from BS to cell R(p, q) of the RIS, and LAS~VE
represents the propagation distance from cell R(p, ¢) of the RIS
to UE. Hﬁf’fp’ o @ijp, o 95‘;’; , <p§f] are used to represent the pitch
angle and azimuth angle from the BS to the RIS unit R(p, q),
the pitch angle and the azimuth angle from the UE to the RIS
unit R(p, q), respectively. Similarly, Hﬁ%q, @%,p,q, ;}:q, @ﬁq
represents the pitch and azimuth angles of the RIS unit R(p, q)
to the BS and UE, respectively. The specific representation can
be seen in Figure 5 below.

To reduce interference and enhance signal strength in spe-
cific directions, the antenna is designed to radiate maximum
power only within a certain directional range, while radiating
little to no power in other directions. If the radiation field in
space is considered, then the antenna’s normalized directional

function can be expressed as [22]:

((LH )m (al)n (praughness)ern

24
(aL)m(aH)n(Proughness)ern @)

cos>0 0 €0,7/2],0 € [0,7/2]

0 de(n/dpclone P

Fi0.9) = {
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The orientation coefficient of the antenna is expressed as:
4

G= (26)
f "o Joo F(0,¢) sin 6dfdyp

Assuming that the amplitude of all the reflective elements of
the RIS is the same, it is denoted as A, but the phase shift is
different, denoted as ¢, ;. In the RIS-assisted cascaded chan-
nel, the loss multiplication of the two links is considered. This
means that the attenuation of the first segment path affects the
initial power level for further attenuation on the second seg-
ment path. Then combined with Equation (22), the received
signal power can be expressed as:

M ¥R ¥y
2 Z VERe
=1 p=1—YN g=1— \/2ﬁ
Ry, i 2
= exp j@zgk + j@;mq)
Z H Cijk LBS RIS o, [ RIS—UE
j=1k=1 1,5,P,q pq
P GG, GoN A(d,d y)U(r)
(27)
25673
/ mbi _ Tx Tx T T
Fco7117[:qne F (9 m,p,q’ @m sPy q) (HP;Q’ goP;Q)
R R Rz (pRz
XF (9p,q,<,0p7q) F (0 pq"Pmpq) (28)

Equation (28) represents the effect of the normalized direc-
tional function on the received power of the signal. Materializ-
ing the phase representation of Equation (27) yields:

M N
g E E combme
m,p,q
=1 p= 177 q= 177
(2 ((LBS—RIS [ RIS—UE\ _ 2
Ry i —i¢ 7'( ig,p.a T Ep.a )* #p,q)
(& X
Z H Sijh LBS RIS | [ RIS—UE
j=1k=1 i,5,0,4 X

19

29

PN N AG:Gy Go(dydy ) (r)
25673

After the amplitude and phase modulation of RIS, when
Ppg = Pr o 4 GRISZUE  the received power reaches the
maximum value, so the optimal solution of Equation (29) is

expressed as:

M|
Po= > >
max .
e
2
Ry, 1 é_
§ [Fcombine § H ijk
m,p,q LBS RIS LRIS UE
j=1k=1 "4,7.p,q P

(30)

PMG,G,Go(dydy)NAD(r)
25673

i,§,P.q
A

27T(LBS RIS +LR137UE)
where ¢, ., = mod ( 222w .

In this case, the path loss of RIS-assisted the coal mine tunnel
communication is expressed as follows:

25673
MGG, GoN(dyd,)A¥(r)

1
X 2

M| ¥F
Z E Fcog?&ne(E H 55— RIS LRIS Ul->

Jj=1k=1"%3.r.q

PL= 31)

4. ANALYSIS OF SIMULATION RESULTS

In order to deeply analyze the loss model of the radio wave
propagation channel assisted by RIS in the underground coal
mine roadway, a series of related simulation experiments were
carried out in this part of the study.
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TABLE 1. Simulation parameter configuration.
Parameter Value
Transmitted power P; 30dBm
Transmitter gain G 5dBm
Receiver gain G- 5dBm
The distance between the BS and the sidewall of the tunnel A1 4.5m
The height of the tunnel H 6m
The width of the tunnel W Sm
The distance between the receiving end and the sidewall of the roadway hr 2m
Number of transmitting antennas M 64
Effective scattering paths Rp, 128
Rayleigh fading loss depth o 8
Vacuum permittivity 8.854 x 10712
TABLE 2. The data points for loss every 25 m interval.
. 2.4GHz 2.4GHz 5.8 GHz 5.8 GHz 30GHz 30GHz
Distance (m)
RIS (dBm) No_RIS (dBm) RIS (dBm) No_RIS (dBm) RIS (dBm) No_RIS (dBm)
50 -Inf 27.36 -Inf 39.62 -Inf 56.89
75 5.45 31.56 28.99 47.49 49.64 53.86
100 16.07 37.96 30.54 44.84 58.01 58.04
125 17.64 38.38 38.42 51.58 64.63 63.52
150 28.79 49.25 36.44 49.33 65.68 64.30
175 26.69 4721 42.45 55.39 70.71 69.38
200 25.62 46.33 41.42 54.56 71.77 70.64

The simulation model establishes a specific scenario of a
rectangular mine tunnel, characterized primarily by high re-
flectivity and confined space. The transmitting antenna is po-
sitioned at a designated location within the Cartesian coordi-
nate system, and the RIS is composed of a square reflector with
multiple elements. To assess system performance and the re-
liability of analytical results, we employed the Monte Carlo
simulation method. This method approximates the behavior of
complex systems through repeated random sampling, thereby
providing a statistically robust experimental environment. The
specific parameters of the simulation experiment are outlined
in Table 1, chosen to ensure the accuracy and representative-
ness of the results. Notably, given the 200-meter propagation
distance and the significant amount of reflection, the direct sig-
nal is dominant, thus obviating the need to separately consider
different polarized wave scenarios [18]. Furthermore, the sim-
ulation fixes the distance between the RIS and the BS at 50
meters. In the near-field region, the signal predominantly fol-
lows the Line-of-Sight (LOS) path from the BS, which is not
discussed in detail. Here, the RIS serves primarily for blind
zone coverage and extension of communication distance.

The results for experimental analysis of the radio wave prop-
agation loss characteristic for the RIS fading channel in a coal
mine tunnel are shown in Figure 6. Experiments were con-
ducted using radio signal in the 2.4 GHz, 5.8 GHz, and 30 GHz
frequency bands, with a transmission distance up to 200 m. The
distance between the BS and the RIS panel was fixed at 50 m.
The data sampling was conducted at intervals of 25 m, and the
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results are presented in Table 2. Combining the simulation im-
ages and the data, it can be concluded that at a transmission
distance of 100 meters, the radio wave loss for the 2.4 GHz
frequency band in the coal mine tunnel without RIS assistance
is 37.96 dBm. The wave loss is reduced to 16.07 dBm if with
the RIS assistance, a decrease of 21.89 dBm resulting in a re-
duction of loss by 54.78% and the transmission distance can

Transmission loss of downhole electromagnetic signal assisted by RIS

100 T
80 - 30GHz 5.8GHz S 1
o~ Aodl A AR A
WA NN AN T o el
60 | S TS Y I L Gk ket 1
,s-.Ar ,'1;';.»';‘.’"% ;""q‘-".rfr\vfi“’ - \’ N
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-60 : !
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Transmission distance (m)
FIGURE 6. Comparison of downhole signal loss in the 2.4 GHz,

5.8 GHz and 30 GHz bands with or without RIS assistance.
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FIGURE 7. Loss characteristics of 2.4 GHz, 5.8 GHz, and 30 GHz frequency band signals in lignite, rock, and anthracite.

be increased by at least 236 meters compared with the signal
propagation without RIS. When the transmission distance ex-
tends to 200 m, the observed radio wave loss in the coal mine
tunnel without RIS assistance in the 2.4 GHz frequency band
is 46.33 dBm. However, with the integration of RIS, this loss
significantly decreases to 25.62 dBm, marking an improvement
of 20.71 dBm. This translates to a substantial reduction in the
loss of 44.70%. In a similar vein, at a transmission distance
of 100 meters, the radio wave loss in the 5.8 GHz frequency
band without RIS assistance is measured at 44.84 dBm. With
the aid of RIS, this loss is mitigated to 30.54 dBm, a decrease of
14.30 dBm, resulting in a reduction of loss by 31.89%. At the
same frequency band but at a distance of 200 m, the wave loss
without RIS assistance is higher, at 54.56 dBm. RIS assistance
brings this down to 41.42 dBm, an improvement of 13.14 dBm,
reducing the loss by 24.08%.

These results highlight a key trend: as the distance from the
RIS reflective surface increases, the radio wave loss incremen-
tally rises, and the efficacy of RIS in mitigating this loss di-
minishes. Moreover, for high-frequency signals at 30 GHz, the
beneficial impact of RIS on wave loss is modest, at just 0.05%
improvement when the transmission distance is 100 meters.
Beyond this distance, RIS does not significantly enhance signal
performance. This suggests that low-frequency signals, partic-
ularly in the 2.4 GHz band, are more apt for underground com-
munication networks. Such frequencies experience lower re-
flective losses in the coal mine tunnel alleyways, and RIS tech-
nology offers more pronounced improvements in signal prop-
agation and reach for these lower frequencies. On the other
hand, for high-frequency signals like 30 GHz millimeter-wave
transmissions, deploying multiple RIS units in a cascaded ar-
rangement could be considered for optimized signal propaga-
tion and enhanced coverage in blind spots. It should be noted
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that the model does not fully consider the low-band near-field
model and only compares the 2.4 GHz signal with the 30 GHz
signal, so there is a certain error in the simulation data, but the
conclusions are somewhat illustrative.

In order to study the influence of different coal seams on
the propagation signal, the loss simulation comparison of coal
seams with different dielectric constants is shown in Figure 7.
The experiment focused on rock, lignite, and anthracite. The
parameter settings were similar to those in Figure 5, with the
RIS dimension being 40 x 40 and each RIS element sized at
d; = d, = A\/2. The signal measurement distance was set
at 200 meters. The dielectric constant of coal rock is related
to the propagation frequency and gradually decreases with the
increase of frequency. Here, three typical dielectric layers are
considered, namely lignite seams, anthracite seams, and clay
seams (rocks). In general, the relative permittivity of lignite
is greater than that of anthracite and clay, because lignite con-
tains more water and organic matter. In contrast, most rock
types (e.g., sandstone, limestone, granite, etc.) typically have a
low relative permittivity (generally between 2—12). In the ex-
periment, the relative permittivity of lignite is 25; the dielectric
constant of anthracite is 4.5; and the dielectric constant of clay
is 12. The data clearly indicates that for high-frequency 30 GHz
signals, regardless of the coal rock material, the electrical signal
loss remains significantly higher than that of lower-frequency
signals.

Taking the distance of three different signal frequencies to
100 meters as an example, the 2.4 GHz signal loss through
lignite is 33.52dBm, 48.42dBm through anthracite, and
43.65dBm through rock without RIS assistance. For the
5.8 GHz signal, the corresponding loss is 44.07 dBm in lig-
nite, 62.71 dBm in anthracite, and 54.19 dBm in rock. For
the 30 GHz signal, the corresponding loss is 63.87 dBm for
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TABLE 3. The received power data points at intervals of 25 m for three sizes of RIS panels.

2.4 GHz_RIS Size 5.8 GHz_RIS Size 30 GHz_RIS Size
Distance (m) 40 x40 60x60 80x80 40x40 60x60 80x8) 40x40 60x60 80 x 80
50 Inf Inf Inf Inf Inf Inf Inf Inf Inf
75 18.15 25.20 30.19 —5.48 1.55 6.55 —-26.09 —19.05 —14.05
100 5.19 12.24 17.23 -9.39 —2.34 2.64 —36.82 —29.78 —24.78
125 1.51 8.55 13.55 —19.39 —-12.35 —-7.35 —45.57 —38.53 —33.53
150 —11.38 —4.34 0.65 —-19.16 —12.12 —7.12 —48.38 —41.33 —36.33
175 —10.75 —3.70 1.28 —26.64 —19.59 —14.60 —b54.87 —47.83 —42.83
200 —10.94 —3.89 1.09 —-26.87 —19.83 —14.83 —-57.19 —50.15 —45.15

lignite, 81.61 dBm for anthracite, and 64.85 dBm in rock. The
experimental data show that the loss is relatively low for the
lignite with high dielectric coefficient at the same frequency,
but relatively large for anthracite with low dielectric constant.
Because in the short transmission of 200 meters, the high
reflection causes the high conductivity material to reflect the
signal more than to absorb it, so the signal at the receiving end
will be relatively large.

In addition, from the perspective of RIS improvement, the
addition of RIS has a significant improvement effect on the at-
tenuation signals of different coal seams. This improvement
is more pronounced for low-frequency signals, resulting in a
longer effective propagation distance. For the 30 GHz signal,
if the coal seam is anthracite, when the transmission reaches a
distance about 70 meters, the improvement of RIS is not obvi-
ous, so for the anthracite mining, the collaborative optimization
of multiple RISs is mainly considered to expand the propaga-
tion range of the signal.

Furthermore, RIS-assisted channels show a notable improve-
ment in loss for coal layers with different dielectric constants,

80 The power of the received signal varies with distance and frequency

—RIS size: 40 x40, 2.4 GHz
—RIS size: 40 x40, 5.8 GHz
RIS size: 40 x 40, 30.0 GHz
RIS size: 60 x 60, 2.4 GHz

60

PN ——RIS size: 60 x 60, 5.8 GHz
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FIGURE 8. The impact of RIS size on received signal power and re-
ceived power values at 25 m intervals under different RIS sizes.

22

demonstrating the feasibility and effectiveness of RIS in under-
ground signal propagation.

According to the relationship between different RIS sizes and
the user’s received power, simulation experiments are carried
out in Figure 8. Correspondingly, the data points at 25-meter
intervals for the three RIS sizes are shown in Table 3. Three
RIS panels of different sizes were used, with element numbers
of 40 x 40, 60 x 60, and 80 x 80. The experiment tested the
power of received signals within a 200 meters transmission dis-
tance, under a constant transmission power of 30 dBm. The
results demonstrate that larger RIS panels can effectively en-
hance the signal power at the receiver’s end. In other words,
under the same receiving power conditions within a given fre-
quency band, a larger RIS can transmit signals over a greater
distance. For instance, in the 2.4 GHz frequency band, with a
fixed receiving power of 20 dBm, the 40 x 40 RIS panel can
propagate the signal to approximately 70 meters; the 60 x 60
panel can reach around 85 meters, and the 80 x 80 panel can
extend to about 100 meters. Similarly, for lower frequency sig-
nals, larger RIS panels can transmit over even longer distances.

Taking 100 meters as a testing point, for a 30 GHz signal, the
40 x 40 RIS array received a signal strength of —36.82dBm
at this distance. In comparison, a 60 x 60 RIS array at the
same frequency received a signal power of —29.78 dBm, and
the 80 x 80 RIS array received —24.78 dBm. As the size of
the RIS increases, the power of the received signal progres-
sively increases. Therefore, for underground communications,
it is advisable to consider using larger-sized RIS panels in the
2.4 GHz frequency band. However, it is important to note the
limitations posed by the confined space within tunnels; RIS
cannot be infinitely large. Additionally, the gain coefficient of
each reflective element should be considered to ensure safety
within the coal mine tunnel.

5. CONCLUSION

This study delves into the application of large-scale Reflective
Intelligent Surface (RIS) technology in underground coal mine
environments to enhance the efficacy of downlink signal recep-
tion for users. Through a detailed examination of the far-field
characteristics of RIS, this paper reveals the profound impact of
the complex coal mine underground environment on the proper-
ties of radio wave transmission. The findings demonstrate that
the use of large-scale RIS significantly improves signal qual-
ity and effectively augments coverage in signal blind spots. In
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addition, this study thoroughly analyzes the RIS-assisted radio
wave transmission mechanism, including an in-depth investi-
gation of the reflection, refraction, and scattering processes of
radio waves. Theoretical analyses and simulation experiments
jointly confirm the substantial advantages of RIS technology
in expanding signal coverage and enhancing transmission effi-
ciency. Moreover, compared to traditional communication sys-
tems, RIS-assisted communication systems exhibit significant
superiority in improving communication efficiency.
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