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Abstract—Radio communication in tunnels presents significant
challenges due to the high likelihood of signal obstruction by
elements like tunnel walls, ceilings, train carriages, or blocked
trains. Reconfigurable Intelligent Surfaces (RIS) offer a promis-
ing and cost-effective solution to mitigate signal-blocking issues
by transforming the unpredictable radio environment into a con-
trollable one through managed reflections. This paper extends the
CloudRT ray-tracing simulator to accommodate RIS technology
and assesses its feasibility for railway tunnel scenarios. RIS is
integrated into the CloudRT simulator as a phased antenna array
acting as a virtual receiver (Rx)/ transmitter (Tx). The study then
explores how various key parameters influence received power
and compares two scenarios: one where a masking train obstructs
the direct Tx-Rx path, and another where there is no obstruction.
The results underscore the potential benefits of deploying RIS in
obstructed tunnel environments.

Index Terms—Reconfigurable intelligent surface, ray tracer,
obstructed tunnel, received power, railway.

I. INTRODUCTION

Railway environments require high data rates to meet
mission-critical communication needs and serve many passen-
gers [1], [2]. Millimeter-wave (mmWave) bands, ranging from
30 to 300 GHz, are increasingly being explored for railway
communication systems due to their potential for high data
rates [3]. However, waves in these bands are vulnerable to
transmission losses and blockage, limiting the coverage area.
Moreover, in confined environments, particularly in tunnels,
transmitted signals are likely blocked by numerous obstacles,
such as tunnel walls, masking trains, and train carriages
[4]. In this context, reconfigurable intelligent surface (RIS)
is a promising solution to solve the blocking problem of
mmWave in the tunnel. This recent technology extends cov-
erage through additional virtual LOS paths [5]. RIS consists
of a surface of low-cost passive reflecting elements. These
elements reflect incoming waves as a beam in the desired
direction according to a controlled phase shift, making the
communication controllable [6]. Recently, many studies have
focused on investigating RIS in the railway communications
sector. The authors in [2] demonstrated that RIS can enhance
railway communication by, i) expanding coverage at a reduced
cost, ii) mitigating rapid signal strength variations caused by
Doppler shift through real-time phase adjustments, and iii)

improving both the spectral efficiency and reliability of the
railway network. The authors in [7] studied the feasibility of
using RIS to solve the problem of interference in railway
communications in the presence of jammers. [8] aimed to
find the best location of RIS to reduce the delay spread in
high-speed train (HST) communications. The authors verified
that deploying RIS on the train side mitigates delay spread
and improves spectral efficiency. However, few studies have
explored the application of RIS in tunnels. [9] examines the
effectiveness of RIS in reducing the blocking probability (BP)
in an obstructed rectangular tunnel. The authors showed that
deploying a sufficient number of RIS with the appropriate
configuration decreases the BP. Moreover, in the previous
papers, only theoretical channel models are considered, such as
Rayleigh and Rice models, whereas they do not well model
mmWave propagation channels in a tunnel [10]. Given the
challenges of sounding and measuring mmWave channels in
a tunnel, the ray tracer simulator serves as an appropriate tool
for accurately modeling realistic geometries and generating
reliable channels for this environment. However, RIS is not an
integrated device in a ray tracer simulator and the reflection
applied in the ray tracer follows the Snell-Descartes law. To
extend the ray tracer to include RIS, it is necessary to modify
the traditional reflection of the ray tracer to obtain a directional
reflection. Different methods have been applied in the literature
to achieve directional reflection. In [11], the authors applied a
rotation of the normal Snell-Descartes to reflect the wave in the
desired direction to integrate RIS functionality into a ray tracer
simulator called Wireless Insite. In [12], the authors considered
the RIS as steerable interaction points acting first as receivers
and then as transmitters. The expression of the electromagnetic
field at the receiver was modified to take account of the
RIS phase shift. In [13], the RIS was modeled as a virtual
phased antenna array, which acts first as an Rx and then as
a Tx. This paper therefore integrates RIS into a ray-tracer
simulator to explore RIS-assisted mmWave communications
in railway tunnels where the Tx-Rx link is obstructed by a
masking train. Choosing the high-performance tool CloudRT,
the study performs two simulations separately: one for the
Tx-RIS channel and the other for the RIS-Rx channel. The



RIS elements are first represented as receive points, then as
transmit points. Moreover, to reduce heavy computations in
CloudRT, RIS is modeled as an array steering vector, avoiding
the need to simulate every link between the Tx (resp. RIS) and
each RIS element (resp. Rx). The rest of the paper is structured
as follows. Section II presents the CloudRT simulator. Section
IIT describes the modeling of an arched tunnel scene. The
system model and the approach used to integrate the RIS
into CloudRT are introduced in Section IV. Numerical results
are presented in Section V. Finally, Section VI concludes the
paper.
II. CLOUDRT SIMULATOR

The high-performance computing cloud-based ray-tracing
simulation platform (CloudRT, http://www.raytracer.cloud) is
developed by Beijing Jiaotong University [14]. By effectively
reproducing multipath components (MPCs) in radio wave
propagation, CloudRT can provide accurate and abundant
multi-dimensional MPCs information. It operates in static and
dynamic environments, including outdoor and indoor scenarios
for frequencies ranging from 450 MHz to 325 GHz.

The environment library, material library, and antenna li-
brary of the platform offer a wealth of resources for users,
enabling users to streamline the simulation setup. To ensure
the simulation runs smoothly, some key input parameters
including simulation frequency, snapshot, transmitter informa-
tion, receiver information, and propagation mechanisms are
also required. We define the existence of direct and reflected
rays, the number of reflections, scattered and transmission
rays, and a JSON file describing the geometric model [15].
The three-dimensional geometric model of the scene can be
created using the SketchUp tool [16]. Once the simulation
configuration is complete, the project can be uploaded for
processing. Subsequently, the RT simulation results can be
downloaded with detailed information on the rays, including
the ray type, delay for each ray, complex field strengths,
path loss, angle of arrival (AoA), angle of departure (AoD),
section plane, and intersection points, etc., are obtained [17].
In addition, key channel parameters such as path loss, Power
Delay Profile (PDP), root-mean-square delay spread, Rician
K-factor, and channel transfer function can be calculated.

The reliability of the CloudRT platform has been thoroughly
validated through extensive measurements [18]. High compu-
tational speed, high precision, and the modeling of mobile
scattering objects make it stand out compared to other ray-
tracing simulators [19].

III. SCENE OF TUNNEL

To accurately model and understand the propagation char-
acteristics of mmWave signals assisted by a RIS in a tunnel,
a double-track tunnel was designed, measuring 100 meters
in length along the x-axis. This module with a rounded
shape offers better structural resistance. The tunnel measures
5 meters in height along the z-axis and 9 meters in width
along the y-axis. The tunnel entrance starts at 50 meters
along the x-axis. The cross-section is arched, with concrete
walls. Classical ray tracing models are invalid for such curved
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Fig. 1: Arched tunnel entrance

surfaces, as explained in [20], where curved surfaces gener-
ate infinite images with the image method, rendering them
inapplicable. Additionally, curved surfaces do not conserve
reflection angles, making ray tracing unsuitable. To address
this issue, a faceting technique proposed by the authors in [20]
has been integrated into the 3D modeling software SketchUp
[16], allowing curved surfaces to be represented as a series
of multiple flat surfaces determined by the arc radius. Fig.
1 illustrates an arched tunnel scene comprising 14 facets,
designed using SketchUp.

IV. SYSTEM MODEL

We investigate a single-input single-output (SISO) mmWave
narrowband downlink system assisted by an RIS in a tunnel
environment. Fig. 1 illustrates the three-dimensional model of
an arched tunnel scenario with a train inside. The Tx transmits
signals to a train via a mobile relay (MR) mounted on the
train roof to minimize penetration loss through the RIS. The
Tx is placed at the tunnel entrance at coordinates (50 m, 51.03
m, 4.13 m), the RIS is deployed on the tunnel ceiling at
coordinates (57.10 m, 49.57 m, 3.96 m), and the MR is located
at (63.56 m, 49.67 m, 4.96 m) as shown in Fig. 1. Simulation
parameters are shown in Table I.

A. RIS-assisted channel modeling

RIS is considered an additional Rx/Tx when integrating
with CloudRT. Consequently, three channels exist. 1) Channel
between Tx and RIS, denoted by H, 2) Channel between
RIS and Rx, denoted by G, and 3) Direct channel between
Tx and Rx, denoted by Hy. This method of integrating RIS
into the CloudRT simulator is similar to the approach used to
integrate RIS into a stochastic simulator NYUSIM, described
in [21]. Three simulations are run at frequency f= 30 GHz
to determine the corresponding channel coefficients. Fig. 2
shows the rays between Tx-Rx, Tx-RIS, and RIS-Rx resulting
from the three ray-tracing simulations in the tunnel scene
and the corresponding power delay profile. Two types of rays
are presented: direct rays, in red, and reflected rays, in blue,
which bounce off objects in the scene before reaching the
Rx. Scattered and transmitted rays are not considered, as
their impact at mmWave frequencies is minimal [22]. The
simulator provides the coordinates of the intersection points
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Fig. 2: Channel simulations with corresponding power delay profile for RIS-assisted systems in tunnel scene.
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Fig. 3: Combination of Tx-RIS and RIS-Rx channel rays.

where the reflected rays bounce off the scene surfaces. It is
clear from this figure that the RIS introduces new multipath
components with distinct delays. This suggests that the RIS
can be viewed as an artificial multipath source that improves
signal strength at the Rx by creating additional propagation
paths. We assume that the direct Tx-Rx channel does not exist.
Thus, the Rx receives signals only from the RIS. Fig. 3 shows
the combination of rays obtained from the simulations, Tx-RIS
and RIS-Rx. Each train position is considered a snapshot in
CloudRT in moving train scenarios. Using CloudRT, parallel
simulations are run for these snapshots, with only the Rx
coordinates varying. Generally, the channel impulse response
for each snapshot s is defined as

K
h(r,s) = Zak,sem""sé(r — Ths) (D

where K is the numbe]; olf rays obtained by snapshot s, ¢y, s,
Tk,s and «y s are the phase, the amplitude, and the delay of
the k-th ray of the snapshot s, respectively. These parameters
are obtained by ray tracer simulation.

We consider a narrowband system, where rays are assumed
to arrive in the same time cluster, and the train is not in motion.
Therefore, CIR is equivalent to

K
hnp(T) =~ Zakejm‘d(r) 2)
k=1

where K is the number of rays, ¢y, 7, and oy are the phase,
the amplitude, and the delay of the k-th ray, respectively.
Considering the RIS as a virtual Rx (resp. Tx), the RIS
elements, assumed to be M, are first represented as M receive
(resp. transmit) points for the Tx-RIS (resp. RIS-Rx) channel.
The complex-valued coefficient representing the link between
the Tx and the m-th RIS element is defined as follows
K(m)
i Z ak(m)ejsak(m) (3)
k=1

with K (m) the number of resulting rays in the m-th simula-
tion, ¢ (m) and ay(m) the phase and the amplitude of the k-
th ray in the m-th simulation. To determine H = (hy, ..., hps),
the total channel coefficients between Tx and RIS, we simulate
M links corresponding to M RIS elements. The same method
can be applied to find the channel coefficients between RIS
and Rx, G, except that now the m-th RIS element acts as a
Tx, rather than a Rx.

B. Simplified method using the array steering vector

Simulating M links is time-consuming, especially for a
large number of RIS elements To mitigate this, we first
simulate one link between the Tx and the first RIS element
seen as a reference element, then apply the array steering
vector to determine H. This simplified method is applied in
[23] to generate the MIMO channel matrix coefficient in ray
tracer. Similarly, for the channel G, we simulate the link
between the first RIS element and the Rx, and then apply
the array steering vector at the transmission. Therefore, H and
G can be defined as follows:

K

H= Z akle“”“laRIs(@%l) (4)
ki=1
Kz )

G = Z aerW’QaRIS(@zQ) (®)]

ko=1



where K; and K, denote the number of rays obtained by
the Tx-RIS and RIS-Rx simulations, respectively. aRIS(ézl)
and agp Is(éﬁz) represent the array steering vectors at the RIS,
corresponding to the AoA from Tx to RIS and the AoD from
the RIS to the Rx, respectively.

The array steering vector a(é) for a uniform rectangular
antenna array positioned in the xoy plane, consisting of Mj,
horizontal antennas and M, vertical antennas, which performs
a directional transmission at an angle 6= (0,¢), is defined
as follows.

a((:)k): 17_ . e—j27r§{(M;L—1)cos(9k) cos(pr)+(M,—1) sin(¢r)} T
(6)

with j £ /=1 the imaginary unit, A the carrier wavelength
and d the inter-element spacing distance.
The cascaded channel from the Tx to the Rx via the RIS can
be defined as

C =GHoH (7
Where & is the diagonal matrix representing the RIS phase
shifts, given by:

® = diag(B17%1, ....Bme??™ ... Brse? ) (8)

with 3,,, and ¢, represent the amplitude and phase shift of m-
th RIS element, respectively. We assume there is no reflection
loss or gain, so f3,,, = 1,Vm. Therefore, the received power is
defined as

P, =10log;,(|C*) ©9)

Next, we present the simulation results, showing the effec-
tiveness of the RIS-assisted mmWave communication in the
tunnel environment.

V. SIMULATION RESULTS

TABLE I: Simulation Parameters.

Parameters Value
Frequency 30 [GHz]
RIS elements separation distance A/2
Transmission power P; 0 [dBm]
Antennas Omnidirectional
vertical polarisation
Rays Direct+reflection
Order of reflection 2
RIS size for M = 10000 elements 50 x 50 cm?

A. Order of reflection

The reflection order is the maximum number of reflections
possible for the reflected ray to reach the Rx. A compromise
is needed between the accuracy of the simulation obtained
by increasing the reflection order and the computing time
required for the simulation. To determine the sufficient order
of reflection, we plot in Fig.4 the power received by the Rx
as a function of the Tx-Rx separation distance for different
orders of reflection. As seen in this figure, the power received
remains relatively constant from a reflection order equal to 2,

Received Power [dBm]

Direct ray
H Direct ray +1st order reflected ray
-120 E| “““ O Direct ray + 2nd order reflected ray [
*
I

Direct ray + 3rd order reflected ray

125 L1 I I I I
15 20 25 30 35 40 45 50 55 60

Tx-Rx separation distance (m)

Fig. 4. Power received by the Rx as a function of Tx-Rx
separation distance, d, for different reflection orders.
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Fig. 5: Received power versus the number of RIS elements for
the Tx-Rx link with and w/o masking train and the indirect
link via RIS.

so we can assume that a reflection order equal to 2 is enough.
As stated in [24], a reflection order of 1 or 2 is adequate for
mmWave under LoS conditions.

B. RIS-assisted masking train scenario

To investigate RIS empowerment, we plot in Fig. 5 the
power received by the Rx in an obstructed tunnel versus the
number of RIS elements through the direct Tx-Rx channel, the
indirect Tx-RIS-Rx channel!, and the direct Tx-Rx channel
where there is no signal blockage. We modeled a masking
train at Xx = 52 m to represent an obstructed tunnel. The
masking train blocks the direct ray between the Tx and the

!In simulating the indirect link with the masked train, we assume that the
Rx only receives signals from the RIS. Although the reflected rays from the
Tx-Rx link exist, we ignore them and focus only on the RIS’s contribution
to system performance.
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Fig. 6: Channel simulations for RIS-assisted masking train scenario.

Rx, as shown in Fig.6(a). Fig. 6 further illustrates the resulting
rays between Tx-RIS and RIS-Rx. The results in Fig. 5 show
that the power received via the indirect link through the RIS
increases with the number of RIS elements, compensating for
the double-path-loss caused by cascaded channels. Moreover, a
significant increase in RIS elements allows the indirect link to
outperform the Tx-Rx direct link. However, with 100 or fewer
RIS elements, the indirect link performs worse than the Tx-
Rx direct link when the direct ray is blocked, highlighting the
limitations of passive RIS with a small number of elements due
to the double-path-loss issue. Therefore, using RIS is crucial
when the direct Tx-Rx link is blocked, especially when the
number of RIS elements is large.

VI. CONCLUSION

In this paper, we investigated the channel model of a RIS-
assisted SISO mmWave communication system in a confined
arched tunnel scenario using the CloudRT ray-tracing tool. We
first integrated RIS into CloudRT as a virtual Rx/Tx phased
antenna array to generate realistic channels for this system.
The simulation results revealed that i) increasing the number
of RIS elements enhances the received power, ii) a reflection
order of 2 is sufficient for this system, and iii) RIS is especially
critical in obstructed tunnel scenarios where the direct Tx-
Rx link is blocked. The multi-RIS-assisted system in a tunnel
environment is left as future work. Furthermore, it would be
interesting to compare the effectiveness of RIS in other types
of tunnels, such as curved tunnels and narrow single-track
tunnels, which have a higher likelihood of signal blockage.
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