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Abstract
High data rates are increasingly required in railway communications to support services such as video streaming,
passenger connectivity, real-time monitoring, and safety-critical applications. Although millimeter-wave (mmWave)
frequencies meet these demands due to their large available bandwidth, their strong sensitivity to blockage
significantly limits their coverage, particularly in confined environments such as tunnels, where tunnel walls, ceilings,
and train carriages can obstruct signals. In this context, Reconfigurable Intelligent Surfaces (RIS) have emerged
as a promising solution to overcome signal-blocking issues by enabling additional propagation paths. However,
due to the high signal attenuation in tunnel environments, a single RIS is generally insufficient to ensure reliable
communication throughout the tunnel. Consequently, multiple RISs must be deployed along the tunnel to maintain
an acceptable received signal. This paper investigates the effectiveness of multi-RIS-assisted systems in tunnel
scenarios. An optimization algorithm is proposed to determine the optimal number and placement of RISs within the
tunnel. A ray-tracing simulator, CloudRT, is used to generate realistic channel coefficients. As RIS functionality
is not integrated into the simulator, we extend it by modeling the RIS as a virtual receiver-transmitter phased
array antenna. The simulation results show that in tunnel scenarios where the direct Tx–Rx link is blocked by
a train, placing the RIS on the tunnel’s ceiling yields better performance than mounting it on the tunnel’s walls.
Moreover, the Rx can achieve a good signal-to-noise ratio (SNR) using a reasonable number of RISs of practical size.
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1. Introduction

To meet the increasing demand for high data rates in railway
communications for critical operations and Internet-based ser-
vices, such as real-time video streaming and videoconferencing,
millimeter wave technology (mmWave), ranging between 30
and 300 GHz, is emerging as a key solution [1, 2, 3]. How-
ever, mmWave communications face significant challenges due
to the high penetration loss and sensitivity to obstructions [4].
Specifically, in confined railway environments, such as tunnels,
signals can be blocked by tunnel walls, ceilings, and train car-
riages, resulting in a limited mmWave coverage area [5, 6]. In
this context, reconfigurable intelligent surface (RIS) is a po-
tential technology for solving mmWave blockage problems [7].
RIS is a planar structure composed of elements that reflects

the incoming signals in a controlled manner by adjusting the
phase shift [8, 9]. It can be passive or active according to its
structure and function. Passive RIS operates without active
RF components, minimizing power consumption [10], while
active RIS uses amplifiers to enhance signals but consumes
more power and generates more thermal noise [11]. To balance
these trade-offs, [12] proposed a hybrid RIS, combining pas-
sive and active elements. In this paper, we consider a passive
RIS, as it is more suitable for tunnel environments where power
availability is limited and thermal management is challenging.
Passive RIS enhances signal strength at the receiver (Rx) by
creating additional propagation paths [13, 14]. It provides two
links: one between the transmitter (Tx) and the RIS and another
between the RIS and the Rx, effectively mitigating signal block-
ages and extending the coverage area [15]. In scattering-rich
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environments, where signals encounter significant obstacles,
the deployment of multiple RISs can effectively bypass signal
obstructions between Tx and Rx, improving service coverage
[16]. For instance, [17] solves the problem of dead zones in
Rennes railway stations by deploying multiple RISs at optimal
placements. Recently, RIS has been incorporated into various
research fields, including vehicular communication [18, 19, 20],
unmanned aerial vehicle communication (UAV) [21, 22, 23], un-
derwater acoustic communication [24, 25, 26], and high-speed
railway (HSR) networks [27, 28, 29, 30, 31], due to its abil-
ity to configure the environment [32], reduce interference [33],
and mitigate Doppler shift [34]. [35] examined the primary
challenges, key application scenarios, and a range of promis-
ing future directions for RIS in railway communications. In
[36], the authors explored the optimal placement of RIS in high-
speed train (HST) communications, showing that deployment
on the train side effectively reduces delay spread and improves
spectral efficiency. In [37], the authors proposed integrating
RIS with the UAV to improve HSR communication when the
direct link between the base station (BS) and the train is blocked
and suggested optimization algorithms to maximize uplink cell
capacity. The authors in [38] proposed a deep reinforcement
learning (DRL)-based scheme to optimize RIS phase shifts, to
mitigate interference in the HSR system. In [39] the authors
investigated the use of RIS to improve safety in HSR networks
where there is no direct link, demonstrating that the deployment
of RIS with optimized phase shifts can significantly improve
the performance of the integrated sensing and communication
system, in terms of the sum rate. In [40], the authors proposed
a scheduling approach for interrupt flows to enhance security
capacity and then better meet the demand for passenger service
in HSR networks assisted by RIS.

The previously mentioned papers focus on RIS-assisted
HSR communications in outdoor environments, but the effec-
tiveness of RIS in indoor tunnel environments remains under-
explored. [41] evaluates the performance of a RIS-assisted
communication system in a high-speed railway tunnel. It shows
that RIS can extend tunnel coverage and that deploying multiple
RIS or large RIS can significantly increase system capacity.
However, the chosen channels are theoretical Rician channels,
which do not realistically represent propagation in the tunnel.
Moreover, tunnel environments present significant challenges
to accurately measuring mmWave channels [42]. In this con-
text, the ray tracer is a suitable choice, as it effectively models
realistic geometries and generates reliable channel represen-
tations [43]. However, existing channel model simulators for
RIS-assisted systems are not realistic in such an environment,
and RIS is not an integrated device in a ray tracer simulator
[44] where the applied reflection follows the Snell-Descartes
law. In the literature, several approaches have been explored to
integrate RIS into a ray tracer simulator, as in [45], a rotation of
the normal of the Snell-Descartes law is applied in a ray tracer
called Wireless Insite, modifying the traditional reflection to
achieve directional reflection. In [46], RIS elements are repre-
sented as steerable interaction points, acting first as an Rx and
then as a Tx where the expression of the electromagnetic field
at the Rx is modified to account for the RIS phase shift. Also, in
[47], the RIS is modeled as a virtual phased antenna array, oper-

ating first as an Rx and then as a Tx. In this paper, we integrate
RIS into the CloudRT ray-tracing simulator, treating RIS as a
virtual Rx antenna array and then as a virtual Tx antenna array.
This study significantly extends our previous work presented
in [48]. To the best of the authors’ knowledge, it is the first
to investigate the deployment of multiple RIS in a tunnel envi-
ronment using a realistic raytracer channel simulator, CloudRT.
The work evaluates the performance of a multi-RIS-assisted
system in scenarios where the direct Tx–Rx link is blocked by
a masking train and aims to determine the sufficient number
of RIS units and their optimal location in the tunnel to achieve
good performance.

The main contributions of this paper are summarized as
follows.

• Integrate RIS into the CloudRT simulator to realistically
study the propagation and behavior of RIS-assisted chan-
nels in a tunnel environment.

• Determine the optimal placement of the RIS in the tunnel
among several candidate locations, such as the tunnel
wall, the tunnel ceiling, and the top of the train.

• Formulate an optimization algorithm to determine the
optimal number of RIS to deploy in the tunnel and their
corresponding positions, ensuring that the signal-to-noise
ratio (SNR) remains above a specified threshold for all
train positions in the tunnel.

The remainder of this paper is organized as follows. Section 2
introduces the simulation environment, describes the CloudRT
simulator, and details the integration of the RIS into this ray
tracer simulator. The system model is defined in Section 3.
Section 4 provides the numerical results. Finally, Section 5
concludes the paper.

2. Tunnel environment modeling and CloudRT
simulator for RIS-assisted systems

2.1. Environment model
The ray-tracing simulations are performed in a double-track
arched tunnel scenario. Due to infinite image generation, tra-
ditional ray-tracing models are unsuitable for curved surfaces.
Faceting techniques address this issue by approximating curved
surfaces with multiple flat facets [49]. The geometric model
of the tunnel scene, designed using the 3D tool SketchUp, is
illustrated in Fig. 1(a). It consists of 14 facets that form the
arched section. The tunnel extends 100 meters along the x-axis,
with a height of 5 meters along the z-axis and a width of 9 me-
ters along the y-axis. Inside the tunnel, there is a moving train
made of silver metal, measuring 20 meters in length and 3.94
meters in height. A stationary masking train obstructs the direct
Tx-Rx path, and therefore, only the reflected rays, represented
in blue in the scene as shown in Fig. 1(b), are obtained from the
ray tracer simulation. The Tx, typically the BS, is placed at the
tunnel entrance, while the Rx is mounted on the moving train,
serving as a mobile relay (MR).

2.2. CloudRT simulator
The ray-tracing simulation is performed using CloudRT [50],
a cloud-based, high-performance tool developed by Beijing
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(a) Arched tunnel geometric model

(b) Tunnel scene

Figure 1: Tunnel geometrical model.

Jiaotong University. It surpasses other ray-tracing simulators
due to its high computational speed and the ability to model
mobile scattering objects [51]. The platform includes three key
libraries: The environment library, material library, and antenna
library, each providing extensive resources to help users effi-
ciently configure their simulations [52]. The CloudRT workflow
is depicted in Fig. 2 [53]. The simulator requires the geometric
model of the scene, the propagation rays to be considered in
the simulations, such as direct, reflected, and scattered rays, the
positions of Tx and Rx, and a frequency vector defined by [ fstart,
fstep, fend]. CloudRT operates at frequencies ranging from 450
MHz to 325 GHz in static and dynamic environments. In dy-
namic environments, each Rx position is treated as a separate
snapshot s in the CloudRT simulator with s = 1,2, . . . ,S and S
denote the total number of snapshots. Specifically, the train’s
motion is modeled by running parallel simulations [54], each
corresponding to a fixed Tx position and its associated Rx posi-
tion. This results in a deterministic channel representation for
each position of the train. For each simulation, 12 ray properties
are obtained, including ray type, power gain, delay, departure
and arrival azimuth and elevation angles, and scene intersection
points for reflected rays [55], as illustrated in the red box in
Fig.2. A precise analysis can be obtained using CloudRT since
it can effectively reproduce multipath components (MPCs) in
radio wave propagation, providing accurate and comprehensive
multidimensional MPC information. In addition, the simulator
calculates the channel transfer function, defined as follows:

H( fn) =
K

∑
k=1

GT xHk( fn)GRx (1)

Hk( fn) = αk( fn)e jφk( fn)δ (θAoD−θAoD,k)δ (θEoD−θEoD,k)

δ (θAoA−θAoA,k)δ (θEoA−θEoA,k) (2)

where GT x and GRx represent the Tx and Rx antenna radia-
tion pattern, αk( fn) and φk( fn) represent the amplitude and the
phase of ray k obtained by the simulation that run at frequency
fn as shown in Fig. 2. By applying the inverse fast Fourier trans-
form (IFFT), the simulator then generates the channel impulse
response as illustrated in Fig. 2.

2.3. Integration of RIS into CloudRT
In ray tracer simulations, RIS is treated as a virtual Rx/Tx an-
tenna array. We model the M elements of RIS as M receiving
points for the Tx-RIS channel and then as M transmitting points
for the RIS-Rx channel. The complex-valued coefficient repre-
senting the link between Tx and the m-th RIS element, as well as
between the m-th RIS element and Rx, are defined, respectively,
as follows:

hm =
K1(m)

∑
k1=1

ᾰk1(m)e jϕ̆k1 (m) (3)

gm =
K2(m)

∑
k2=1

α̃k2(m)e jϕ̃k2 (m) (4)

where K1(m) and K2(m) are the number of rays resulting from
the m-th simulation for the Tx-RIS and RIS-Rx channels, re-
spectively. ϕ̆k1(m) and ᾰk1(m) are the phase and amplitude of
the k1-th ray in the m-th Tx-RIS simulation, ϕ̃k2(m) and α̃k2(m)
are the phase and amplitude of the k2-th ray in the m-th RIS-Rx
simulation.

When the number of RIS elements is large, performing
M simulations for the Tx–RIS and RIS–Rx links can be time-
consuming. To address this issue, the authors in [56] propose
simulating only the link between the first Tx and Rx antennas
and applying the array steering vector to generate the MIMO
channel coefficient matrix in a ray tracer simulator. Inspired
by this approach, we first simulate a single link between the
Tx and the first RIS element, seen as a reference element, and
then apply the array steering vector at reception. Then we
simulate a link between the first RIS element and the Rx and
apply the array steering vector at transmission. A comparison
between the simulation of all links and the application of the
array steering vector confirms the validity of this simplified
method. Therefore, the channel coefficients for the Tx-RIS and
RIS-Rx links can be defined as follows:

H =
K1

∑
k1=1

ᾰk1e jϕ̆k1 aRIS(Θ⃗
a
k1
) (5)

G =
K2

∑
k2=1

α̃k2e jϕ̃k2 aRIS(Θ⃗
d
k2
) (6)

aRIS(Θ⃗
a
k1
) and aRIS(Θ⃗

d
k2
) represent the array steering vectors at

the RIS, corresponding to the angle of arrival (AoA) from Tx to
RIS and the angle of departure (AoD) from the RIS to the Rx,
respectively.
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Figure 2: CloudRT simulator flow chart.
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Figure 3: Multi-RIS assisted SISO system.

3. System model
The system investigated in this work is illustrated in Fig. 3. It
consists of a single-input single-output (SISO) downlink narrow-
band system assisted by multi-RIS, where R RISs are deployed
in the tunnel environment, each consisting of M elements. We
assume that the R RISs operate independently, without coop-
eration between them [57]. Consequently, the phase shift of
each element m of RIS r is defined similarly to that of a single
RIS system with knowledge of the channel [6]. Additionally,
we assume that the direct Tx-Rx channel is blocked, i.e., Rx
only receives signal through the cascaded Tx-RIS-Rx channel.
The signal received by the MR at each train position, s, can be
defined as the superposition of all the signals arriving from the

R Tx-RIS-Rx links [17], as follows

y(s) =
√

Pt

(
R

∑
r=1

M

∑
m=1

Hr(m)e jθr,s(m)Gr,s(m)

)
x+n(s) (7)

where Hr(m) and Gr,s(m) represent the complex coefficients of
the channel between the m-th element of the r-th RIS and the
Tx and Rx at a snapshot s, i.e., the MR position s, respectively.
x is the transmitted signal, Pt the transmitted power, n(s) ∼
C N (0,N0) is the Rx noise, and θr,s(m) is the RIS phase shift of
the m-th RIS element of the r-th RIS for the position s of the MR.
Under the assumption of no cooperation between the R RISs,
the phase shifts at each RIS can be optimized independently
by maximizing the received power of the T x−RISr−Rx link.
This leads to the following optimization problem for each RIS
r:

max
θr,s(m)

∣∣∣∣∣ M

∑
m=1

Hr(m)e jθr,s(m)Gr,s(m)

∣∣∣∣∣
2

s.t. θr,s(m) ∈ [0,2π), ∀r,m,s

(8)

The optimization problem defined by (8) is addressed R times,
and the analytical solution of the optimal RIS phase shift for
each RIS r in the case of a narrowband SISO system is then
derived as shown in [27] by

θr,s(m) =−(arg(Hr(m))+ arg(Gr,s(m))) (9)
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where arg(.) represents the angle of a complex number, Hr(m)
and Gr,s(m), respectively, denote the m-th element of the chan-
nel coefficient vectors Hr ∈ CM×1 and Gr,s ∈ C1×M . These
channel coefficient vectors can be defined as follows:

Hr =
K1,r

∑
k1,r=1

ᾰk1,r e
jϕ̆k1,r aRIS(Θ⃗

a
k1,r) (10)

Gr,s =

Ks
2,r

∑
ks

2,r=1
α̃ks

2,r
e

jϕ̃ks
2,r aRIS(Θ⃗

d
ks

2,r
) (11)

where K1,r and Ks
2,r denote the number of paths between the

Tx and the RIS r and the number of paths between the RIS r
and the Rx at position s. ᾰk1,r and ϕ̆k1,r are the gain and the
phase of the path k1,r. α̃ks

2,r
and ϕ̃ks

2,r
are the gain and the phase

of the path ks
2,r. aRIS(Θ⃗

a
k1,r

) and aRIS(Θ⃗
d
ks

2,r
) represent the array

steering vectors at the RIS, corresponding to the AoA from Tx
to RIS r and the AoD from the RIS r to the Rx at position s,
respectively.

The array steering vector a(⃗̃Θk) for the kth path and a uni-
form rectangular antenna array positioned in the xoy plane,
consisting of Mh horizontal antennas and Mv vertical anten-
nas, which performs a directional transmission at an angle
⃗̃
Θk = (θ̃k, φ̃k), is defined as follows.

a(⃗̃Θk))=
[
1,· · ·,e− j2π

d
λ
{(Mh−1)cos(θ̃k)cos(φ̃k)+(Mv−1)sin(φ̃k)}

]T

(12)
with j ≜

√
−1 the imaginary unit, λ the carrier wavelength and

d the inter-element spacing distance.
Thus, the power received at each MR position s can be defined
as

Pr(s) = 10log10

∣∣∣∣∣ R

∑
r=1

M

∑
m=1

Hr(m)e jθr,s(m)Gr,s(m)

∣∣∣∣∣
2

Pt (13)

4. Simulation results

Table 1: Simulation Parameters.

Parameter Value

Frequency 30 [GHz]
Bandwidth 20 [MHz]
RIS elements separation distance λ/2
Transmission power Pt 0 [dBm]

Antennas
Omnidirectional
Vertical polarisation

Tx position Tunnel entrance
Rx position Top of the train
RIS position Tunnel ceiling
Rays Direct + reflection
Order of reflection 2

In this section, we first study the impact of the RIS phase
shift on the received power and examine the optimal positioning
of the RIS in the tunnel. Since the number of RISs does not

affect the RIS phase shift or its positioning, we simplify the
analysis by considering a system with a single RIS. The power
received, defined in (13), is thus evaluated for R = 1. We
then highlight the need for multiple RISs in the tunnel and
determine the optimal number and placement of RIS. Unless
stated otherwise, the simulation parameters are provided in
Table 1.

4.1. Impact of RIS phase shift
To investigate the effect of RIS phase-shift optimization on re-
ceived power, we plot in Fig. 4 the received power as a function
of the number of RIS elements, M, for three values of RIS phase
shift: i) optimal RIS phase shift, ii) suboptimal RIS phase shift,
θ subopt(m), and iii) random RIS phase shift, θ rand(m). The op-
timal RIS phase shift is defined as in (9) for r = 1 and s = 1
for a single RIS and a fixed Rx. This RIS phase shift design
requires full knowledge of the channel vectors Hr and Gr,s. If
only the LoS components of the channels are known, a subopti-
mal RIS phase shift can be applied using the LoS components
only (k1,r = 1 and ks

2,r = 1) in Hr and Gr,s. In this case, based
on 9), the suboptimal RIS phase shift is given by:

θ
subopt(m) =−(arg(hr(m))+ arg(gr,s(m))) (14)

where hr = ᾰ1e jϕ̆1 aRIS(Θ⃗
a
1) and gr,s = α̃s

1e jϕ̃s
1aRIS(Θ⃗

d
1,s). The

random RIS phase shifts follow a uniform distribution between
0 and 2π , given by

θ
rand(m)∼U (0,2π), m = 1,2, . . . ,M.

We can observe from Fig. 4 that the received power increases
with M, as the increase in the number of RIS elements can
compensate for the effect of double path loss resulting from
cascaded channels. It is also clear that optimizing the RIS phase
shift is necessary to achieve good performance. Although opti-
mal phase shifts yield the highest received power, they require
full channel state information (CSI), which can be challenging
to acquire in practice, especially when the number of RIS ele-
ments is large. In contrast, suboptimal phase shifts depend only
on LoS components, significantly reducing channel estimation
overhead by requiring fewer estimated parameters. Therefore,
a trade-off between performance and system complexity must
be considered. In Section 4.3, we further investigate the impact
of imperfect channel estimation on the achievable data rate by
introducing an error model.

4.2. RIS position
To illustrate the impact of the positioning of RIS on the received
power, we consider several RIS placements within an obstructed
tunnel, as shown in Fig. 5. Specifically, the RIS is positioned
on the tunnel wall, on the tunnel ceiling, and on the roof of the
train.

Fig. 6 shows the resulting rays of the Tx-RIS-Rx channel
for various RIS positions within the obstructed tunnel. To show
the gain of the RIS when it is close to the Rx, we put the RIS
on the roof of the train, assuming that in this case, the direct
Tx-Rx link is not blocked1. In Fig. 7, we compare the power

1In the blocked tunnel, when the RIS is placed on the roof of the train, if the
Tx-Rx link is blocked by a masking train, the Tx-RIS link will also be blocked.
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Figure 4: Received power versus the number of RIS elements
for different RIS phase shift values.

Figure 5: Illustration of the possible positions for RIS in a
tunnel.

received by the MR as the train moves, considering different
RIS positions: on the tunnel wall at positions A and D and on
the tunnel ceiling at positions B and C to choose the appropriate
placement of the RIS for this scenario. The received power
decreases with the train’s motion inside the tunnel as the path
loss increases. Moreover, we can observe that it is advantageous
to place the RIS on the ceiling of the tunnel at position B, where
there is a masking train between Tx and Rx, and to avoid the
deployment of the RIS on the wall of the tunnel at position D.
Position D is not a good placement for the RIS since the train
blocks the direct path between the Tx and the RIS, as shown in
Fig. 6(d). When the RIS is placed on the roof of the train, close
to Rx, we obtain the highest value of the received power.
We considered a tunnel scenario, where a masking train ob-
structs the direct path between Tx and Rx, to reflect a realistic
case where an RIS can offer significant gains. However, even
without the blocking train, extensive simulations for the same
RIS positions show that placing the RIS on the train consistently
yields the highest received power, with position B being the
second best.

4.3. Channel estimation with errors
In this section, we study the system’s robustness to channel
imperfection by applying a model that consists of adding an
error to the real H and G channel coefficients [58], This error

model is represented by

Ĥ = H+ eH (15)

where eH represents the estimation error following a normal
distribution ∼ C N (0,σ2

eH
) with variance σ2

eH
≜ δ |Ĥ|2 while

δ is the CSI error parameter. Assuming that the error is due to
the train’s movement, it will likely occur only on channel G,
since the channel Tx-RIS is fixed. For comparison purposes,
we also considered the case where H and G are erroneous. Fig.
8 shows the data rate, defined by (16), obtained under imperfect
channel conditions for G or H and G, as a function of δ .

R =



log2

(
1+

∣∣∣∑M
m=1 H(m)e jθ̂(m)Ĝ(m)

∣∣∣2Pt

PN

)
, G with error,

log2

(
1+

∣∣∣∑M
m=1 Ĥ(m)e jθ̂(m)Ĝ(m)

∣∣∣2Pt

PN

)
, G and H with error

(16)
where

θ̂(m) =

{
−(arg(H(m))+ arg(Ĝ(m))), G with error,
−(arg(Ĥ(m))+ arg(Ĝ(m))), G and H with error

(17)
It is observed from this figure that the performance loss

increases as δ increases. Comparing the imperfect case, where
errors are added to both H and G, with the perfect case shows
a loss of performance 7% when δ = 0.3 and a loss 24% when
δ = 0.6, indicating that the system is relatively robust to errors.
Moreover, the performance degradation is lower when only
G is imperfect. These results are consistent with [59], where
similar findings show that performance degradation becomes
more significant as the number of erroneous channels increases.
In the following section, we assume a perfect channel model.

4.4. Single to Multi-RIS assisted systems
To highlight the need for a multi-RIS-assisted system in a tunnel
environment, we illustrate in Fig. 9 a heat map of the power
values received by the MR, placed on the roof train, as the
train moves through the tunnel. This figure compares a system
assisted by a single RIS placed at the tunnel ceiling, the best
position as determined in the previous section, with a system
assisted by four RISs, also placed at the tunnel ceiling and
distributed along the tunnel at the x coordinates 70, 85, 105,
and 130 m. When a single RIS is deployed, the power received
increases as the train approaches the RIS. However, as the
train moves away from the RIS, the received power decreases
considerably, showing that a single RIS is insufficient for long
tunnels. With four RISs, the received power is improved even
when the Rx reaches the end of the tunnel. Therefore, a multi-
RIS approach is required to guarantee an acceptable received
power signal along the tunnel.

Fig. 10 shows the received power as a function of the MR’s
position, x, for two RIS element sizes2: M = 1,000 and M =
10,000, with four RISs deployed in the tunnel. As the train

2A passive RIS provides negligible gain with a small number of RIS elements
[11]. However, given the constraints of tunnel size, a trade-off must be made
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(a) RIS on the tunnel wall A (b) RIS on the tunnel ceiling B

(c) RIS on the tunnel ceiling C (d) RIS on the tunnel wall D

(e) RIS at the roof of the train without a masking train

Figure 6: Illustration of the resulting rays corresponding to the tunnel scene with a masking train for different RIS positions.
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Figure 7: Received power by the MR versus the Tx-Rx
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(a) Heat map with 1 RIS

(b) Heat map with 4 RISs

Figure 9: Heat map showing the received power at the mobile relay located on the train roof, with one and for RISs deployed.
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Figure 10: Received power at the MR as a function of train
motion, x, for two numbers of RIS elements.

moves through the tunnel and moves away from Tx, the received
power decreases due to path loss. Moreover, increasing the
number of RIS elements enhances the received power, as more
elements can better compensate for the effects of double-path
loss. Additionally, four peaks in received power are observed,
corresponding to the positions of the RIS. At these positions, the
MR is closer to the RIS, allowing it to receive stronger reflected
signals.

These results reflect the interest of multiple RISs in the
tunnel. However, the number of RIS and their placement are
currently arbitrary. In the following section, we apply an opti-
mization algorithm to determine the optimal number and posi-
tioning of RIS in the tunnel.

4.5. Number of RIS
We apply a heuristic optimization algorithm to determine the
required number of RIS and their position in the tunnel. The
algorithm 1 starts by positioning two RISs, one at the entrance
and the other in the middle of the tunnel. Then it calculates the
signal-to-noise ratio (SNR) at each MR position, as SNR(s) =
Pr(s)
PN

and compares it with a predefined SNR threshold. This
threshold is determined to ensure that train passengers can
reliably use applications such as video conferencing, which
require a spectral efficiency ν greater than 2 bits/s/Hz. If the
SNR at any position is below the threshold, an additional RIS
is placed at the position with the lowest SNR. This process is
repeated until the SNR exceeds the threshold at all positions.
Fig. 11 plots the SNR as a function of MR position for each
iteration according to Algorithm 1. From this figure, we can

between increasing the number of RIS elements and the maximum deployable
size within the tunnel. According to [15], an RIS with 10,000 elements offers
good performance, and the corresponding size is 50×50 cm2. This confirms
that the choice of M = 10,000 is practical and feasible within the constraints of
the tunnel size.

conclude that eight RISs are sufficient to obtain an SNR higher
than the SNR threshold for all MR positions.

Algorithm 1 Number of RIS and RIS position

Input: TxPosition, RxPosition, SNRth, Rmax
Output: R, RIS positions

1: Initialize RIS positions:

RIS positions←
[

xstart,50.2,4.94
xstart+xend

2 ,50.2,4.94

]

2: R← 2
3: for r = 1 to R do
4: Run simulation1TxRIS(TxPosition, RIS positions[r])
5: Find channel coefficients Hr
6: Run simulation2RISRx(RIS positions[r], RxPosition)
7: Find channel coefficients Gr
8: end for
9: Calculate SNR

10: while R < R max and any(SNR < SNRth) do
11: Find minimum SNR index min index
12: Add a RIS to RIS positions with x=min index
13: R← R+1
14: for r = 1 to R do
15: Runsimulation1TxRIS(TxPosition,RIS positions[r])

16: Find channel coefficients Hr
17: Run simulation2RISRx(RIS positions[r], RxPosi-

tion)
18: Find channel coefficients Gr
19: end for
20: Recalculate SNR
21: end while
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Figure 11: SNR as a function of train motion, x, with different
numbers of RISs deployed and without RIS.
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5. Conclusion
In this paper, we investigate a multi-RIS-assisted SISO sys-
tem in an obstructed tunnel environment, using the CloudRT
ray-tracing tool to model the channel propagation behavior re-
alistically. We first integrated the RIS into the simulator by
modeling it as a virtual Rx/Tx phased antenna array. We then
compared the power received by the MR in a system assisted
by a single RIS versus a system assisted by multiple RISs. The
results highlight the necessity of deploying multiple RISs in tun-
nel environments, where the tunnel length makes a single RIS
insufficient to maintain acceptable signal quality throughout the
train’s movement inside the tunnel. Therefore, we proposed an
optimization algorithm to determine the required number and
optimal position of RIS in the tunnel. Simulation results show
that i) increasing the number of RIS elements significantly im-
proves the received power, ii) optimal phase shift configuration
at the RIS is critical for good system performance, iii) in the
studied arched tunnel scenario, when the direct Tx-Rx link is
blocked by a masking train, placing the RIS on the tunnel ceil-
ing yields better performance than placing it on the tunnel wall
or the train roof, and iv) the system shows relative robustness
to CSI errors. Omnidirectional antennas were chosen in this
study to maintain a generic propagation scenario and to high-
light the contribution of the RIS to the system performance. In
future work, we plan to incorporate directional antennas, which
offer higher gain and are better suited to compensate for the
significant path loss at mmWave frequencies. Additionally, the
effectiveness of multiple RISs in other types of tunnel scenarios,
such as curved tunnels and narrow single-track tunnels, which
present a higher likelihood of signal blockage, is left for future
work.
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