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Abstract—According to the 6G vision, the evolution of wireless
communication systems will soon lead to the possibility of sup-
porting Tbps communications, as well as satisfying, individually
or jointly, a plethora of other very stringent quality requirements
related to latency, bitrate, and reliability. The achievement of
these goals will naturally raise many research issues within
radio communications. In this context, a promising 6G wireless
communications enabler is the reconfigurable intelligent surface
(RIS) hardware architecture, which has already been recognized
as a game-changing way to turn any naturally passive wireless
communication setting into an active one. This paper investigates
RIS-aided multicast 6G communications by first modeling the
system delay as a first-come-first-served (FCFS) M/D/1 queue
and analyzing the behavior under different blockage conditions.
Then the study of multi-beam operation scenarios, covering
multicast and RIS-aided multicast communications, is conducted
by leveraging an M/D/c queue model. Achieved results show that
large-size RISs outperform even slightly obstructed direct BS-to-
user paths. In contrast, RISs of smaller sizes require the design of
sophisticated power control and sharing mechanisms to achieve
better performance.

Index Terms—6G, wireless communication, millimeter wave,
multicast, reconfigurable intelligent surfaces, queuing theory.

I. INTRODUCTION

Novel and high-demanding services have sparked recent
research initiatives on new wireless hardware designs and con-
nectivity concepts for 6G wireless communications to satisfy
various energy efficiency, throughput, latency, and reliability
requirements [1]. Wireless communications assisted by recon-
figurable intelligent surface (RIS), also known as intelligent
reflecting surface (IRS), are a prominent research topic in
academia and industry and have already drawn much attention
for future 6G wireless networks. RIS improves systems’ spec-
trum usage and energy efficiency by artificially reconfiguring
the propagation environment. Meanwhile, the utilization of
the millimeter wave (mmWave) and submillimeter, or equally
terahertz (THz) spectrum, provides several advantages together
with many challenges. The penetration and reflections from
various materials are the critical aspects that have to be taken
into account in such extremely high frequency (EHF) bands.
In this vein, RIS can improve the channel state, suppress
interference, enhance system performance, and can be easily

placed in different locations such as indoor walls, cars, buses,
and building facades, among others.

Increased data rate demands have fostered the transition
from 5G to 6G communication systems, with a focus also
on broadcast/multicast transmissions. Multicast transmissions
based on content reuse, in its turn, have already attracted a lot
of research interest, thanks to their high potential to improve
bandwidth efficiency in future wireless networks compared to
unicast transmissions [2]. Multicast communications are com-
monly used in many application contexts, such as video gam-
ing, television broadcasting, and video conferencing, among
others. Practically, in multi-group multicast communications,
each group receives identical content, and the data rate of each
group is determined by the user equipment (UE) device with
the weakest channel gain. A few research groups conducted
some studies on RIS-assisted multicast systems to address the
mentioned issue. For example, in [3], a RIS-assisted multicast
architecture is proposed, whereas in [4], the channel conditions
of the weakest UE are improved by carefully configuring the
RIS phase shifts. A RIS-assisted multicast communication
has been investigated in [5] to achieve the locally optimal
phase shifts based on a capacity optimization problem. In [6],
system-level simulations have been performed that have shown
that the near-field region may not be ignored in outdoor
scenarios.

However, there has been little effort on theoretical models
for RIS-aided multicast 6G communications. Therefore, there
is still a need for an analytical assessment of such systems
to capture the effect of antenna, propagation, and blockage
patterns. This work contributes to bridge this gap by leveraging
queuing theory tools to model multicast wireless communica-
tions assisted by RIS. Specifically, we first provide a model
of the delay in multicast 5G and in RIS-aided multicast 6G
communications as a first-come-first-served (FCFS) M/D/1
queue. We then analyze the system under different blockage
conditions. Finally, we examine multi-beam operation scenar-
ios utilizing the M/Dc queue. The remainder of the paper is
laid out as follows. The system model is detailed in Section II.
Section IIT illustrates how the system delay and cumulative
density function (CDF) of the system time are computed based
on the M/D/1 and M/D/c queue models. Section IV contains
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Fig. 1: RIS-aided multicast systems.

numerical results validated with the simulation campaign.
Conclusions are drawn in Section V.

II. SYSTEM MODEL

This section outlines the system model, including deploy-
ment, antenna, propagation, and blockage components.

A. Deployment

We consider a wireless communication system, shown in
Fig. 1, with a single RIS, a single base station (BS), and mul-
tiple multicast groups, each including mobile user equipment
(UE) devices of different nature. All UEs are equipped with
mmWave modules and connected to the NR BS operating in
the mmWave frequency band of 28 GHz. We assume the height
of the NR BS to be constant and set to hgg. NR BS has
R, coverage radius within which it is assumed that all UEs
successfully receive data. A RIS is placed 14 m far away from
the NR BS (the optimal placement for RIS [7]) and is assumed
to be in the far-field with a LoS path to/from the RIS [8].

The locations of UEs, Nyg = {1,..., Ny}, are assumed
to be scattered around the plane according to an independent
homogeneous point process with a predefined density Ayg. The
UEs move according to the Headed Social Force Model [9].
We also suppose that the mobile crowd can block UEs in our
scenario of interest (see Section II-C).

B. Antenna and Propagation

We assume a conical antenna pattern, i.e., a unique beam
shape in the elevation and azimuth planes. For this purpose,

we approximate the beamforming pattern as proposed in [10].
Therefore, the transmit/receive antenna gains are given by

Gtx = DOP(Q)v (1)

where Dy is the maximum directivity along the antenna
boresight, o corresponds to the angular misalignment of
the transmit/receive direction from the receiver’s boresight,
whereas p(«) € [0;1] is a piecewise linear function [10].

Following 3GPP, we adopt the 3GPP urban microcell (UMi)
street canyon path loss model [11]:

Lag(y) = 32.4 +211og,y y + 201ogyg fes 2)

where y is the three-dimensional distance between the NR BS
and a UE, whereas f. is the operating frequency in GHz.
The total received power at distance y is calculated as

_ Pththrx
L(y) ~’
where Gix = Dgp(«) is the transmit antenna gain, Gy is the

receive antenna gain, L(y) is the path loss in linear scale, i.e.,
L(y) = Ay® with

R’x == PththrxLil(y) (3)

A = 1020810 fe320 ¢ _ 9 (4)

where A and ( correspond to the propagation coefficients.

For RIS, similarly, 3GPP UMi street canyon path loss
models are utilized to express the path loss of sub-paths, which
are defined from an NR BS to a RIS, L(ygr), and from a RIS
to a UE, L(yru). The total received power at the UE through
the RIS element 7 is calculated as [12]:

Rx|Fi|Gthrx
L(ysr) L(yru)’

where I'; is the reflection coefficient of the ¢th RIS element,
which is given by

Py = &)

[ = e 79GGe, (6)

where @, is the phase difference inducted by RIS element ¢,
G¢ is the gain of the RIS in the direction of incoming wave,
G?¢ is the gain of the RIS in the direction of received wave,
and ¢, is the efficiency of RIS, which is described as the ratio
of the power of the signal transmitted by the RIS to the power
of the signal received by the RIS. In this paper, we assume
e =11[7]

The total received power at the receiver, including all RIS
elements, is expressed as:

2
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where ¢; represents the phase delay of the signal received
through the RIS element 3.

For the sake of simplicity, we assume that RIS-elements
reflect signal with unit-gain reflection coefficients (|I';| = 1)
and the signals coming through different RIS elements are
aligned in phase at the receiver (¢; = ;) [7].



We highlight that, in our work, we employ a simple 3GPP
formulation where the effect of small-scale fading is disre-
garded (only the mean path loss value is computed). For
simplicity, and especially because we are targeting the mean
capacity values, we do not consider small-scale fading. How-
ever, small-scale path loss and shadowing can be incorporated
into our proposed framework.

We also assume that beamsteering is employed at all the
communicating nodes, which minimizes the level of inter-
link interference, thus making the considered mmWave regime
noise-limited [13]. Then, the per-antenna power budget is
considered for the transmissions scheduled at the same time
(as described in Section III-B). This means that the maximum
transmission power has to be split among the beams that are
active at the same time.

C. Blockage

Blockers are modeled as cylinders with a constant base
radius and a constant height, rp and hp, respectively. The
signal attenuation due to human blockage is assumed to
be 15dB [14]. The number of blockers follows a Poisson
distribution with the density of Ap per square meter. The
blockage probability at the distance y is determined as in [15]:

pp(y) = 1 — ¢ ars [V Gas—husP AR +ra] o)

where hy g is the UE height, hg > hyp.

In city deployments, a building blockage model is needed.
According to the 3GPP UMi street canyon model [11], the
LoS probability for the two-dimensional distance = between
the NR BS and a UE, py(x), is given by

(@) 1, z < 18m,
xTr) = T
L Bies(1-18), z>18m.

T
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Note that RIS serves as a means to avoid building blockage.
Hence, we assume that building blockage affects only RIS-less
multicasting.

III. M/D/1 AND M/D/C MODELS FOR MULTICASTING

In this work, we consider the downlink direction of trans-
missions. The transmission procedure of both multicast and
RIS-aided multicast communications is modeled by means
of M/D/1 and M/D/c queues for single- and multiple-beam
antenna design systems, respectively (see Fig. 2). The service
time is assumed to follow a deterministic distribution depend-
ing on the channel conditions of the UEs involved in multicast
services.

A. M/D/I for Single-Beam Multicasting

We first consider a single-beam antenna operation at the NR
BS and model it as an M/D/1 queue. The M/D/1 queue is a
stochastic process with packet arrivals generated by Poisson
process rate A and deterministic service time D with rate
1 =1/D. According to the FCFS principle, data packets are
processed one at a time based on their position in the queue.
There is no limit to the number of packets stored in the buffer.

(@ (b)

FCFS 1 server FCFS
=@~ -1~
Infinite buffer Infinite buffer

Parallel service

Fig. 2: Tllustration of (a) M/D/1 and (b) M/D/c queuing nodes
in Kendall’s notation.

The waiting time cumulative distribution function (CDF)
with arrival rate A\ and deterministic service time D is as
follows [16]:

A (kD — w)]kefA(kwa)
k! '

NGRS

Py (w) = (1 - AD) (10)
k=0

Proof. Erlang’s derivation can be found in [16]. O
The waiting time probability density function (PDF) with

arrival rate A and deterministic service time D can be derived
by differentiating (10) as follows:

pw (w) =
d L [A (kD _w)]k —A(kD—w)
o (1-AD) Z —
k=0
=(1-AD)
b )\k kD — k—1
A3 [k—,w]e—“km”)(k —AkD—w)),
k=1 ’
pw(0) =1 - D, (1n
where w > 0.
The average time in the system is given by:
2—AD
=—. 12
Ws 20(1 — AD) (12)

The average waiting time in the queue can be obtained as
follows:
AD

Wo =5 0Dy

13)

B. M/D/c for Multi-Beam Multicasting

We then characterize a multi-beam antenna operation system
as the M/D/c queue. The M/D/c queue is a stochastic process
with deterministic service time D, packet arrivals generated
by the Poisson process rate A, ¢ identical servers, and buffer
of infinite size. Along with the M/D/1 system, UEs’ packets
are processed according to the FCFS concept. In this work,
we associate ¢ with the number of concurrent beams at the
NR BS.

The waiting time CDF with arrival rate A and deterministic
service time D for M/D/c is given by [16]

c,,c—1
A“w e—)\w dw

Hd:LmFW+z—m@_D! Cas



where z > 0.

Then, CDF of the waiting time with arrival rate A and
deterministic service time D for M/D/c has been derived in
closed form in [17] for (k — 1)D < w < kD as follows:

ke—1 ;
N (kD — ) sipow
Pw(U)) = Z chfjfl¥e MkD )a
=0
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where w = kD — u, whereas u is the the positive time lapse,
0 <u < D. The term Qp.—;—1 is expressed by

kc—1

chfjfl = Z q1,
=0

where ¢; represents the stationary probability of finding queue
of length .

(16)

Proof. Franx’s derivation can be found in [17]. L]

C. Notes

For both M/D/1 and M/D/c queue-based systems, the service
time corresponds to the deterministic time D with rate y =
1/D. Therefore, the CDF of the total time in the system can
be derived as follows [18]:

Pr(t) = Pw(t — D)I(t — D), (17)

where I(.) represents the step function.

We note that the M/D/1 and M/D/c queues are suitable for
modeling both multicast and RIS-aided multicast downlink
transmissions with single- and multi-beam antenna operations,
respectively. The difference in the modeling of multicasting
and RIS-aided multicasting is in the deterministic value of
service time, D. This value depends on the channel conditions,
as described in Section II, namely on the received power
as per (3) and (7), as well as other characteristics such as
antenna/RIS models, number of antenna/reflective elements,
and blockage conditions that are avoided when utilizing RIS.
We recall that the data rate of the multicast session depends
on the instantaneous channel of the worst UE in the multicast

group.
IV. SELECTED NUMERICAL RESULTS

This section provides selected numerical results to evaluate
the performance of 5G multicast and 6G RIS-aided multicast
mmWave systems. We consider devices’ operation via 5G NR
BS at 28 GHz as a representative scenario. UEs are involved in
multicast services such as collective XR or virtual games. The
mobility simulation is built on a social force-based model [9].
By default, the UEs move at an average speed of 0.69 m/sec.
The transmit power is fixed at the level of P;; = 46 dBm. We
utilize antenna array with 32x32, 16x16, 8 x8, 4x4, and 2x2
antenna elements depending on the location of UEs’ belonging
to the multicast groups. RIS paths are assumed to be LoS but
can be blocked by the moving crowd (see Section II-C). The
remaining simulation parameters are reported in Table I.

We start by validating the proposed analytical framework in
the case of a single-beam system, i.e., M/D/1 queue model.

To verify our analytical queuing theory model, we compare
the basic metrics, i.e., the average delay in the system and
its CDF, against those obtained with Monte Carlo simulation
in which 10° packets have been sent. For any given value on
the x-axis, the CDF of the system time shows the percentage
of UEs being in the system for a time equal to or below x
value. As one may observe from Fig. 3, the simulation data
are very close to theoretical results, which demonstrates the
applicability of the M/D/1 queuing model to 5G multicast
and 6G RIS-aided multicast systems. Therefore, we rely upon
our developed analytical model. We also validate the M/D/c
queuing model and analyze the multi-beam systems later in
this section.

Generally, RIS is deployed to provide LoS non-blocked
paths, thereby enhancing the system performance. In Fig. 3, we
consider the scenario when RIS paths are never blocked, while
in Fig. 4, we consider a worst-case scenario for RIS, i.e., RIS
paths can be impeded. In particular, we investigate different
human blockage conditions, from low to high, in terms of
blocker density, Ap. One can deduce that 1024 RIS reflective
elements are enough to surpass RIS-less transmission in the
delay component for all analyzed blocker densities, Ap.

To complement the discussion, we study the impact of
the number of simultaneous transmissions on the system
performance and validate our M/D/c model against computer
simulations using time in the system as a parameter, as
illustrated in Fig. 5. One can notice a perfect match between
simulation and analytical framework for the M/D/c (multi-
beam) system, which testify to the accuracy of the latter
one. Recall that in the case of multi-beam operation, the
power budget of an antenna has to be split among beams.
To this end, we employ 1-beam and 2-beams operation for
multicast system (i.e., c= 1, 2), which is shown to be the most
efficient number for the considered service area radius [19].
The behavior of the resulting curves shows the same trend
with respect to the case of a single beam system.

However, we emphasize that for the multicast scenario,

TABLE I: Default Parameters.

Parameter Value

Carrier frequency, f 28 GHz

Number of UEs, Ny g 30

Height of AP, ha 3m

Height of blocker, hp 1.7m

Height of UE, hy 1.5m

Blocker radius, rg 0.4m

Density of blockers, Ap 0.3 bl./m2

SNR threshold, SNR; -9.478 dB

Transmit power, Pr 46 dBm

BS antenna array 32x32, 16x 16,
8x8, 4x4, 2x2

Radius of the area of interest, Ry 100 m

SNR (MCSI15, rate 948/1024), Smax 19.809dB

Noise figure, NF 7.6dB

Power spectral density of noise, No 174 dBm/Hz

Packet size, B 1Gb

Number RIS elements, Nrrs 256el, 1024 el

UE speed, v 0.69 m/sec
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where users are covered with a wider beam compared to
unicast, dividing the transmit power among beams might be
inefficient, as proved by Fig. 5. Note that RIS-aided multi-
casting with 1024 reflective elements outperforms all other
configurations. Differently, RIS-assisted single-beam multicas-
ting exploiting 256 reflective elements performs poorer than
the conventional multicast transmission due to the passive
nature of RIS and higher transmission distances. Moreover, the
performance for the system with 256 RIS elements degrades
even more in the case of the 2-beams system since the transmit
power has to be split among beams. However, the settings of
the RIS-assisted multicast systems with a non-large antenna
array could be adjusted by means of intelligent power control
and allocation techniques (e.g., max-fairness power control).
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Fig. 5: Average time in system for M/D/c model with blocker
density )\, = 0.4bl/m?, one-beam and multi-beam systems.
Theoretical model verification for M/D/c (markers).

As a final remark, we wish to point out that the utilized
queuing model can be easily extended to multiple NR BSs
and multiple RISs cases by exploiting existing UE and BS
association policies.

V. CONCLUSIONS

In this work, we built a theoretical model for RIS-assisted
multicast communications for future 6G wireless systems by
applying the M/D/c queueing model, where ¢ > 1 is the
number of simultaneous beams at the NR BS. Particularly, we
obtained an expression of the deterministic service times for
multicast and RIS-aided multicasting with single- and multi-
beam antenna design based on the UEs’ channel conditions.



We then validated the compact mathematical formulation
via MATLAB simulator and provided a set of results when
varying the blockage density and the number of beams to
be utilized. We concluded that RIS with larger number of
reflective elements easily excels even slightly impeded direct
BS-user paths, whereas, in the case of RISs of small size,
intelligent mechanisms for power control and sharing should
be developed to provide better performance.
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