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Abstract: Millimeter-wave (mm-wave) bands have received significant attention due to their large bandwidth and high
frequency. However, mm-wave signals experience high attenuation primarily as a result of their high directivity and
vulnerability to blockage, leading to non-line-of-sight (NLOS) conditions and signal outages. Buildings, structures, and natural
obstacles can cause signal blockage, which increases connection challenges and creates coverage gaps. A reconfigurable
intelligent surface (RIS) is a potential technique that can improve the coverage of mm-wave networks by intelligently
reconfiguring the wireless propagation environment. RIS offers novel solutions to blockage issues by passively reflecting and
rerouting mm-wave signals in desired directions. This paper presents a simulation-based evaluation of the signal-to-
interference ratio coverage probability in RIS-assisted mm-wave networks based on stochastic geometry. We will use random
shape theory to represent the blockages within the network. Furthermore, the impact of increasing the density of RIS and the
number of reflective elements on network performance will be examined. The results show that RIS can enhance network
coverage and decrease the effects of blockages, with considerable increases in coverage probability when compared to
networks without RISs.
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1. INTRODUCTION also often referred to as intelligent reflecting surfaces or
Fifth-generation  (5G)  wireless networks  have meta-surfaces, are composed of many passive elements
revolutionized communication by providing ultra-fast data that can be electrically controlled to change the reflection
rates, minimal latency, and extensive connectivity. 5G and transmission characteristics of electromagnetic waves
networks utilize new technologies and frequency bands, [4]. By intelligently manipulating the wave propagation
such as millimeter-wave (mm-wave) frequencies, to meet environment, RIS can increase signal strength and
the growing demand for reliable and high-speed wireless coverage range and mitigate the influence of blockage in
communication. As a crucial technology for 5G networks, mm-wave networks [3].

mm-wave communication offers ample spectrum
resources and the potential for exceptionally high data
speeds [1]. However, mm-wave networks face significant
challenges that limit their coverage range. One of the key
challenges facing mm-wave frequencies is the increased
susceptibility to blockage due to the short wavelengths [2].
Buildings, trees, and even human bodies can easily
attenuate the mm-wave signals, potentially leading to
complete signal blockage. Consequently, the coverage of
mm-wave networks becomes limited, requiring the
deployment of numerous cellular base stations (BSs) to
ensure reliable connectivity.

Reconfigurable intelligent surfaces (RIS) have been
proposed as a solution to tackle these challenges and
enhance the performance of mm-wave networks [3]. RISs,

1.1 Related Works

Several studies consider using RISs in the context of
stochastic geometry-based mm-wave networks for
coverage analysis. In [3], the authors derived the signal-to-
interference ratio (SIR) coverage probability in a
blockage-free environment, considering interference
solely from BSs. The small-scale fading of the RIS-
assisted link was modeled using Rayleigh fading, and the
product-distances model was assumed for far-field
communication. In [5], the authors derived the channel
power distribution and subsequently used the derivations
of the signal and interference power distributions to
evaluate the network coverage probability. However, they
did not consider the effect of blockages in their analysis.
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In [6], the authors assumed that the direct link between the
BS and the user had been blocked and that the user could
only communicate via the LOS link through the RIS. The
outage probability and ergodic rate were analyzed using a
stationary single BS and a single RIS, assuming that the
users are distributed in the area according to homogeneous
Poisson point processes (PPPs). The work in [7] focused
on two scenarios involving small-sized RISs with high
deployment density and another involving large-sized
RISs with low deployment density. The coverage
probability was analyzed as a function of network
parameters and blockage densities by using a stationary
single BS and a single user, and the RISs were assumed to
be distributed in the area according to homogeneous PPPs.
The studies in [8], [9] involved using a line Boolean model
to represent network blockages. This model assumes that
the buildings have zero width and that their centers are
distributed with homogeneous PPPs. These works adopted
the sum-distance model for the path loss of the RIS-
assisted link.

Note that the path loss based on the sum distance or
product distance can significantly impact the performance
of RIS-assisted communication [10]. The sum-distance
model is appropriate for free-space propagation with a
large ideal electric conductor but is typically inappropriate
for the RIS-assisted link [11]. Furthermore, the received
power is unaffected by the size of the RIS, which is
considered infinitely large in an asymptotic sense. In
contrast, the product distance model assumes that the size
of RIS is relatively small compared to the transmission
distances, resulting in increased received power as the RIS
size increases [12]. In the context of blockage, the line
Boolean model assumes that the midpoints of the
blockages are modeled as a PPP and that the blockage's
length, width, and orientation are uniformly distributed.
Due to the above, this model has the drawback of
oversimplifying the complexity and variability of real-
world environments [8]. This can lead to inaccuracies in
predicting the performance of mm-wave wireless
networks, especially in urban areas where buildings and
other structures vary in size and are not uniformly
distributed [13].

1.2 Contributions

In this paper, the performance of a typical user in RIS-
assisted mm-wave networks will be evaluated using
stochastic geometry tools in the presence of randomly
located/shaped  blockages. Additionally, we will
investigate the effect of increasing the density of RIS and
the number of reflective elements on the SIR coverage
probability. The paper aims to offer guidelines for the
optimal deployment of RISs and the configuration of RIS
reflective elements to enhance network performance by
conducting simulation-based evaluations.

2.SYSTEM MODEL

This section outlines the system model for evaluating the
SIR coverage probability in RIS-assisted mm-wave
networks. Simulations will be conducted to examine the
impact of different system parameters on network
performance, focusing on a typical outdoor user located in
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the center of the area.

2.1 Network Model

The downlink mm-wave network consists of BSs, RISs,
and user devices. The BSs are randomly distributed in a
two-dimensional (2D) area, following homogeneous PPPs
denoted by ®gg, with an intensity Azg. At the same time,
the distribution of RISs follows another homogeneous
PPPs referred to as ®g;s, Which is independent of ®gg,
with an intensity A;s. The users are randomly distributed
in the area where each user will be connected to the closest
BS and RIS, as shown in Figure 1.
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Figure 1. RIS-assisted mm-wave cellular networks.

There are two paths from the BS to the user. The first
path is direct from the BS to the user, known as the BS-
user path. The second path involves the signal passing via
the RIS and then being reflected towards the user, known
as the BS-RIS-user path. We will assume perfect beam
alignment between the BS and the typical user, as well as
between the RIS and the BS and between the RIS and the
typical user. Assuming that the buildings completely block
the way, we will concentrate on the scenario where the BSs
and users are outside. The mm-wave link can exist in either
a line of sight (LOS) or a non-line of sight (NLOS)
condition [14]. We will assume that the link between the
BS and RIS is always LOS, while the link between the BS
and the typical user and the link between the RIS and the
typical user can be either LOS or NLOS. Based on the
blockage model presented in [15], the probabilities of
having LOS and NLOS links are denoted as p, (r) = e #"
and py(r) =1—p,(r), respectively. Here, r is the
distance between the entities (where r = r, represents the
distance between the BS and the user, and r=r,
represents the distance between the RIS and the user), and
B is the blockage factor contingent upon the density and
average dimensions of the surrounding buildings.

2.2 Antenna Model

Each BS with n, isotropic elements can generate two
beams directed toward the user and RIS. Each beam has a
width of ¢,, which is defined as ¢, = Zn/\/n_t [16].
Assume that each user has a single omnidirectional
antenna and that each RIS has M passive reflective
elements.
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2.3 Channel and Propagation Model

We will explain the channel model to the typical user while
maintaining its generality. The small-scale fading, denoted
by g, is assumed to be modeled according to an
exponential distribution with a mean of 1 [17]. The mm-
wave signal from LOS BS propagates similarly to
conditions in free space, while the mm-wave signal from
NLOS BS often experiences a higher path loss exponent
[14]. We define alL as the path loss exponent for the LOS
link and aN as the path loss exponent for the NLOS link,
these exponents represent the rate at which the received
signal power decreases with distance for the LOS and
NLOS links, respectively. The signal received by the
typical user from the serving BS can be represented using
the model described in [16], considering the distance-
dependent path loss for both LOS and NLOS scenarios as
follows
st _ (PsGory™ ™ for LOS

Sas = {PSGOrO“"N for NLOS’ )
Where st indicates whether the link condition is LOS or
NLOS, with st = {L,N}, P, is transmitted power, 7,
represent the distance between the typical user and the
serving BS and G, represent the small-scale fading gain for
the signal sent from the serving BS to the typical user,
where G, ~ exp(1). This paper focuses on interference
signals that come from interfering BSs that have a main
beam lobe directed toward the typical user with intensity
A, = 2m/n. [3]. Let S; be the sum of the interference
signals power received by the typical user from all the
interferer BSs, which can be expressed as follows

P.G;;~*  for LOS
BS;e ¥,
stt=q 2 . @
P,G;r;~*N  for NLOS
BS;E¥]

i#0

where i = 0 denote the serving BS, G; is the small-scale
fading gain for the transmitted signal from the interferer
BS; for all i, where G; ~ exp(1), and r; is the distance
between the typical user and the ith interferer BS. Let
Sris be the signal transmitted from the serving BS to the
serving RIS and then to the typical user. This signal can be
expressed as follows

st _ (PrisHiry~%  for LoS 3)

Skis = { —aN )

PrisHiTy for NLoS
where Pg;s represent the impinging signal power at the mth
passive reflective element where Pg,s = M2H,r,~%L, H,is
the small-scale fading gain of the signal transmitted from
the serving BS to the serving RIS, H; ~ exp(1), H, is the
small-scale fading gain of the signal transmitted from
serving RIS to the typical user, H, ~ exp(1), r; is the
distance between serving BS and the serving RIS, and r, is
the distance between the serving RIS and the typical user.

2.4 Signal to Interference Ratio (SIR)
The SIR of the received signal through the BS-user link,
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which is denoted as SIRgg, is given by

st
SBS

SIRBS = ﬁ

4)

In contrast, the SIR of the received signal through the
BS-RIS-user link, which is denoted as SIRg,s, is given by

st

SIRgs = % (5)
I
Then, the SIR for the typical user, considering the
diversity to facilitate the utilization of the receptions
through two links: BS-user and BS-RIS-user at the
receiver, is given by

S[Rt = max(SIRBs,SIRRLg). (6)

3. SIR COVERAGE PROBABILITY

The SIR coverage probability can be defined as the
probability of the SIR, which can be considered a random
variable, being greater than a predetermined threshold y.
Then, the SIR coverage probability is given by

CP = P(SIR, > ) )

4. MONTE CARLO SIMULATION

In this section, we will outline the main simulation steps
shown in Figure 2. We utilize a Monte Carlo simulation
and execute these simulations using MATLAB. The
locations of BSs and RISs are randomly generated in a 2D
area using two independent homogeneous PPPs, assuming
the mm-wave network covers a rectangular region with an
area of A = XY, where X and Y indicate the rectangle's
width and length, respectively. Subsequently, users are
distributed randomly within the same region,
independently of BSs or RISs. Given the assumption that
each BS can only serve one user at a time and the total
number of users in the network is equal to the number of
BSs. The typical user is in the center of the coverage area
with coordinates (X/2,Y/2). The typical user will be
associated with the closest BS and RIS. We will follow the
methodology outlined in Sections 2 and 3 for SIR and SIR
coverage probability.

5.PERFORMANCE EVALUATION

In this paper, we evaluate our Monte Carlo simulation of
an mm-wave cellular network assisted by RIS using
stochastic geometry by comparing the simulation results
with the analytical results provided in [3]. Monte Carlo
simulations are utilized in this paper within a 1km x 1km
square area. The outcomes of these simulations are derived
by averaging over 10* realizations. During each iteration
of the simulation, both BSs and RISs are randomly
distributed using homogeneous PPPs with specified
intensities. Likewise, UEs are also dispersed randomly
within the same area, with the typical user positioned at the
center of the region. It should be noted that, unless
otherwise specified, we follow the simulation parameters
listed in Table 1.
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Figure 2: Simulation flowchart.
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Table 1: System Numerical Parameters [3], [15]

System parameters Notation Value
LOS Path loss exponent al 2
NLOS Path loss exponent aN 4
BS radiated power P, 2w
Blockage factor 0.0071
BS antenna array ng 16
UE antenna array n, 1
RIS reflective elements M 100, 200
Small-scale channel gain G;,H{,H, | ~exp (1)

5.1 Evaluation of Monte Carlo Simulation and Its
Effectiveness

Figure 3 shows the results of our Monte Carlo simulation
and the results obtained from the analytical framework
outlined in [3], particularly utilizing approximation Il (51)
for scenarios with RIS and (6) for scenarios without RIS.
The findings demonstrate perfect alignment between the
analytical and simulation results, confirming the accuracy
of our simulation methodology. The simulation was
conducted without considering blockage effects and
utilized a path loss exponent a« = 4. The simulation
parameters listed in TABLE 1 were followed for the
remaining specifications.

o Simulation
CP [3], without RIS
——CP [3], Agrs= 4 x 107% RIS/m?
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Figure 3. Evaluation of SIR coverage probability Azs =

2.5x 1075 BS/m? and M = 100 and a = 4.

5.2 Impact of Blockage on SIR Coverage Probability

The path loss exponent (a) measures how rapidly signal
strength drops over distance. In [3], a high fixed value of a
is utilized to simulate obstruction effects in urban
environments. However, considering the shape and
location of physical obstacles in the study results in a more
realistic picture of the environment's impact on signal
propagation. In [3], the authors utilized « = 4 as a fixed
value. In this paper, we use a random rectangular blockage
model with 8 = 0.0071 and two different a values for LOS
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and NLOS conditions. Figure 4 shows the results of our
Monte Carlo simulation for an RIS-assisted mm-wave
cellular network using stochastic geometry in blockage
scenarios. The results show that the SIR coverage
probability (CP) increases significantly with an increase in
RIS density. This is because as the density of RIS
increases, the likelihood of having a close LOS RIS to a
user increases, resulting in a reduction in the value and
variance of the distance between a typical user and RIS.
This leads to mitigating the effects of blockages.
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Figure 4. SIR coverage probability using a rectangular

blockage model with 8 = 0.0071, Agg = 2.5 x 107° BS/

m?and M = 100.

In Figure 5, we illustrate the effect of both increasing
the number of reflective elements in the RIS and increasing
the density of the RIS on the SIR coverage probability. The
results show that CP increases as the number of reflective
elements increases. This is because equipping the RIS with
a large array of reflective elements enables the generation
of more narrowly focused beams with higher gain directed
toward the typical user. This improves signal propagation
and consequently increases the strength of the received
signal, resulting in CP approaching one.
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Figure 5. SIR coverage probability using a rectangular
blockage model with y = 0dB, 8 = 0.0071 and Zgs =
2.5 % 1075 BS/m?.
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6. CONCLUSION

In this paper, based on stochastic geometry, we evaluate
the SIR coverage probability in RIS-assisted mm-wave
networks, taking into consideration the effects of blockage.
We conduct simulation-based evaluations following the
system model proposed in [3] and utilize the rectangular
blockage model proposed in [15] to examine the impact of
blockage on SIR coverage. Our findings demonstrate the
importance of using RIS to address blockage challenges.
We also highlight the positive influence of increasing RIS
density and/or the number of reflective elements on
enhancing CP and expanding the coverage area. Our future
work will expand based on this foundation to investigate
how RISs could be used to overcome direct obstacles by
providing indirect links between BSs and UEs.
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