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ABSTRACT This article proposes new directions to enhance spectrum resource allocation in dense cellular
networks, especially during massive dissemination of public safety alerts. We are conducting a comparative
study to identify the most efficient transmission mode among the following options: conventional Unicast
(UC) mode, UC mode combined with beamforming, Point-To-Multipoint (PTM) single-cell broadcast mode,
and multi-cell broadcast mode via a Single-Frequency Network (SFN). In the absence of standardized norms
for determining the optimum mode, we are developing a model to establish a threshold for the number of
users per base station, at which point each broadcast mode between SFN and PTM becomes more spectrally
efficient than conventional UC and UC with beamforming. Our contribution includes an in-depth simulation
study to assess the sensitivity of this threshold to the variability of system parameters under different
scenarios and conditions. This analysis will support informed decisions on the optimal transmission mode,
thereby improving public safety in critical circumstances.

INDEX TERMS Beamforming, mass distribution of alert content, PTM, SFN, spectrum resource

allocation, UC.

I. INTRODUCTION

The needs of mobile broadband users have evolved con-
siderably in recent years, demanding massive connectivity,
increased reliability, minimal latency, high data rates and
support for new device types [1], [2], [3]. To meet these
growing requirements, 5G technology offers three main
types of service: enhanced mobile broadband, ultra-reliable
low-latency communications, and massive machine-type
communications [4], [5]. However, despite these advances,
the simultaneous and massive dissemination of content, such
as real-time alerts, remains a major challenge. In crisis
situations, it is crucial to ensure rapid, reliable transmission
of such information to guarantee public safety. This relies
on effective coordination between human actors (security
guards, law enforcement agencies, civilians) and cooperation
between Base Stations (BSs), to ensure the smooth exchange
of critical information. Therein lies the central challenge of
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this article: to overcome the limitations of current solutions
and identify optimized transmission modes that meet the
specific constraints of mass dissemination in emergency
situations.

In crisis situations, connection quality is closely linked
to the density and position of BSs, two key elements for
reducing interference and minimizing signal attenuation [6],
[7]. To model these complex environments, stochastic geom-
etry proves to be a relevant approach, taking into account
the random distribution of BSs and users to estimate key
performance indicators such as outage probability, Signal-
to-Interference-plus-Noise Ratio (SINR), and both spectral
and energy efficiency [8], [9]. These indicators can be
used to assess a network’s ability to cope with saturation
problems, particularly in densely populated areas where the
densification of BSs intensifies inter-cell interference [10],
[11], [12], [13].

In this context, the choice of BS transmission mode
is of paramount importance in limiting saturation. Multi-
cast/broadcast transmission modes appear to be promising
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alternatives to Unicast (UC) mode, enabling simultaneous
and rapid dissemination of content on the same frequency [1],
[14], [15], [16], [17], [18]. Nevertheless, UC mode, favored
for personalized communications, raises the question of
the most suitable transmission strategy depending on the
context [19], [20], [21], [22]. Our study therefore explores
the extent to which the choice between different transmission
modes can optimize information dissemination in times of
crisis, taking into account saturation constraints and the need
for rapid and reliable dissemination.

The Multicast/Broadcast Multimedia Services (MBMS)
specification defines two approaches to multicast/broadcast
transmission: the Point-To-Multipoint (PTM) single-cell
mode and the multi-cell mode via a Single-Frequency
Network (SFN) [14], [23], [24], [25], [26]. The latter
requires precise synchronization of the BSs to transmit the
same content simultaneously, which reduces interference and
improves coverage. In contrast, the more flexible PTM mode
allows each BS to transmit independently, thus simplifying its
implementation, but at the cost of less interference reduction.
With this in mind, the article takes an in-depth look at the
advantages and limitations of each transmission mode for
large-scale content delivery.

This study builds on previous work published in [27],
where we compared UC and SFN modes in terms of spectral
resource allocation. In this extension, we extend the analysis
to include a diversity of transmission modes: conventional
UC, UC with beamforming, PTM and SFN, applied to
more varied scenarios. Although only a few studies have
previously compared PTM and SFN modes using the same
bandwidth [14], [28], [29], [30], our study differs in several
respects. Firstly, it is based on the assumption that BSs
transmit the same downlink content via the different modes,
on the same carrier frequency and in the same bandwidth.
In addition, our study explores the potential advantages of
using UC mode with beamforming over conventional UC
mode.

To the best of our knowledge, the literature is still very
limited when it comes to comparing broadcast modes (PTM
and SFN) and UC mode with beamforming in scenarios
where BSs are randomly distributed and transmit the same
content. Some studies have already shown the superiority
of PTM mode in different contexts [28], [31], including
regular hexagonal patterns or configurations with a low
density of BSs equipped with omnidirectional antennas.
However, optimizing resource allocation to guarantee ultra-
reliable connectivity for security has not yet been thoroughly
analyzed. This complexity is accentuated by the absence,
to date, of a standardized norm recognized as optimal in terms
of resource allocation in the context of mass broadcasting,
a challenge to which this article aims to provide an answer.

To ensure reliable results, our study is based on assump-
tions similar to those of real deployments, taking into account
the effects of transmission channel modeling according to
the 3rd Generation Partnership Project (3GPP) reference
model [32], as well as characteristics such as high density,
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tri-sectorization and random distribution of BSs in the
study area. We also take into account inter- and intra-cell
interference, given their significant impact on signal quality
and spectral resource allocation. In addition, we propose
expressions for determining a critical cell load threshold,
corresponding to the number of users per BS beyond
which broadcast transmission modes, notably PTM and
SEN, outperform UC mode (with and without beamforming)
in terms of spectrum resource allocation efficiency. Our
analysis also examines the robustness of this threshold in
the face of variations in several system parameters, such as
channel conditions, random BS locations, BS densities and
transmission power, number of beamforming antennas, SFN
zone size, and required coverage probability.

By analyzing the stability of this threshold as a function
of these different parameters, our study aims to propose
practical recommendations for optimizing mass transmission
in crisis situations. It thus provides concrete elements for
improving Quality of Service (QoS) and spectrum resource
management in mass networks, offering a solid basis for
guiding transmission mode choices in critical contexts where
speed and reliability are paramount.

The remainder of this article is organized as follows.
In Section II, we review the state-of-the-art in MBMS
technologies and MBMS operation on-Demand (MooD),
with particular emphasis on switching between transmission
modes. Section III covers the channel model and SINR
calculation for conventional UC, UC with beamforming,
as well as PTM and SFN broadcast modes. Section IV focuses
on allocation of resources needed to meet service providers’
QoS requirements, for the various transmission modes. Next,
we propose expressions to determine a threshold relative to
the number of users per BS beyond which switching from UC
(with and without beamforming) to broadcast mode (SFN or
PTM) becomes necessary. Section V presents the numerical
results of simulations examining the impact of various system
parameters on coverage and the switching threshold under
different conditions. Finally, Section VI summarizes the
article’s conclusions.

Il. STATE-OF-THE-ART ON THE EVOLUTION OF MBMS
TECHNOLOGIES FOR CELLULAR NETWORKS

Initially designed by the 3GPP standards bodies, MBMS was
intended to support multimedia services on 3G networks [33].
With the move to 4G Long-Term Evolution (LTE) and
evolved MBMS (eMBMS), 3GPP releases 8 and 9 introduced
the SFN broadcast transmission technique. Thanks to the
significant reduction in interference via SFN, this mode can
be used to transmit content to mass users over a wide coverage
area, including large cities [34].

In SFN broadcasting, a user receives several copies of the
same signal from different transmitting BSs in the SFN area,
with different propagation delays. The user’s equipment can
combine these copies constructively, thus improving the QoS
of the received signal [26]. However, time synchronization
is a major challenge for SFN deployment [30]. Perfect
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synchronization of the BS clocks is required, with a variance
in time synchronization well below the cyclic prefix time
interval, on the order of microseconds. Nevertheless, the
recent development of time synchronization technologies,
such as Global Positioning System (GPS) time synchroniza-
tion [35], widely used in Internet of Things (IoT) devices and
localization, facilitates this synchronization and can greatly
contribute to SFN deployment [30].

In addition, to overcome the limitations of SFN mode,
which requires a group of BSs to broadcast, 3GPP has
introduced PTM mode. PTM enables more targeted broad-
casting within a single BS. PTM features have been integrated
into 4G LTE-Advanced Pro releases 13 and 14 to support
a variety of services, including digital TV, machine-to-
machine communications, mission-critical communications,
and vehicular communications [30], [36], [37]. In addition,
in [26], the authors examined the enhancements to eMBMS
provided by the PTM mode, highlighting its ability to
facilitate group communication services. This mode also
offers a more flexible approach by allowing dynamic use of
time and frequency resources, even within a subframe [38].
This flexibility is particularly useful for broadcast services
covering restricted geographical areas, such as hotspots,
within a single BS.

In line with efforts to optimize broadcast services, 3GPP
releases 14 and 15 have brought improvements by dedicating
a specific carrier to MBMS transmission. This initiative aims
to maximize resource utilization, offering the possibility of
exploiting up to 100% of the capacity dedicated to MBMS.
Moreover, the addition of a long-duration Orthogonal
Frequency-Division Multiplexing (OFDM) symbol plays a
crucial role in extending the coverage range, which can reach
several tens of kilometers [38].

Furthermore, 3GPP version 16 introduced terrestrial
broadcast technology, which aims to enhance the broadcast-
ing of television services over large static transmission areas,
using specific infrastructures such as High-Power High-
Tower (HPHT) [39], [40], [41]. These advances represent
an extension of LTE to provide enhanced PTM capabilities
in release 16, meeting the multimedia broadcasting needs of
5G [42], [43].

Furthermore, 3GPP releases 16 and 17 have introduced
a new feature called mixed mode multicasting for 5G.
This feature enables dynamic switching between UC and
PTM transmission modes, offering integrated optimization
possibilities in the Radio Access Network (RAN). In addition,
it offers configurable and dynamic coverage, extending from
a single cell to a large area, opening up promising prospects
for the provision of multimedia services with identical
content over the RAN [36].

In this context, a key 3GPP requirement is to provide
a flexible service based on dynamic switching in response
to changing conditions, thanks to the introduction of
MooD [19]. Significant progress has been made in eMBMS
with the integration of MooD functionalities, standardized
in 3GPP release 12 for LTE networks. These features are
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detailed in Technical Report (TR) 26.849 [44] and Technical
Specification (TS) 26.346 [45], enabling the dynamic cre-
ation of MBMS services in response to actual user demand.
Thus, when a service or content, normally provided in UC
mode, arouses simultaneous demand from several users, the
network can set up a user service in broadcast mode to relieve
the network in UC mode [19]. By subsequently adjusting
the distribution mode when demand falls below a pre-
configured threshold, switching from broadcast to UC mode,
this solution optimizes the use of network resources [19],
[36], [41].

It is essential to emphasize that dynamic transmission
mode selection (via MooD) is not limited to an individual
solution, but rather constitutes an integrated set of tools,
procedures and best practices used at different system levels
to ensure efficient multicast/broadcast transmission. This
process of dynamic multicast/broadcast switching involves
two distinct stages, as described in [46]. The first step
consists of converting the content into a format suitable for
multicast/broadcast mode, usually using the corresponding
Internet Protocol (IP) transport. Then, the second step entails
optimizing RAN resources by selecting the most appropriate
transmission mode from among those available, for mass
distribution of content to users.

In line with these advances, in [47] it is proposed to explore
two distinct approaches to improving the use of eMBMS
and Group Communication System Enablers (GCSE) [48].
The first approach, called static eMBMS activation, mainly
favors multicast mode, while UC mode is configured as a
backup solution. In contrast, the second approach, called
dynamic eMBMS activation, initially based on UC mode,
automatically switches to multicast mode as soon as a certain
number of group members is reached.

In comparison with previous work on MooD operation,
our study introduces a new approach to switching between
different transmission modes, including the threshold number
of users per BS beyond which each broadcast mode (SFN or
PTM) becomes more efficient than the UC mode (with and
without beamforming).

IIl. CHANNEL MODEL AND SINR CALCULATION

In the context of realistic modeling of dense cellular
networks, characterized by a random distribution of BS
locations, our evaluation is based on the assumption that BSs
are tri-sectoral and randomly distributed at high density over
a square-shaped geographical area following a Poisson Point
Process (PPP) distribution. This distribution is characterized
by a single parameter: the BS density, expressed as the
number of BSs per unit km?.

Moreover, the outage probability (p,) emerges as an
essential performance metric, quantifying the probability that
a received signal is below a specific threshold with respect to
noise and interference levels [49]. In our study, we define p,,
as the probability that the SINR (y) is below a predefined
threshold (T'), also known as the SINR target. This measure
is expressed as: p, = P{y < T}, and is equivalent to defining
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the probability of coverage as: p. = P{y>T}. Note that
the predefined threshold 7 represents the SINR value where
maximum signal power loss is tolerable while maintaining a
reliable wireless connection. We therefore take 7' into account
when evaluating the coverage p. in the different modes, while
exploring the sensitivity of p. to the variability of system
parameters.

A. CHANNEL MODEL

We model the transmission channel, taking into account the
effects of path loss, fading and shadowing in accordance with
the model established by the 3GPP [32].

To express path loss between a BS and a user r meters
apart, we use the formula = r%/x , where x represents the
path loss factor and « the path loss exponent. Let us then
reformulate L in dB: L [dB] = 10alog¢(r)—10log y(x). The
values of « and k can be determined using (1), applicable to
fe between 1.4 GHz and 2.6 GHz [32], which is as follows:

L[dB] = 128.1 4 37.6logo (R) + 21log), (fE)

= 15.3 4+ 37.6log, (r) + 21log, (%) , (D

where R is the distance between the BS and the user in km
(R = 1’?), and f. is expressed in GHz. By identification,

we obtain: @« = 3.76 and k = 107(1'53+2‘Uog10(%)). For the
rest of the article, we consider three values of f.: 1.6 GHz,
2 GHz, and 2.4 GHz, i.e. « values of 0.0472, 0.0295, and
0.0201 respectively.

The fading factor, noted % in the following, is considered
to be a random variable following an exponential distribution
with a unit mean. As for the shadowing parameter, it is
modeled using a lognormal random variable, denoted eX</,
where . ; is defined by its standard deviation o = %.
In this work, we take into account obstacles close to the
receiver (denoted by x.) as well as independent obstacles for
each BS (denoted by y;), so that:

Xei = Xe + Xi- )

In order to attribute the same impact to obstacles on
the transmitting and receiving sides, we assume that:
02 = o} = %, where o, and o; represent the standard
deviation of x. and y; respectively.

Now considering a user located at a distance 7. ; from a
certain base station (BS;) transmitting with a power of Py,
we can express the received signal power in UC and PTM
modes as a function of the path loss exponent «, the fading

factor h;, and the shadowing parameter eX<, as follows:
Py = MPykr X ihiG (6 , A3)

where M represents the number of antennas per sector of
tri-sector BSs (with M = 1 in conventional UC and PTM
modes, and M > 1 in UC mode with beamforming), sub-
index i denotes the BS;, sub-index ¢ denotes the service
sector of the BS;, and G (91-,,) is the antenna gain in the 6; ;
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direction, calculated in dB according to 3GPP specifications
as follows [32]:

. 00\
G(Qi,t)dBZGA—mm|12(9u) ,GFB], 4)

3dB

where G4 is the antenna gain in the boresight direction in
dB, Gpp is the front-to-back ratio of the antenna, 63,5 is the
beamwidth at 3 dB, and —180° < 6; ; < 180°.

Taking into account the shadowing parameters x. and y;,
we can re-express the power P, of the signal received from
BS; as follows:

P = MPyir, e’ eX G (6;;) . ®)

Now let us posit r; = re, ,-.e*% as the modified distance
between the user and BS;, obtained by taking into account the
effect of the obstacle close to BS; (x;) on the actual distance
between the user and BS;(7. ;), we obtain:

Py = MPyukr%e*hiG () . 6)

This change in distance (from r.; to r;) can be seen as a
change in the initial location of BS;.

B. CALCULATION OF SINR IN UC (WITH AND WITHOUT
BEAMFORMING) AND PTM MODES

For UC (with and without beamforming) and PTM modes,
characterized by independent transmissions at the level of
each BS, as opposed to the SFN mode characterized by inter-
cell cooperative transmissions, we make the assumption that
only the service BS (BSy) contributes to the useful signal
power, even though it’s not necessarily the one closest to
the user. On the other hand, all other BSs in the study area
generate interference. Thus, the received useful signal power
(Py) of BS in UC and PTM modes, is expressed as follows:

Py = MPisiry “e*hyG (6y,) . (7

where the sub-index s denotes the BS and the sub-index ¢
denotes the service sector of the BS, while considering that
M is equal to 1 in the conventional UC and PTM modes, and
greater than 1 in the UC mode with beamforming.

The evaluation of interference power in UC and PTM
modes is carried out taking into account two distinct
components. The first component (/) is related to the other
two sectors of BS and is calculated as follows:

_ 3
Iy = Pkry “eXhy ijl/#t Xs.js

®)

where sub-index j represents the interference sectors of BSj,
i.e. with condition j 7 t where ¢ represents the service sector
of BS;. Note that X;; is defined in conventional UC and
PTM modes by the antenna gain G (6;,), and in UC mode
with beamforming by the gain of the beamforming network
A (65, Dsj). Finally, A (9, ¥) representing the beamforming
network gain for a sector in the 6 direction is defined as
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follows [50]:
sin® (M% (sin (9) — sin (9)))
Msin® (% (sin (9) — sin (9)))

G@©), 0 #0

MG@®),0=90
©))

where G(0) is given by (4) and —60° < # < 60°. Note
that antenna orientation is determined as a function of an
orientation angle ¥J measured from the antenna’s boresight
axis.

Let us now turn to the expression of the second component
of the interference power in the UC (with and without
beamforming) and PTM modes. This component (Iicy i£s)
is associated with the other BSs in the study area and is
calculated as follows:

B 3
licy)its = PrkeXe Ziew#s ri%h; ijl Xij,  (10)

where sub-index i denotes interference-generating BSs, and
¥ is the set of all BSs distributed in the study area according
to PPP. Let us note that i belongs to the set i, with the
exception of the service BS BS;, and therefore with the
condition i # s. Note that X; ; is defined in conventional UC
and PTM modes by the antenna gain G (6; j), and in UC mode
with beamforming by the gain of the beamformmg network
A (91-, i i, j), as described in (4) and (9) respectively.

Consequently, the SINR (y) in UC and PTM modes is
expressed as the ratio between the received signal power (P;)
and the sum of the interference signal powers (I and licy /i)
and the noise power at the receiver (Py), as follows:

P, P,

Y= = , (11)
Py +1, Py + I+ licyjits

A6,9) =

with:

Py [dBW] = NF + 10log,y (KTkB) , (12)

where K is Boltzmann’s constant, Tx is the receiver system
temperature, NF is the receiver noise figure in dB, and B is
the bandwidth.

C. CALCULATION OF SINR IN SFN MODE

As a reminder, SFN mode, characterized by synchronous
multicell transmission, involves a group of BSs simultane-
ously broadcasting the same signal in the SFN zone [33]. This
approach favors efficient broadcasting of the same content,
thanks to synchronized transmission by a group of BSs using
the same carrier frequency (f;) and bandwidth (B). Thus,
when a user receives a signal transmitted by a BS different
from the service BS BS, noted BS;, this signal reaches the
user with a certain delay (At). This delay is calculated as
a function of the distances between the user and the base
stations BS and BS;, noted ry and r; respectively, as well as
the speed of light ¢, according to the following formula:

ri —ryg

Ar =15 (13)
C

1500

The time offset At plays a decisive role in determining
the contribution rate to the useful power received (3;), whose
value varies between 0 and 1. Depending on the value of Az,
three scenarios can occur:
o If Az isless than or equal to the guard interval (T), there
is no interference, and §; is equal to 1.

o If At is greater than T, and less than or equal to the
total OFDM symbol duration (7y), where T is defined
as the sum of the useful symbol duration (7},) and T, i.e.
Ty = Ty + Ty, then §; varies between 0 and 1.

o If At is greater than T, there is no contribution to the
useful power received, and so §; is equal to O.

Thus, the expression of §; taking into account BS; is defined
as follows:

1 0<Ar=<T,
T, — At + T, \?
8 = (”—M) T, <At <Ty (14)
T,
0 At > Ty.

In the remainder of the article, Npg is used to denote the
total number of BSs in the study area. We also define Nspy
as equal to pNps (where p is the normalized size of the SFN
zone, 0 < p < 1), representing the number of BSs located
around the center of the study area participating in the SFN
synchronized transmission. Consequently, the total power
received from the Nggy BSs in the SFN zone is calculated
as follows:

SFN - PlxKeX Z SFN Z lj (15)

where §; represents the weight function for each BS
participating in the SFN transmission, calculated according
to (14), and sub-indices i and j correspond to the Ngry BSs
in the SFN zone and their respective sectors.

For interference power in SFN mode, we take into account
its decomposition into two parts. The first component, 1 é’;N,
takes into account the BSs in the SFN zone, which can also
cause interference due to delayed signals in this zone. This
first 1 g”FN component is calculated as follows:

Iy = Pue®ec " W e Z . (16)

The second component, Ig’}él’v, takes into account BSs
outside the SFN zone. This component is calculated as
follows:

3
out -y
Ipy = PieXek Zzew/»NspN rCh Zj:I
Thus, the SINR in SFN mode is calculated by:
Pll’l

TR (18)
I§py + Iy + Py

G (6:j). (17)

YSFN =

IV. SPECTRUM RESOURCE ALLOCATION WITH A FOCUS
ON SWITCHING BETWEEN TRANSMISSION MODES

In this section, we address two key points: calculating the
average number of resource blocks allocated in UC (with
and without beamforming) and broadcast (SFN and PTM)
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modes, and determining the user threshold at which broadcast
modes becomes more advantageous than UC mode in terms
of resource allocation.

A. CALCULATION OF THE NUMBER OF USERS PER BS FOR
SWITCHING FROM UC MODE TO PTM

We start by determining the system capacity and the average
number of spectral resource blocks allocated to a user to
ensure QoS-compliant reception in UC and PTM modes.
In UC mode, the capacity is derived from Shannon’s theorem
as a function of SINR (yy¢) and bandwidth (B), as follows:

Cuc = Blog, (1 + yuc) = NieBralog, (1 + yuc), (19)

where Ngg is the number of resource blocks required to
access the service and Bpp is the bandwidth occupied by a
resource block. Thus, to meet users’ QoS requirements, the
strategy generally adopted is defined by the condition:

CUC = NUng'ng‘ = Creqs (20)

where Ci, is the capacity required to access the service and
CR8 = Brplog,(1 + yuc) is the capacity of a resource block
in UC mode.

Let us now focus on calculating the average number of
spectral resource blocks allocated in UC and PTM modes.
In UC mode, the SINR (yy) is calculated for each simulation
corresponding to a random distribution of BS locations
according to the PPP law. Then, the average number of
resource blocks required per user is determined by averaging
all yyc values, from the lowest SINR (ygc) to the highest
SINR, as follows:

= C
RB req
Nyc =E |: CRB
uc
. Creq]E

Bgp

yuc = J/gci|

0
|:log2 a+ 700) yuc = )’Uci| . 2n

In our study, the minimum SINR (ygc) is conceptually
equivalent to the 10™ percentile, unless otherwise specified.
This parameter evaluates the quality of coverage under
unfavorable performance conditions. The 10" percentile
represents the value below which the worst 10% of SINR
values fall. In other words, the 10™ percentile measures the
least favorable SINR among the 90% of users with the best
channel conditions.

Next, we calculate the number of resource blocks allocated
in PTM mode, and establish the user threshold above which
switching from UC to PTM mode becomes imperative for a
more efficient use of the system’s spectrum resources.

PTM mode is distinguished by broadcasting from a single
BS, where the target SINR level (ySOC) is determined to meet
a specific coverage requirement (typically 90% in our study,
unless otherwise specified). The required capacity in PTM
mode (Cgc) to guarantee access to the service is constant
regardless of the number of users and is calculated as follows:

Co = Brglogy(1+ y90). (22)
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Consequently, the number of resource blocks required
in PTM mode to guarantee correct service reception is
calculated by:

Creq _ Creq 1

neg _Crea G 1
Cgc  Brp logy(1+ y5r)

(23)

Now let us focus on defining the switching threshold,
taking into account the random distribution of BSs in the
study area. This threshold represents the number of users per
BS above which PTM mode becomes more efficient than UC
mode in terms of resource allocation, and can be formulated
as follows:

1

NRB logy(14+y2-)
Nycjsc = —< = ALY .24

RB 1 0
uc E [ Tog;(1+yue) | YUC = VU(;]

Let us imagine a realistic scenario where a live stream is
initially transmitted in UC mode to a small number of users.
When this content gains in popularity and the number of users
reaches the Nyc/sc, the MooD is activated. The network
then automatically switches to PTM mode to optimize overall
use of system resources and guarantee the QoS required
by service providers. This transition is transparent to users,
with no interruption during content delivery. Then, as the
popularity of the content wanes, the network automatically
switches back to UC mode, ensuring seamless reception of
content for end users.

B. CALCULATION OF THE NUMBER OF USERS PER BS FOR
SWITCHING FROM UC MODE TO SFN

Like PTM mode, SFN mode aims to ensure reliable
connectivity for users facing the most difficult channel
conditions. Consequently, the target capacity for SFN mode is
evaluated on the basis of the least favorable performance, thus
guaranteeing a sufficient level of SINR for correct service
reception. The required capacity of an SFN mode resource
block (CgFN) is calculated as follows:

Cory = Braloga(1 + yiey), (25)

where ySOFN represents the worst-case SINR among the 90%
(unless otherwise specified) of users with the best channel
conditions. Consequently, the number of resource blocks
allocated in SFN mode is calculated as the ratio between the
required capacity (Cye,) and the worst-case capacity in SFN
mode (CgFN), as follows:

N§FBN — Creq — Creq 1 .
Coey  Bre logy(1 + ygpy)

(26)

Finally, the number of users for switching from UC mode
to SFN mode, taking into account the random location of the
BSs, is calculated as follows:

1

RB 0
N _ NSFN _ logy(1+yden) 27
UC/SEN = —= = = 1 5 27
uc E [1082(1+V_Uc) yuc = Vuc]
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The next section presents an in-depth analysis of the
thresholds for switching between UC mode (with and without
beamforming) and PTM or SFN broadcast mode in various
scenarios. This approach, developed in response to 3GPP’s
MooD, facilitates a dynamic transition between transmission
modes, enabling real-time adaptation to changing demand
and operational conditions. The results of this study aim
to provide substantial value to mobile network operators,
guiding them in making informed decisions to ensure reliable
and efficient transmission of alert content in hazardous
situations.

V. SIMULATION RESULTS

This section presents an in-depth comparative study of
conventional UC, UC with beamforming, PTM, and SFN
transmission modes, based on 10* Monte Carlo simulations.
Each simulation generates a new random distribution of BS
locations in a 20 km” square area, following a PPP-type
distribution. In particular, the analysis focuses on a scenario
in which the BSs in the study area massively downlink the
same content in the different modes. It should be noted that
this downlink is carried out taking into account the same
transmission power (Py,), the same bandwidth (B) and the
same carrier frequency (f;).

A. COVERAGE PROBABILITY FOR CONVENTIONAL UC
AND SFN TRANSMISSION MODES

Recall that the path loss parameters, represented by « and
k, are determined for different values of f,, in accordance
with 3GPP model specifications [32]. For the calculation of
noise power (Py), we consider a noise figure (NF) of 9 dB,
a temperature (Tx) of 300 K, and a bandwidth (B) of 5 MHz.
In addition, the §; function is evaluated considering a guard
interval () of 16.67 us and a useful symbol duration (7))
of 66.7 us. Finally, the antenna gain G(6) is calculated with
an antenna gain in the boresight direction (G4) of 15 dBi,
an antenna front-to-back ratio (Ggg) of 20 dBi, and a 3 dB
beamwidth (034p) of 65°.

Our study begins by analyzing the coverage probability
(pc), which represents the percentage of users with an SINR
above a predefined threshold (7'), also known as the SINR
target. Fig. 1 illustrates the variation of p. as a function of
T for conventional UC and SEN transmission modes. The
aim of this analysis is to assess the impact of inter-cellular
cooperation in SFN mode when distributing alert content,
compared with transmission in conventional UC mode. At the
same time, to gain a deeper understanding of p, variability,
Fig. 2 and 3 examine the average power of the received
useful signal and the average power of interference signals,
respectively. These results were obtained for two BS density
values: A = 0.25 BS/km? and A = 2 BS/kmZ2, and for three
carrier frequency values: f, = 1,6 GHz, 2 GHz and 2,4 GHz.
These simulations take into account an SFN zone that covers
the entire study area, with a normalized size of p = Nsen

N,
1, where Npg is the total number of BSs in the studyBSaIea
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FIGURE 1. Coverage probability (pc) in UC and SFN modes, as a function
of target SINR (T), for transmission power P, = 0.5 W, two BS density
values A = 0.25 BS/km? and 2 BS/km?2, and three carrier frequencies
(fc1= 1.6 GHz, f.,= 2 GHz, and f.3= 2.4 GHz).
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FIGURE 2. Average power of the useful signal received in UC and SFN
modes, for a transmission power Py, = 0.5 W, two BS density values A =
0.25 BS/km? and 2 BS/km?, and three carrier frequencies (f.; = 1.6 GHz,
fco= 2 GHz, and f 3= 2.4 GHz).

and Ngpy is the number of BSs located around the origin
constituting the SFN zone.

Fig. 1 clearly shows the decrease in p, in UC and SFN
modes as the SINR target (T) increases. The main reason
for this trend is that, for high T requirements, the quality of
the received signal may not meet the required quality criteria
due to inter- and intra-cellular interference. Comparing p.
between UC and SFN modes, we see that SEN mode offers
extensive coverage over the whole range of T values, whereas
UC mode is more limited. In fact, although both modes have
arelatively similar average received useful signal power (see
Fig. 2) for the same f. and A values, the average interference
signal power is significantly lower in SFN mode (see Fig. 3).
This disparity leads to an improvement in SINR in SFN mode
compared to UC mode, although the values of f. and X are
identical between the two modes.

Turning now to analysis of the impact of f. on p. in
Fig. 1, it’s worth noting that as f. increases from 1.6 GHz
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FIGURE 3. Average power of interference signals in UC and SFN modes,
for transmission power Py, = 0.5 W, two BS density values A =

0.25 BS/km? and 2 BS/km?, and three carrier frequencies (f.;= 1.6 GHz,
fco=2 GHz, and f.3= 2.4 GHz).

to 2 GHz and then to 2.4 GHz, a slight decrease in p.
is observed for both values of A taken into account. This
trend can be explained by the fact that, in both transmission
modes, the average power of the received useful signal
decreases in line with the decrease in the average power of
the interfering signals (see Fig. 2 and 3), thus maintaining a
certain constancy in the SINR. This stability is reflected in a
limited variation in p. when f, is modified.

With regard to the increase in A from 0.25 BS/km?
to 2 BS/km?, the results in Fig. 1 show that this variation does
not significantly affect p. in UC mode. This observation can
be explained by the fact that the average power of the received
useful signal increases in a manner comparable to the increase
in the average power of the interfering signals. This attenuates
the increase in SINR, leading to a limited variation in p. as
A increases in UC mode. In SFN mode, on the other hand,
A has a significant impact on p. (Fig. 1), where we can see
that the greater the A, the higher the p.. This difference can
be explained by the fact that in SFN mode, the average useful
power received increases more significantly than that of the
average interference power.

Let us now compare p. between UC and SFN transmission
modes, focusing on a high SINR requirement (y = 10 dB),
as illustrated in Fig. 1. We can see that UC mode offers
limited coverage, below 30%, whatever the values of X
and f.. By contrast, SFN mode proves more advantageous,
particularly when A is higher. For example, for a density of
0.25 BS/km?, the SFN mode offers a coverage probability
varying between 67% and 83% (67% for f.3, 73% for
fe2, and 83% for f.1). With an increase in BS density
to 2 BS/km?, a 100% coverage probability is guaranteed,
irrespective of f.. Thus, the results in Fig. 1 to 3 highlight
the effectiveness of synchronized transmission in SFN mode
in reducing interference and increasing coverage, particularly
in dense network deployments. These findings suggest that
synchronization and inter-cell cooperation via SFN mode
should be considered systematically to cope with network
saturation in critical scenarios.
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B. STRATEGY FOR IMPROVING THE COVERAGE
PROBABILITY OF THE UC MODE BY BEAMFORMING

We now turn to strategies for improving the coverage
probability p. in conventional UC mode beyond the limits
reached for all values of f; and A. To do this, we evaluate the
conventional UC mode in combination with beamforming,
characterized by a linear antenna array consisting of M anten-
nas per sector of tri-sector BSs. Note that the simulations
in Fig. 1 to 3 were performed with a single antenna per BS
sector. Fig. 4 to 6 examine the impact of using 8 antennas
(M = 8) on p., the average power of the useful signal
received, and the average power of interference signals,
respectively. These results allow us to better understand the
advantages of beamforming over conventional UC mode,
as well as to compare this approach with SFN mode,
enriching our ability to develop solutions that guarantee
reliable mass transmission.

—o—f_, M=8|]

30 40 50

T [dB]

FIGURE 4. Coverage probability (pc) in UC (with and without
beamforming) and SFN modes, as a function of target SINR (T), for
transmission power Py, = 0.5 W, BS density ) = 0.25 BS/km?, and three
carrier frequencies (f;;= 1.6 GHz, f.,= 2 GHz, and f 3= 2.4 GHz).

Fig. 4 clearly shows the benefits of beamforming over
conventional UC mode, for A = 0.25 BS/km?. More
precisely, there is an increase in p. from M = 1to M =
8, mainly due to the increase in the power of the useful
signal received, accompanied by a significant limitation of
the increase in the average power of interference signals,
as illustrated in Fig. 5 and 6 for the three f. values. These
improvements in SINR contribute strongly to the increase
in p. in UC mode with beamforming when M is increased.
However, it is important to note that even with M = 8§,
transmission in SFN mode remains more relevant to ensure
better coverage.

Let us now compare p. between the two modes for a target
SINR (T') of 10 dB (Fig. 4). We see that in the case of UC
mode, p. varies from less than 30% for M = 1, to between
52% and 57% for M = 8 (52% for f.3, 54% for f.», and
57% for f.1). However, SFN mode is still more advantageous
than UC mode, even with 8 antennas per sector, guaranteeing
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FIGURE 5. Average power of the useful signal received in UC (with and
without beamforming) and SFN modes, for transmission power Py, =
0.5 W, BS density A = 0.25 BS/km?, and three carrier frequencies (f; =
1.6 GHz, f.,= 2 GHz, and f 3= 2.4 GHz).

coverage of between 60% and 80% depending on the f,
value. This observation confirms the effectiveness of the SFN
technique in reducing total interference compared with the
UC mode, in line with the results of Fig. 1 to 3. In summary,
this finding remains valid even when the UC mode is used
with beamforming, as illustrated in Fig. 4 to 6.
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FIGURE 6. Average power of interference signals in UC (with and without
beamforming) and SFN modes, for transmission power Py, = 0.5 W,

BS density A = 0.25 BS/km2, and three carrier frequencies (f.;= 1.6 GHz,
fco=2 GHz, and f.3= 2.4 GHz).

C. IMPACT OF TRANSMISSION POWER ON COVERAGE
PROBABILITY IN UC AND SFN MODES

We now evaluate the impact of P, on p., as illustrated in
Fig. 7, while maintaining a BS density A = 0.25 BS/km?,
similar to that considered in Fig. 4 to 6. Fig. 7 explicitly
highlights that an increase in Py from 0.5 W to 2 W results
in a significant improvement in p. in broadcast mode for all
three f. values, in contrast to UC mode where no significant
improvement in p. is observed above 0.5 W (for all three f,
values). Fig. 7 also highlights the p. improvements offered
by SFN mode when Py, is increased from 0.5 W to 2 W.
More precisely, comparing these gains for y = 10 dB, we see
that these improvements lead to coverage of between 60%
and 80% for P;, = 0.5 W, whereas for P;;, = 2 W, the
improvements are even more marked, varying between 80%
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FIGURE 7. Coverage probability (pc) in conventional UC and SFN modes,
as a function of target SINR (T), for BS density » = 0.25 BS/km?2, three
carrier frequencies (f.;= 1.6 GHz, f.,= 2 GHz, and f 3= 2.4 GHz), and two
transmission powers Py, = 0.5 W and 2 W.

and 94%, depending on the value of f.. Thus, SFN mode
transmission demonstrates its superiority over UC mode for
the provision of large-scale emergency alerts, this time from
an energy point of view. In this context, BSs provide better
coverage than UC mode when transmitting in SFN broadcast
mode, thanks to synchronization and cooperation between
BSs, while having the advantage of transmitting at lower
power.

50 —-m-UC, P,=0.05W

45t |- 4 =UC, Ptx=1W 1
1
a0} |-m-UC(M=8), P_=0.05W T

354 === UC(M=8), Ptx=1W

g 30| |—m—SFN, Ptx=0'05W E
%25- ——SFN, Ptx=1W 4
g 20 J—— } — & E T ]

S . - " -

—— E e
10 1
5 __-—l-----_-:i::::i::::#--.--.-
.
8.05 0.1 0.25 0.5 1 15 2 25
2
X [BS/Km?]

FIGURE 8. Average SINR (ymean) in conventional UC, UC with
beamforming (M = 8) and SFN modes as a function of BS density (1), for
carrier frequency fc=f_,, and two transmission power values (P;, =

0.05 W and 1 W).

D. AVERAGE SINR IN CONVENTIONAL UC, UC WITH
BEAMFORMING AND SFN MODES

We now focus on evaluating the system’s performance, using
the mean SINR (Yjneqn) as a criterion. The mean SINR is
defined as the average SINR value obtained from the 10*
Monte Carlo simulations. Fig. 8 shows the evolution of yeqn
as a function of BS density (1) varying from 0.05 BS/km?
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to 2.5 BS/km?, for carrier frequency f, = f., and two
transmission power levels (P, = 0.05 W and 1 W). It is clear
that increasing transmission power from 0.05 W to 1 W leads
to a significant increase in yjeqn, particularly in SFN mode,
compared to UC mode with beamforming (with M = 8),
and even more so compared to conventional UC mode, where
saturation sets in more quickly. For example, when Py, is
increased from 0.05 W to 1 W with A = 0.5 BS/km?, we see
an increase in Yeq, from 5.4 dB to 6.2 dB in UC mode, from
17.7 dB to 20.3 dB in UC mode with beamforming (with
M = 8), whereas in SFN, yjeqn increases from 31.9 dB to
40.6 dB.

On the other hand, by examining the ideal compromise
between average SINR (¥ueqn) and key system parameters,
such as BS density (1) and transmission power (Pyy), we find
that this compromise is reached for a certain threshold value
of A. Beyond this value, the eqn Shows no significant
improvement for the different modes. For example, for Py, =
0.05 W, we obtain a compromise close to the optimum for
A = 0.1 BS/km? in UC mode, A = 0.25 BS/km? in UC
mode with beamforming (with M = 8), and A = 0.5 BS/km?
in SFN mode. This observation highlights the importance
of the choice of BS density for achieving optimum system
performance, while underlining the distinct advantages of
conventional UC, UC with beamforming and SFN modes
under different deployment conditions.

E. SWITCHING THRESHOLD AS A FUNCTION OF BS
TRANSMISSION POWER FOR NORMALIZED SFN ZONE
SIZEp =1

Continuing our comparative analysis of transmission mode
performance, we now turn our attention to evaluating the
switching threshold (Nyc/Bc), defining the number of users
per BS beyond which broadcast modes (SFN and PTM)
outperform UC mode (with and without beamforming)
in terms of resource allocation. This evaluation is based
on SINR and resource allocation results obtained from
10* Monte Carlo simulations, each describing a random
distribution of BSs in the study area. The sensitivity of the
threshold number of users Nyc,pc to the variability of system
parameters is a fundamental issue, which we examine below
under different conditions.

Fig. 9 shows the switching threshold Nyc,pc as a function
of Py, varying from 0.05 W to 20 W, with different values of
M from 1 to 32, as well as a BS density A = 0.25 BS/ka,
a coverage requirement p, = 90% and a normalized SFN
zone size p = 1. These results highlight that increasing Py
from 0.05 W to 20 W leads to a reduction in the Nyc,/sc
threshold, reinforcing the value of switching to broadcast
mode (from SFN or PTM) for more efficient resource use.
As seen in Fig. 7 and 8, increasing P;, considerably increases
coverage and average SINR in broadcast mode, unlike in UC
mode, where the power of interference signals predominates
over the useful power received, thus limiting the improvement
in coverage and average SINR in UC mode. Thus, an increase
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FIGURE 9. Switching threshold (Nyc pc) for transition from UC mode
(with and without beamforming) to broadcast mode (SFN and PTM), as a
function of BS transmission power (P, ), for carrier frequency fc=f,,,

BS density A = 0.25 BS/km2, coverage requirement pc= 90 %, and
normalized SFN zone size p = 1.

in P, favors a faster transition to broadcast mode (SFN or
PTM), requiring fewer and fewer users to activate this mode.

Fig. 9 also highlights the fact that the switching threshold
Nyc/sc increases with M. In correlation with the results
in Fig. 4 to 6, increasing M leads to significantly higher
useful receive power (with little change in interference
power), which considerably improves SINR in UC mode with
beamforming compared with conventional UC mode. Thus,
the advantage of this mode is reinforced over the (SFN or
PTM) mode, and in other words, switching to broadcast mode
becomes less frequent as M increases, requiring a greater
number of users to activate this mode.

Analysis of the thresholds for the transition from UC mode
with beamforming (M = 8§, 16, 32) to PTM and SFN
broadcast modes reveals some striking developments. SFN
switching curves show lower thresholds than those leading
to PTM, indicating a faster transition and requiring fewer
users to activate SFN. This observation underlines the crucial
importance of the choice of broadcast mode between PTM
and SFN from a resource allocation point of view, taking into
account Py, and M.

Let us now focus on the analysis of Nyc,pc thresholds,
examining the cases of low and high transmission power Py, .
The results in Fig. 9 can be summarized as follows:

« For low power levels, such as, for example, P, = 0.1W,
switching to SFN mode requires at least 1 user per BS
when M = 1, 6 users when M = &, 8 users when
M = 16, and 10 users when M = 32. To switch to PTM
mode, more users are required: 5 when M = 1, 18 when
M = 8,26 when M = 16, and 33 when M = 32, all
requesting the same content.

o For high power levels, such as P, > 5 W, switching
to SFN mode requires only 1 user per BS, regardless of
M in UC mode. On the other hand, switching to PTM
mode requires more users as M increases: at least 3 users

1505



IEEE Access

M. Younes, Y. Louet: Enhancing Public Safety Through Dynamic Switching

per BS when M = 1, 9 users per BS when M = 8§,
13 users per BS when M = 16, and 17 users per BS
when M = 32.

F. SWITCHING THRESHOLD AS A FUNCTION OF
COVERAGE REQUIREMENTS FOR NORMALIZED SFN ZONE
SIZE p =1

It’s essential to emphasize that coverage requirements (p.)
play a central role in communications network planning,
as they significantly influence the threshold number of
users Nyc/pc required to switch from UC mode (with or
without beamforming) to broadcast mode (SFN or PTM).
The Nyc/pc thresholds shown in Fig. 9 are calculated to
meet a coverage requirement of 90% of users. Thus, any
change in this requirement will require recalculation of the
Nyc/pc thresholds, as illustrated in Fig. 10, which explores
the evolution of this threshold as a function of p,. for different
values of M.

30 | —@=UC(M=1)->SFN =-©@=-UC(M=1)->PTM
—»—UC(M=8)->SFN -P-UC(M=8)->PTM
25 |-l UC(M=16)->SFN -H-UC(M=16)->PTM
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a
>
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FIGURE 10. Switching threshold (Nyc,pc) for transition from UC mode
(with and without beamforming) to broadcast mode (SFN and PTM), as a
function of coverage requirement (pc), for carrier frequency fc=f,,

BS density A = 0.25 BS/km2, BS transmission power Pye= 0.5 W, and
normalized SFN zone size p = 1.

The need to adjust the SINR target value, particularly in
critical situations where signal quality must be maintained at
an adequate level, stems from the fundamental need to ensure
extensive coverage. This requirement is influenced by various
scenarios and deployment conditions where guaranteeing
safety remains a priority. The resulting considerations are
of paramount importance, as the determination of Nyc/sc
thresholds and the adaptation of the target SINR value in
response to channel conditions are both essential elements in
guaranteeing effective reception of the alert content stream
broadcast to users. These aspects are further explored in
Fig. 10, which shows Nyc/pc as a function of p. for a
BS density A = 0.25 BS/km?, a BS transmission power
P, = 05 W, and a normalized SFN area size p = 1.
Fig. 10 highlights that increasing the coverage requirement
Pe, expressed by reducing the target SINR, results in an
increase in the threshold Nyc/pc. This means that a stricter
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coverage requirement (high p.) imposes a lower target SINR
threshold in broadcast mode, delaying the switching phase to
this mode and requiring greater user participation to activate
this transition.

Furthermore, analysis of Nyc/pc transition thresholds for
different p., values, as illustrated in Fig. 10, reveals several
interesting conclusions:

o For a very high coverage requirement, such as, for
example, p. = 97%, SFN mode becomes more
advantageous than UC mode for a number of users per
BS ranging from 1 to 8, depending on the value of M in
UC mode. On the other hand, PTM mode becomes more
advantageous than UC mode as soon as there are 5 users
per BS when M = 1, 19 users per BS when M = 8§,
26 users per BS when M = 16, and 34 users per BS
when M = 32, all requesting the same content.

« For alower coverage requirement, such as, for example,
pe = 80%, SFN mode becomes more advantageous than
UC mode for a limited number of users per BS, ranging
from 1 to 3, depending on the value of M between
1 and 32 in UC mode. On the other hand, PTM mode
outperforms UC mode when the number of users per BS
is higher, i.e. at least 3 users per BS when M = 1,9 users
per BS when M = 8§, 12 users per BS when M = 16, and
15 users per BS when M = 32.
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FIGURE 11. Switching threshold (Nyc,gc) for transition from UC mode
(with and without beamforming) to broadcast mode (SFN and PTM), as a
function of as a function of BS density (1), for carrier frequency fc=f,,,
BS transmission power P, = 0.5 W, coverage requirement pc= 90%, and
normalized SFN zone size p = 1.

G. SWITCHING THRESHOLD AS A FUNCTION OF BS
DENSITY FOR NORMALIZED SFN ZONE SIZE p = 1
Continuing our analysis, we now examine the impact of BS
density on the switching threshold, varying its A value from
0.05 BS/km? to 8 BS/km?, as illustrated in Fig. 11. The
aim of this analysis is to assess how network densification
affects the sensitivity of different modes in terms of resource
allocation in the face of inter- and intra-cell interference.
The results underline a decrease in Nyc,/pc with increasing
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A, highlighting a greater interest in broadcast modes (PTM
and SFN) than in UC mode. This result can be explained
by the fact that, unlike UC mode, where SINR improvement
is restricted due to the increasing interference associated
with high A, PTM and SFN broadcast modes have the
advantage of improving worst-case SINR more significantly
with increasing A, while using fewer resources in broadcast
mode.

We now focus our attention on the analysis of Nyc/sc
switching thresholds, taking a close look at the scenarios
associated with low and high A. The results highlighted in
Fig. 11 can be summarized as follows:

o At low A, for example, A = 0.25 BS/km?, broadcast
modes (SFN and PTM) generally outperform UC mode
in terms of resource allocation, particularly in scenarios
involving low and high values of the threshold number
of users Nyc,pc. More specifically, switching can occur
at a low level of Nyc/pc, when M = 1 for UC
mode. On the other hand, this switching threshold
increases significantly with increasing M. For example,
the threshold rises from 10 users per BS when M = 8§,
to 13 users per BS when M = 16, and to 17 users per
BS when M = 32, all requesting the same content.

o Forahigh A, asin the case of A =4 BS/km?, SFN mode
becomes more advantageous than UC mode as soon as
there is at least one user per BS. As for PTM mode,
it becomes more advantageous than UC mode when the
number of users per BS reaches 3 for M = 1, 9 for
M = 8,13 for M = 16, and 16 for M = 32, with all
users requesting the same content.

H. SWITCHING THRESHOLD AS A FUNCTION OF BS
TRANSMISSION POWER FOR NORMALIZED SFN ZONE
SIZEp < 1

It should be noted that Fig. 9 to 11 depict an ideal scenario
where all BSs in the study area operate in all four transmission
modes (conventional UC, UC with beamforming, SFN,
and PTM). In this configuration, the coverage area of
BSs transmitting in SFN mode is assumed to encompass
the entire study area, representing a normalized value of
SEN area size p = ]\;\?% = 1. However, under more
realistic conditions, only a subset of BSs participates in
synchronized cooperative transmission in SFN mode. In this
case, BSs outside this zone can potentially generate harmful
interference. Taking these practical aspects into account in
a complex operational context complicates the situation,
which justifies the interest in evaluating Nyc/pc under more
realistic conditions. We extend this analysis by considering
different values of p, as illustrated in Fig. 12 and 13, to better
reflect the constraints and opportunities associated with a
practical implementation of the SFN broadcast mode.

Let us now focus our attention on Fig. 12, which compares
the switching threshold Nyc,pc as a function of P, for
different normalized values of SFN zone size (p = 0.1,
0.2, 0.5, 1), with the parameters . = 0.25 BS/km? and
Pe = 90%. The results show that when p is less than 1,
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FIGURE 12. Switching threshold (Nyc pc) for a transition from UC mode
(with and without beamforming) to broadcast mode (SFN and PTM), as a
function of Py, for fc=f.,, A = 0.25 BS/km?2, Pc= 90%, and different
normalized SFN zone sizes (p = 0.1, 0.2, 0.5, 1).

indicating that a group of BSs with a number Ngry less
than Npg perform synchronized transmission in SFN mode,
the switching threshold Nyc,pc decreases slightly with
increasing p. This observation confirms the advantages of
broadcast mode via SFN over UC mode, even when the SFN
zone does not cover the entire study area. This is because
conventional UC mode, where each BS in the study area
transmits independently, can lead to network congestion due
to inter- and intra-cell interference. In contrast, SEFN mode
with p less than 1 reduces this congestion while guaranteeing
efficient QoS for users, using fewer spectral resources.

In the analysis of the variation of the switching threshold
Nuyc/pc as a function of p for P, = 1W in Fig. 12, the main
results can be summarized as follows:

e For p = 0.1 (i.e. 10% of BS transmit in SFN), SFN

broadcast mode becomes preferable to UC mode (with
M = 8) when the number of users per BS exceeds 4.

e For p = 0.2 (i.e. 20% of BS transmit in SFN), SFN
broadcast mode is preferred to UC mode (with M = 8)
as soon as there are at least 3 users per BS.

e For p = 0.5 (i.e. 50% of BS transmit in SFN), SFN
broadcast mode is favored over UC mode (with M = 8)
as soon as there are at least 2 users per BS.

o PTM mode is favored over UC mode when there are at
least 3 users per BS in UC mode (when M = 1), or at
least 10 users per BS in UC mode (when M = 8), all
requesting the same content.

A closer look at the switching curves in Fig. 12 for
scenarios involving at least three users per BS reveals two
distinct situations, highlighting the need for a transition to
more spectrum-efficient broadcast modes:

o The first case occurs when P, is between 0.2 Wand 1 W,
marking the switch from conventional UC mode to PTM
broadcast mode.

« The second case occurs when p is greater than or equal
to 0.5 and Py is equal to 0.2 W, or when p reaches
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0.2 and Py, is between 0.5 W and 1 W. Under these con-
ditions, the transition from UC mode with beamforming
(M = 8) to SFN mode becomes imperative for optimum
use of available resources.

——UC(M=8)->SFN(p=0.1) [
—@-UC(M=8)->SFN(p=0.2)
—- UC(M=8)->SFN(p=0.5)
10" | —=k—UC(M=8)->SFN(p=1) | 4
/ -A-UC(M=1)->PTM
-+-UC(M=8)->PTM

0.05 071 0.‘25 075 ‘; ; 275 4 8
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FIGURE 13. Switching threshold (Nyc,gc) for a transition from UC mode
(with and without beamforming) to broadcast mode (SFN and PTM), as a
function of A, for fc=f,, P, = 0.5 W, pc= 90%, and different normalized
SFN zone sizes (p = 0.1, 0.2, 0.5, 1).

I. SWITCHING THRESHOLD AS A FUNCTION OF BS
DENSITY FOR NORMALIZED SFN ZONE SIZE p < 1

We conclude our study by examining, in Fig. 13, the impact of
A on the switching threshold Nyc/pc, maintaining the same
values of p as considered in Fig. 12. To do this, we vary A
in the range 0.25 BS/km? to 8 BS/km?, with the parameters
Py = 0.5 W and p, = 90%. The main conclusions drawn
from Fig. 13 can be summarized as follows:

« In the case of low BS density, such as A = 0.25 BS/km?,
we find that, for identical content demand, switching
from UC mode with beamforming (M = 8) to SEN
mode requires at least: 2 users per BS when p exceeds
0.5, 3 users per BS when p equals 0.2, or 5 users per
BS when p reaches 0.1. On the other hand, to make the
transition to PTM broadcast mode, it is imperative to
have at least 3 users per BS (when M = 1) or 11 users
per BS (when M = 8).

o For high BS density, such as A = 4 BS/km?, switching
from UC mode (with M = 8) to SFN broadcast mode
is feasible as soon as there is at least one user per BS,
whatever the value of p, which varies between 0.1 and
1. On the other hand, switching to PTM broadcast mode
requires at least 2 users per BS (when M = 1) or 10 users
per BS (when M = 8).

Finally, by analyzing the Nyc/gc curves for scenarios
involving at least three users per BS, we can identify two
distinct cases that require SFN or PTM to switch to broadcast
mode:

« The first case occurs when A is between 0.15 BS/km?

and 0.5 BS/km?. In this range, for a given content
demand, the transition from conventional UC mode
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(with M = 1) to PTM mode is imperative to optimize
the use of spectrum resources.

o The second case arises when the normalized SFN zone
size p reaches or exceeds 0.5, together with a BS
density A of 0.2 BS/km?, or when p equals 0.2 and A
equals 0.25 BS/km?, or when p is 0.1 and A reaches
0.4 BS/km?. In such configurations, for a given content
demand, it is imperative to switch from UC mode with
beamforming (M = 8) to SFN mode, for more efficient
use of available resources.

J. SUMMARY OF SIMULATION RESULTS

Evaluation of the four transmission modes (conventional UC,
UC with beamforming, PTM, and SFN), carried out using
10* Monte Carlo simulations, shows that the SEN mode
stands out thanks to its high coverage probability (p.) and
SINR, particularly in networks with high BS density (1) and
high transmission power (P;,), where its BS synchronization
effectively mitigates inter-cell interference. Conversely, con-
ventional UC mode provides the most limited coverage, while
UC mode with beamforming significantly improves coverage
without, however, reaching the performance of SFN mode.

The study also highlights the fact that the carrier frequency

(fc) mainly affects the UC mode with beamforming, whose
efficiency decreases at higher frequencies, while the SFN
mode remains the most resistant

Another crucial aspect of this analysis is the switching

threshold Nyc,/pc, which indicates the minimum number of
users per BS required to justify the transition from UC mode
(with or without beamforming) to broadcast modes (SFN
or PTM). Simulation results show that this threshold varies
significantly as a function of several system parameters (Pyy,
Ay Pes P, M):

e Nyc/pc decreases as transmitted power Py, increases,
as coverage and SINR increase faster with Py in
broadcast modes than in UC modes.

e Nycspc increases when the coverage probability
requirement p. increases, because the corresponding
SINR decreases faster with p. in broadcast modes than
in UC modes.

e Nyc/pc decreases as the BS density A increases,
as broadcast modes are less affected by interference than
UC modes.

e Nyc/pc increases when normalized SFN zone size p
decreases, due to SINR degradation in SFN mode.

e Nyc/pc increases as the number of antennas M
increases, because beamforming increases the useful
power received and reduces interference variations,
which improves SINR in UC. Furthermore, for a number
of antennas M > 8 in UC mode with beamforming,
Nuyc/pc is always lower in SFN mode than in UC mode.

K. LIMITATIONS AND SUGGESTIONS FOR FUTURE
STUDIES

Although this study reveals essential elements about the per-
formance of the four transmission modes, their scope remains
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limited to the specific simulation conditions, depending in
particular on the distribution and density of the BSs, the
channel model, and the carrier frequencies. For instance, our
results are based on simulations where BSs are randomly
distributed according to PPP in a 20 km? square area, using
carrier frequencies well below millimeter-wave (mmWave)
and terahertz. As such, these findings may not be directly
applicable to more complex urban environments, nor to 5G
mmWave and 6G networks, which often feature increased
heterogeneity, diversified antenna configurations, and more
complex interference.

In order to deepen and broaden the scope of our findings,
it would be useful to carry out further studies incorpo-
rating more diverse scenarios and network configurations.
This would include heterogeneous networks, simultaneous
delivery of different content, non-uniform BS distributions,
dynamically adaptable active BS densities, and propagation
models adapted to urban, suburban and rural environments.
Simulations that also take into account different cell types
(macro, micro and pico) would enable us to fine-tune the
performance of the four transmission modes in various mass
dissemination contexts.

VI. CONCLUSION

This article focused on the analysis of mechanisms to
ensure reliable and efficient transmission within dense
cellular networks, particularly in crisis or threat contexts.
We focused on improving public safety through the mass
dissemination of emergency downlink alert content, taking
into account both inter- and intra-cellular interference.
We examined the impact of various transmission modes,
including conventional UC, UC with beamforming, SFN,
and PTM, in real network environments characterized by
the random distribution of BSs according to a PPP-type
law. Our study analyzed in detail the performance of
these modes in terms of coverage probability and resource
utilization, providing recommendations for various scenarios
and deployment conditions. In addition, we examined two
distinct types of configurations: one in which the SFN zone
encompasses the entire study area, and another in which only
certain BSs in the study area, located around the point of
origin, contribute to SFN broadcasting. Our simulation results
confirm that broadcast transmission modes (SFN and PTM)
outperform UC mode in terms of resource allocation when the
number of users reaches a certain threshold. This threshold,
identified in various scenarios, shows notable sensitivity
to the variability of several key parameters, including the
transmission power of BSs, their density, the number of
antennas per sector, the normalized size of the SFN zone, and
coverage requirements. This study is of crucial importance in
guiding the design of future 5G and 6G networks, as it enables
the optimum transmission mode to be chosen from PTM,
SEN, conventional UC, and UC with beamforming, while
taking into account inter- and intra-cellular interference.
It is particularly relevant to meeting specific needs such as
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emergency alerts in dangerous situations, thereby improving
public safety.
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