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Abstract

5t Generation (5G) is providing a significant transformation in the mobile
network landscape. It introduces flexible and heterogeneous capabilities to
harmoniously blend numerous technical components since a variety of ad-
vanced services are being developed, each one entailing different require-
ments. For this reason, 5G does not have a single air interface, but rather a
family of air interfaces to adequately address specific use cases, all plugged
into a common framework. Nonetheless, the effective management of such
a broad diversity is an extremely ambitious goal to accomplish. To this end,
this work pursues the goal of investigating several cutting-edge management
techniques and simulation models for 5G & Beyond Radio Access Networks
(RANSs). Specifically, this thesis presents an open-source system-level tool to
model the key elements of the 5G RAN and support the performance analy-
sis of reference scenarios. Moreover, it examines NarrowBand [oT (NB-IoT),
which is usually regarded as a promising radio access technology to meet
the requirements of the 5G & Beyond development for the Internet of Things
(IoT). Finally, it addresses the RAN Slicing problem leveraging Edge Com-
puting and Artificial Intelligence (AI), which promise to turn future mobile

networks into service- and radio-aware infrastructures.
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Introduction

Legacy mobile technologies exploited one-size-fits-all approaches for the
RAN:Ss since data traffic was mostly human-driven and with similar key per-
formance metrics. However, the tremendous growth of mobile traffic, as well
as the emergence of a huge variety of extremely innovative use cases, impose
a wider range of performance requirements, thus requiring a significant level
of flexibility and scalability.

In this context, 5G mobile networks emerged to jointly support a large va-
riety of envisioned usage scenarios and support a number of new use cases
from vertical industries. For this reason, 5G does not have a single air inter-
face, but rather a family of air interfaces to adequately address specific use
cases, all plugged into a common framework. Moreover, to handle future
and unanticipated use cases, 5G is being designed with flexibility and exten-
sibility at its core. As a consequence, the integration of different components
in the 5G air interface is an extremely ambitious goal to accomplish. Hence,
there exists a massive number of research, standardization, and deployment
challenges. Among these, this Ph.D. thesis essentially deals with three main
topics.

First, it explores system-level simulation tools aiming at guaranteeing
long-lasting exploitation of scientific results and offering valid scientific and
technological support for the development and the diffusion of modern ser-
vice platforms built on top of 5G & Beyond communication infrastructures.
To this purpose, the research group belonging to the Telematics Lab of the Po-
litecnico di Bari developed an open-source simulation framework for the 5G
air interface, namely 5G-air-simulator, which is a valid instrument to study a
number of technical components already standardized by the 3" Generation
Partnership Project (3GPP), under investigation by other standardization en-
tities, or recently discussed in the scientific literature. Indeed, the simulator
already proved to be a valuable tool for different research activities; therefore,
a series of simulation campaigns for typical 5G scenarios are also explored.
For each of them, a theoretical description of the related technical compo-
nents is provided, along with main implementation details, the syntax used
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to perform the simulations, the steps to extract major Key Performance In-
dicators (KPIs), as well as the description of example use cases and related
reference results.

Second, this thesis investigates one of the first substantial differences with
previous cellular technologies through the study of a technology tailored to
the emerging IoT scenario, which truly represents a rupture with the past
of the traditional scenario of human-driven mobile traffic. In particular, the
NB-IoT radio access technology is a promising standard to meet the require-
ments of the future 5G & Beyond development for the IoT while reusing the
existing mobile infrastructure. For these reasons, it has been successfully
implemented in 5G-air-simulator to analyze its performance as well as in-
vestigate even more advanced use cases such as Non Terrestrial Networks
(NTNSs).

Third, and last, the present work seeks to deepen the study and lay the
foundations on those technologies that are not yet de-facto established in
current network deployments but which represent a very important starting
point for the evolution of 5G & Beyond networks, especially following the in-
crease of use cases and services offered through third-party verticals. Specif-
ically, Network Slicing in the RAN is emerging as a valid key enabler to sup-
port customized services on the top of shared infrastructure, but not without
difficulties due to the unpredictable nature of wireless resources. Based on
this premises, novel architectures to realize RAN Slicing are presented, also
leveraging both the Multi-access Edge Computing (MEC) paradigm and re-
cent Al techniques.

The remainder of this thesis is structured as follows. Chapter 1 introduces
5G & Beyond Radio Access Networks while focusing on the services and use
cases as well as the enabling technologies. Chapter 2 presents the 5G-air-
simulator, Chapter 3 thoroughly describes the NB-IoT radio access technol-
ogy, while Chapter 4 focuses on RAN Slicing. Finally, the future research

directions are presented in the Conclusions.



Chapter 1

Introduction to 5G & Beyond
Radio Access Networks

The first generation of mobile communication was born around the 1980s,
when analog transmissions were the effective means to offer voice services
and mobile equipments were large and extremely power-hungry [1]. To
make matter worse, roaming was impossible and security simply did not ex-
ist. The 1990s saw the introduction of digital transmission technologies with
the second generation of mobile communication, whose Global System for
Mobile communications (GSM) just scratched the surface. 2G technologies
were entirely digital, hence the voice signal was digitized, compressed, and
encrypted before the actual transmission. Still, it was only with the introduc-
tion of the General Packet Radio System (GPRS) that a packet-switched data
connection was introduced. Then, the Enhanced Data rates for GSM Evolu-
tion (EDGE) technology further improved the GPRS with higher through-
puts. Nonetheless, data and voice services were mutually exclusive. As
a consequence, the third generation of mobile communication, also called
3G, was introduced in the early 2000s with the High-Speed Packet Access
(HSPA) representing the leap forward to high-quality mobile broadband for
experiencing fast internet access. The 4™ Generation (4G) era of mobile com-
munication, represented by the Long Term Evolution (LTE) Radio Access
Technology (RAT), has followed in the steps of HSPA, providing higher effi-
ciency and further enhanced mobile-broadband experience in terms of higher
achievable end-users data rates. Despite their impressive capabilities, LTE
and its evolutions (i.e., LTE-Advanced and LTE-Advanced Pro) eventually
tend to prioritize one or few KPIs above all the others, hence some emerging
use cases cannot be adequately addressed. This led to the urgent necessity of
a new generation of mobile communication: 5G.

In the following, Section 1.1 describes a wide range of advanced 5G ser-
vices and use cases. Then, Section 1.2 provides several details on the new
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radio air interface, standardized by 3GPP and developed for adding novel
features. Section 1.3 describes several technologies that drove architectural
and component disruptive design changes. The key ideas for each technol-
ogy are described, along with their impact on 5G. Finally, in Section 1.4, the
research challenges deeply analyzed in the rest of this thesis are briefly pre-
sented.

1.1 An Overview of 5G Services

Probably, the most important difference between 4G and 5G lies in the ex-
pected set of use cases, which motivates the corresponding design criteria
and performance requirements. Figure 1.1 illustrates some examples of envi-

sioned usage scenarios for 5G and beyond.
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FIGURE 1.1: Examples of typical 5G usage scenarios [2].

In the case of 4G, data traffic was expected to be mostly human-driven
[3], with some degree of differentiation among flows, e.g. streaming, file
transfer, Voice over IP (VoIP). However, the key performance metrics were
similar: throughput, delay, spectral efficiency. This fundamental similarity
inspired a one-size-fits-all approach for the radio access network, which is
designed to support as many of these requirements as possible.

Conversely, the 5G also deals with many data flows that do not involve
any direct human intervention, such as IoT devices and connected vehicles

[4]. These may have very different requirements from one another, and also
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with respect to 4G. Figure 1.2 illustrates the key capabilities of 5G (IMT-2020),
compared with those of 4G (IMT Advanced).
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FIGURE 1.2: Enhancement of key capabilities from 4G to 5G [2].

Moreover, even human-based data exchange could have radically differ-
ent requirements compared to LTE. This is the case, for instance, with virtual
reality, where extremely low latency and reduced jitter are definitely more
important than maximizing the throughput [5]. Due to this extreme vari-
ation of the requirements, it is not possible anymore to support everything
with a single solution. For this reason, 5G does not have a single air interface,
but rather a family of air interfaces dedicated to specific use cases, all plugged
into a common framework [6]. Moreover, to handle future and unanticipated
use cases, it is being designed with flexibility and extensibility at its core. In
order to give a general idea of the aforementioned requirements” heterogene-
ity, the rest of this Chapter will first describe some of the main use cases and
the corresponding KPIs, and then it will briefly explain the essential 5G air
interface features as standardized by 3GPP.
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1.1.1 enhanced Mobile Broadband

eMBB generally refers to use cases related to human-based Internet activ-
ity that are already common in 4G networks. It embodies practices such as
streaming videos, downloading files, browsing the web, performing VoIP or
video calls [7]. In most cases, there is a need to download large amounts
of data to perform a task. Sometimes, instead, large files need to be up-
loaded online, e.g., for cloud storage. Either way, the most critical perfor-
mance metric for the end-user is the perceived connection speed because if
it is too low, any operation will take a long time, hence reducing the user
experience. Therefore, the connection speed should be as high as possible,
and should also remain sufficiently high for a long time and in extended ar-
eas, to give a sense of reliability. Besides, from the operator’s perspective,
it is crucial to offer the service to as many users as possible. This means
that the aggregated throughput supported in a given area should be notably
high. The most effective way to reach this goal is to make efficient use of
the available resources, e.g., by maximizing spectral efficiency. According to
some estimates for the coming years, the user data rates required for satis-
factory user experiences are in the range 50-100 Mbps, which translates to a
traffic density of tens of Gbps/km? and a spectral efficiency of hundreds of
bps/Hz [8].

1.1.2 massive Machine Type Communications

The IoT is growing steadily, approaching 11 billion devices [9]. Communi-
cations involving these connected objects are usually referred to as Machine-
Type Communication (MTC), but since their number is so high (and grow-
ing), this use case is often called massive Machine-Type Communications
(mMTC). Using cellular networks is an attractive option to provide IoT de-
vices with Internet connectivity, because of their widespread deployment
and reliable operation. However, current networks are not entirely suited for
this use, as they mainly focus on throughput and spectral efficiency. Instead,
connected things have different needs.

The majority of these devices are sensors that periodically make measure-
ments and send data to a server, so transmission is largely uplink-dominated.
They also need to operate from a battery for a very long time, up to 10 years,
because replacing batteries frequently for so many devices is expensive (es-
pecially in terms of human work) and inconvenient. Coverage is also an is-

sue: IoT devices may be placed in hard-to-reach places, such as basements or



1.1. An Overview of 5G Services 7

underground pipes, where cellular signal is weak or missing. To this end, the
communication technologies oriented towards IoT applications may need a
coverage enhancement, in terms of Maximum Coupling Loss, ranging from
10 to 20 dB, when compared to current networks [10]. Finally, supporting a
very large number of devices connected to the same cell may prove difficult,
as they may be orders of magnitude more numerous than human users [11].

Chapter 3 will thoroughly present the NB-IoT technology, which has been
conceived to addresses the requirements of MTC devices.

1.1.3 Ultra Reliable and Low Latency Communications

In the past, communication networks have been engineered focusing on im-
proving network capacity while overlooking latency or reliability. Achieving
Ultra-Reliable Low-Latency Communications (URLLC) represents one of the
major challenges facing 5G networks, targeting milliseconds latency (or even
lower in Beyond 5G) [12]. The stringent requirements call for a paradigm
shift from reactive and centralized networks to massive, low-latency, ultra-
reliable, and proactive 5G networks. In particular, a number of enabling tech-
nologies (and above all their management and orchestration) are needed to
fully realize URLLC: short frame structure (hence short Transmission Time
Intervals (TTIs)), Hybrid Automatic Repeat reQuest (HARQ), flexible re-
source allocation, multi-connectivity, robust channel coding, data replication,
edge caching and computing are just some cases in point.

Moreover, this scenario is intended to enable many new applications,
while covering both human- and machine-centric communications. For in-
stance, URLLC enables haptic feedback and real-time sensors for remote
surgery, Tactile Internet, and wireless control of industrial equipment in In-
dustry 4.0, as well as XR (augmented, virtual and immersive reality). Other
examples may include Vehicle-to-Vehicle (V2V) communication involving
safety.

1.1.4 Vehicular to Everything

Vehicle-to-Everything (V2X) refers to scenarios where moving vehicles are
involved [13]. In this field, numerous exciting applications are possible. One
of them is infotainment, where an Internet connection is utilized to pro-

vide both entertainment content for passengers and valuable information
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for the driver, such as traffic and weather forecasts [14]. The technical re-
quirements would be similar to the eMBB use cases, with the added com-
plication of mobility and possible signal drops. Assisted and autonomous
driving, where the vehicle can autonomously perform some maneuvers or
adjustments, based on available information about the immediate surround-
ing, is a different application [15]. In this case, the fundamental features of
the underlying communication system are more related to URLLC, to enable
timely responses from the assisted driving unit [16]. Very high-speed trains
is yet another V2X application, where broadband performance is impaired
and shows the use of predictor antennas as a possible solution.

1.1.5 Broadcast/Multicast Services

Even though communications are increasingly becoming personalized, there
are additional cases where either a one-to-many or a one-to-all distribution
model is appropriate. Moreover, the wireless medium is naturally a shared
one, and multicast/broadcast schemes are the best way to take advantage of
this feature [17]. Notable applications of this idea include video broadcasting
in social events such as concerts and sports matches, local emergency warn-
ings for dangerous weather conditions, and large-scale firmware updates for
IoT or automotive devices [18].

The main objective for these scenarios is to achieve extensive and consis-
tent coverage. However, this has to be balanced with throughput, since a
higher transmission rate (achieved via higher modulation orders and code
rates) makes the reception more challenging for cell-edge users. When mul-
tiple cells are involved, they need to be tightly synchronized, and managing
multiple partially overlapping broadcast areas may become difficult. More-
over, the network should have means to detect the presence of users inter-
ested in the same content, to decide whether a multicast transmission is ap-
propriate, and to establish it on the fly. This is clearly reflected in the fact
that LTE has supported a usable broadcasting feature since Release-9, that is
the MBSFN [19]. Although 3GPP Release 15 only supports unicast delivery,
work is ongoing in Release 16 and the introduction of multicast/broadcast
in 5G NR is expected to start in Release 17 for offering new opportunities
beyond the capabilities of the previous generation mobile broadcasting [20].
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1.1.6 Non Terrestrial Networks

NTNs are expected to have a primary role in 5G & Beyond networks [21].
Thanks to its ubiquity capabilities and the robustness against natural dis-
asters, Satellite Communication (SatCom) fosters network spread in a cost-
effective way, by delivering connectivity where telecommunication infras-
tructures are lacking (i.e., oceans, forests, and deserts). Such a cutting-edge
connectivity model can naturally provide backup links in case of network
failures. Moreover, it offers additional connections to offload terrestrial net-
works, while preserving the performance of specific loss or delay-sensitive
applications. At the same time, it strongly promotes the scalability of mobile
networks, since satellites easing allows possible future further expansions
of current 5G deployments. For these reasons, SatCom results particularly
effective for MTC scenarios, especially when a huge number of low-cost de-
vices need connectivity in large areas not covered by terrestrial networks.
Here, the main challenge is to allow connectivity to a massive number of
devices that can have some design constraints or conflicting KPIs, including
extended battery lifetime and long transmission range. Interesting deploy-
ment for NTNs are expected to use Low Earth Orbit (LEO) satellites because
of their reduced cost and experienced round trip time with respect to other
kinds of satellites (e.g., GEO) [22].

1.2 3GPP New Radio

The 3GPP is a global standard development organization and has been de-
veloping 5G New Radio (NR) over the past few years. The expectation is
that 5G NR is a totally new air interface that can operate alongside 4G LTE.
However, differently from previous generations, the essential enhancement
of 5G with respect to 4G is not only the ability to handle much faster data
rates and to provide higher capacity for users. In fact, key NR features in-
clude advanced antenna technologies, spectrum flexibility, operation in high-
frequency bands, dynamic Time Division Duplex (TDD), and support for low
latency. In addition, achieving the 5G expectation, it is essential that 5G NR
must be able to deliver numerous and varied services across a different set of

devices with different performance and latency needs.
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1.2.1 Release 15

Release 15 is the first-ever 5G-compliant standardization work conducted to
produce the initial NR specifications. In this initial NR specification, drafted
from the beginning of 2017 to 2019, the target objectives were set to specify
the functionalities for eMBB and to lay the cornerstones for providing Ultra
Reliable and Low Latency Communications.

NR is the first mobile radio technology that is designed to operate on
any frequency band between 450 MHz and 52.6 GHz. The lower bands are
needed for coverage, while the higher bands will provide high data rates and
capacity. Specifically, 3GPP defines two frequency ranges: the first one (Fre-
quency Range 1) covers the frequencies between 450 MHz and 6 GHz range,
whereas the second one (Frequency Range 2) refers to the frequencies within
the 24.250-52.600 GHz interval. These frequency ranges are commonly re-
ferred to as sub-6 GHz and millimeter-wave, respectively. According to the
specifications [23], the initial 5G deployments use TDD between 2.5 and 5.0
GHz, Frequency Division Duplex (FDD) below 2.7 GHz, and TDD at mil-
limeter wave at 24-39 GHz. As it happened with the LTE development, it
can be expected that there will be several new 5G operating bands and chan-
nel bandwidths in forthcoming 3GPP releases.

After the evaluation of new candidates to 5G waveforms, the Orthogonal
Frequency Division Multiplexing (OFDM) was chosen, as its performance
has been proven in LTE over the last years. However, it has been further
optimized to tackle the strict 5G requirements and enabling lower latency
compared to the 4G version. In LTE, OFDM subcarriers have a fixed spacing
of 15 kHz, and 12 subcarriers in the frequency domain define the basic ra-
dio resource, namely the Resource Block (RB). Although also in 5G a RB has
12 subcarriers, 3GPP introduces in the NR standard the idea of flexible nu-
merology, characterized by a set of supported subcarrier spacings and cyclic
prefixes [24]. Specifically, Release 15 supports spacing equal to 15 (as in LTE),
30, 60, 120, and 240 kHz, i.e., RBs of 180, 360, 720, 1440, and 2880 kHz width,
respectively. While all these spacings support the normal cyclic prefix length,
only 30 kHz spacing also supports the extended one, thus accounting for a
total of 6 different supported numerologies. It is worth mentioning that 240
kHz subcarrier spacing is only used for synch and it does not support data
transmission. [25]

In the dime domain, NR tries to maintain certain backward compatibility
with LTE. As a consequence, similarly to LTE, the NR frame is 10 ms long,
and it is composed of ten subframes of 1 ms each. Nonetheless, according
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to the chosen numerology, each subframe is split into a variable number of
slots, which increases with the subcarrier spacing. In accordance, the slot
length is smaller for higher spacings. Each slot then contains a fixed number
of OFDM symbols: 14 symbols for the normal cyclic prefix length and 12 for
the extended one. This architecture enables a flexible NR frame structure,
allowing different number of slots per subframe, as well as varying OFDM
symbol and slot lengths, as shown in Figure 1.3.

Slot (14 symbols)
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FIGURE 1.3: Scalable OFDM slots ensuring symbol-wise and
slot-wise alignment in time domain [26].

To address scenarios characterized by rapid per-cell traffic variations, NR
defines dynamic TDD, that is the possibility for dynamic assignment of re-
sources between the downlink and the uplink transmission directions. In
other words, the number of uplink and downlink slots in a frame may be
changed according to the traffic demands of downlink and uplink directions.
In addition, the resource scheduler, which is in charge of conduct this dy-
namic assignment, works on a per-slot basis, instead of the per-subframe
basis typical of LTE, hence with a finer grain.

An additional level of flexibility in NR is achieved with the concept of
BWP (see Figure 1.4), which is a subset of the total bandwidth of a cell. In
particular, a user can be configured to support one or multiple BWPs, even
though only one can be active.
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FIGURE 1.4: Use of BWP to enhance 5G flexibility [27].

This is done essentially for three main reasons. First, in order to maintain
the hardware of the user devices at a reasonable level of complexity, since op-
erating bandwidth of NR is much higher compared to LTE (up to 100 MHz
and 400 MHz for sub-6 GHz and millimeter-wave, respectively). Second,
for multiplexing different numerologies in the frequency domain, in order
to support various traffic types with different requirements. Third, visionar-
ily, to permit the coexistence of different, unknown, and/or still unspecified
technologies.

Thanks to many of the features discussed above, Release 15 also sup-
ports and assists usage scenarios for mission-critical services that require
extremely low latency and high reliability. As mentioned earlier, low la-
tency is implemented by using a wide subcarrier spacing and reducing the
number of OFDM symbols used for data assignment, e.g., a mini-slot can
be used to support these services. With reference to the latter example, NR
also defined procedures to enable what is called punctured scheduling in the
downlink direction [28]. Specifically, low latency may be achieved by punc-
turing the resources already assigned to other traffics while informing the
affected users, in case of a sudden need for resources by a prioritized flow.
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On the other hand, to implement high reliability, new modulation and cod-
ing schemes are specified to support even lower signal ratios. As a matter of
fact, while LTE uses Turbo and convolutional coding, NR adopts Polar Codes
for control channels and Low Density Parity Check (LDPC) coding for data
channels, which can offer lower complexity, especially at higher code rates,
and better performance for small packet sizes. In addition, while LTE can
utilize QPSK, 16QAM, and 64QAM modulation schemes, NR may use up to
256QAM, hence increasing throughput and spectral efficiency.

Massive MIMO is another of the key enabling technologies for 5G and it
has been part of NR specifications and deployments from the beginning. Dif-
ferently from the MIMO systems in current 4G standards, Massive MIMO is
based on 2D active antenna arrays with a large number of antennas at base
stations. This bidimensional structure implies that the radio signal on both
vertical and horizontal planes can be controlled simultaneously through a
mechanism called 3D beamforming, which can increase spectral efficiency
and network coverage substantially. These advancements allow using cod-
ing techniques for significantly mitigating the interference between nodes.
Nevertheless, such benefits can only be guaranteed if perfect channel knowl-
edge is available at the base station. For this reason, several design challenges
need to be considered to implement Massive MIMO in practical systems, as
deeply discussed in Chapter 2. Release 15 supports up to 256 antenna ele-
ments on base stations and up to 32 antenna elements on terminals. With
this configuration, the downlink supports single user MIMO transmission
with up to 8 layers and multi-user MIMO transmission with up to 12 layers,
whereas the uplink supports single-user MIMO transmission with up to 4
layers. It is important to note that Massive MIMO and beamforming are as-
sumed throughout the specifications not only for data transmission but also
for several other aspects, e.g., reference signal structure, beam management,

initial access, scheduling, and HARQ retransmission.

1.2.2 Release 16

A big part of the focus of Release 16 is addressing more vertical segments
with respect to the use case expected by Release 15, e.g., transportation in-
dustry, factory automation, and power distribution, hence covering V2X and
mMTC. First of all, Release 16 provided several enhancements to already
standardized features, like MIMO with Multiple Transmission Point(Multi-
TRP) for the provision of high reliability and robustness of connection thanks
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to the increased diversity, and a two-step RACH, for reducing the delay of
the traditional four-message random access operation. Second, it introduced
completely new topics, i.e., Integrated Access and Backhaul (IAB) [29] and
NR-Unlicensed (NR-U) [30]. IAB allows part of the radio access spectrum re-
sources to be used for backhaul transmission, hence enabling a cost-effective
deployment option, especially in contexts where a fiber infrastructure is lack-
ing. Instead, the possibility offered by enabling 5G operations in unlicensed
spectrum with NR-U, allows to achieve coverage extension as well as to sup-
port higher bandwidth operation, hence boosting the performance. At the
same time, fair coexistence can be ensured with the wireless technologies
which have been already deployed in the 5 GHz band, e.g., Wi-Fi and LTE-
based Licensed Assisted Access.

1.2.3 Release 17

As for the key directions for Release 17, they are mainly the work on fre-
quency bands higher than 52.6 GHz and up to 114 GHz, as well as Cover-
age Enhancement [31]. Moreover, work items include solutions for NR to
support NTNs and Unmanned Aerial Vehicles (UAVs) [22]. In addition, sev-
eral other themes include broadcast and multicast services, enhancements to
support edge computing, sidelink relay, support for Multi-Subscriber Iden-
tity Module devices, and enhancement for private networks and Quality of
Experience (QoE).

It is worth noting that the timeline of this new release has been affected by
the COVID-19 pandemic, which resulted in a three-month shift of schedule
[32].

1.3 5G & Beyond Enabling Technologies

1.3.1 NFV and SDN

Legacy networks mostly rely on proprietary appliances as well as various
network devices that are usually purpose-built. This led to the network os-
sification problem, which prevents the operation of service additions and
network upgrades [33]. In order to cope with this issue (and also reduce
CAPEX and OPEX), virtualization has emerged as an approach to decouple
the software networking processing and applications from their supported
hardware, hence allowing network services to be softwarized. Leveraging
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virtualization technologies, ETSI proposed Network Function Virtualization
(NFV) to virtualize the Network Functions (NFs) that were previously imple-
mented in proprietary dedicated hardware [34]. In other words, NFV is the
relocation and management of NFs (e.g., firewall, NAS, DHCP server, proxy,
gateway) in general-purpose devices.

In parallel with NFV rose the Software-Defined Networking (SDN),
which is a recent trend in communications networking whereby the behav-
ior of network equipments is controlled by a logically centralized controller.
Note that the SDN controllers can retrieve useful information from network
elements through standardized protocols (i.e., OpenFlow, RESTCONF, etc.)
[35]. In essence, SDN decouples the data and control planes by using soft-
ware components responsible for managing the control plane, therefore re-
ducing hardware constraints. As a consequence, it allows a split between
control and data planes, hence introducing swiftness and flexibility in 5G
networks in a way that would have been unthinkable before [36].

1.3.2 Multi-Access Edge Computing

The traditional centralized network architecture cannot support the expo-
nentially growing traffic due to the heavy burden on the backhaul links
and long latency. Furthermore, mobile users mostly have limited storage
and processing capacity, hence running compute-intensive applications on
resource-constrained users is still an important issue [37]. As a consequence,
the MEC paradigm emerged as a promising solution to provide cloud com-
puting and caching capabilities at the edge of cellular networks. Particularly,
MEC servers are deployed at the network edge to offer intensive comput-
ing and memory capabilities in the proximity of end-users, while guarantee-
ing reliable and low-latency communication to the new heavy demanding
and real-time services [38]. According to ETSI-MEC specifications [39], MEC
servers can be directly colocated with the Base Stations, or deployed at ag-
gregation points and/or at the edge of the core network. MEC servers, in
addition, limit network congestion by processing data directly at the edge,
instead of forwarding a big amount of data to the cloud. This particularly
applies to MEC servers co-located with 5G Base Stations, which can provide
computational capabilities as close as possible to end-users and capture in-
formation for further purposes (e.g., data analytics and big data processing).
The servers are monitored, configured, and orchestrated by the Multi-access
Edge Orchestrator, which represents a fundamental entity of the ETSI-MEC
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reference architecture, included in the MEC system-level management [40].
To this end, SDN controllers continuously interact with the orchestrator (and
with the rest of the network) for monitoring several parameters, e.g., the
computational resources the users’ request, the number of resources exposed

and/or available in each MEC server.

1.3.3 Network Slicing

5G mobile networks promise to jointly support a large variety of applications
that present different QoS requirements, traffic patterns, and radio resource
usage. In this context of effective service differentiation, Network slicing
emerged as an effective design paradigm, fostered by SDN and NFV. Accord-
ing to 3GPP specifications [41], a slice instance represents a set of network
functions and related resources that are arranged and configured in a logi-
cal network to meet certain network characteristics. As a consequence, Net-
work Slicing allows the creation of network segments, dedicated to the pro-
visioning of specific services with their own Service Level Agreement (SLA)
and QoS requirements, while enabling data and control plane functionalities
to be programmable and auto-configurable [42]. The design of each slice is
service-based, as it is steered by the requirements of a particular service [43].
In other words, the slice appears as a virtualized and independent portion of
the overall network, configurable through a service-based approach.
Moreover, Network Slicing is emerging as a valid key enabler to sup-
port customized network services on-demand, permitting multiple vertical
industries to execute their solutions on the top of shared infrastructure and
accommodating heterogeneous services [44]-[47]. Typically, the slice Tenants
(TNTs), i.e., the customers from vertical industries, have a vision of the un-
derlying infrastructure as a virtualized entity of which they have, at least
partially, control and which they can configure and operate independently
[42]. While the Infrastructure Provider (IP) still represents the owner of the
resources employed for each slice, a slice TNT is allowed to use those re-
sources, install its own applications, hold its own data, and enable its pre-
ferred security policies. To this end, a TNT declares some communication
service requirements to the IP. In turn, the IP configures the corresponding
network slice instance, whose preparation phase includes the on-boarding
and verification of network function products and the necessary network en-
vironment. From this moment on, the TNT can dynamically allocate the re-
sources belonging to the aforementioned slice to the served mobile users (i.e.,
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the task offloading within a specific slice). Moreover, TNTs should have the
ability to adapt their slice requests to their users’ requirements in real-time,
dodging additional expenses due to the problem of resource overbuying.
Thus, the slice request generation, i.e., when each TNT declares its desired
slice configuration to the IP, clearly becomes crucial [48]. Note that in com-
plex deployments, where heterogeneous services are offered through differ-
ent slices, the proposed approach can be replicated for each slice. Indeed, the
most common slicing scenario includes a single IP and several independent
TNTs that provides advanced network services [49].

Overall, Network Slicing promises to open new business models for all
the interested stakeholders, while intensifying the collaboration among all
the involved parties and keeping their requirements distinct [50], [51]. On
the one hand, in fact, the IP should manage and accept resource requests
issued by TNTs, without having access to their most significant data. On the
other hand, TNTs should be able to submit their requests, without having
complete comprehension of the network itself.

1.3.4 Network Intelligence

As it should be clear by now, 5G mobile networks are definitely characterized
by a large increase in the heterogeneity of the supported services and explo-
sive growth of communication traffic. This expanding complexity made the
management and the monitoring of the multitude of network elements al-
most intractable [52], [53]. For this reason, Machine Learning (ML) has been
recognized as essential for solving complex problems in current and future
generations of mobile systems [54], [55]. In particular, ML is the branch of Al
that investigates algorithms able to learn and improve their experience and
performance over time directly from data examples, without being explic-
itly programmed. Thanks to ML, a system can scrutinize data and deduce
knowledge. In other words, hidden patterns in the training data are iden-
tified and used to analyze unknown information and drive the execution of
a given task. Typically, these tasks include classification, prediction, and/or
clustering [56]. ML is conventionally divided into three categories, based on
both the type of available data and the problem goals. Supervised learning
is a machine learning task that aims at learning to build a statistical model
for predicting or estimating an output based on one or more inputs by us-
ing labeled data. Unsupervised learning aims to learn a function to describe a
hidden structure from unlabeled data or an undefined and unspecific output
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Reinforcement Learning (RL), i.e., the agent aims to optimize a long term ob-
jective by interacting with the environment based on a trial and error process
and learning from past experience.

Deep Learning (DL) further improve ML capabilities employing neural net-
works, that mimic biological nervous systems (hence their name). In addi-
tion, the combination of DL and RL techniques produce Deep Reinforcement
Learning (DRL) algorithms: the agents exploit neural networks to obtain the
optimal policy [54], [57].

Overall, the motivations to adopt ML techniques in mobile networks are

numerous:
* developing low-complexity algorithms for resource allocation;

¢ overcoming the lack of network information/knowledge;

facilitating self-organization capabilities to reduce CAPEX and OPEX

* reducing signaling overhead;

learning robust patterns and avoiding unsatisfying heuristics.

Furthermore, ML may be applied to several themes to improve traditional
performance, including, but not limited to, Networking (Routing, Switching,
Clustering), mobility management, Localization, power control, beamform-
ing, management of spectrum, backhaul, cache, and computation resources
[55].

1.4 Research Directions

5G mobile networks jointly support a large variety of applications, while sup-
porting various new use cases from vertical industries. This imposes a wide
range of performance and requirements and requires the network a tremen-
dously high level of flexibility and scalability. Accordingly, the number of
research, standardization, and deployment challenges is massive [18], [21],
[34], [43], [46], [58]-[73]. To make matter worse, the integration of different
components in the 5G air interface, i.e. NR, makes the overall system con-
figuration a very challenging goal to accomplish. This thesis will essentially
explore three different aspects: system-level simulations, NB-IoT, and RAN

slicing.
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System-level simulation always supported both the design and the evalu-
ation, as well as the optimization of emerging technologies, while guarantee-
ing faster and cheaper investigations than real-world prototypes. At the time
of this writing, there exist indeed many interesting simulation tools model-
ing the 5G air interface [58], [74]-[82]. However, they only implement specific
subsets of technical components. Some of them also come with a commer-
cial license, which generally restricts their adoption in many research teams.
For these reasons, Chapter 2 presents 5G-air-simulator, an open-source tool
offering a valid scientific and technological support for the development and
the diffusion of modern service platforms built on top of 5G communication
infrastructures.

In parallel, new solutions are also needed to provide appropriate support
for MTC and the growing IoT in general. Here, the focus is on coverage,
computational complexity, as well as energy constraints, and cellular-based
solutions, e.g., NB-IoT, emerged to offer superior performance and easier
management. Even in this case, the need for suitable simulation tools in-
creases as well, as both academia and industry are increasingly involved in
the development of NB-IoT. Still, only preliminary NB-IoT implementations
have been proposed, which are largely incomplete or not freely available for
the research community [83], [84]. Starting from this premises, Chapter 3
presents the promising NB-IoT radio interface with a particular focus on the
challenges related to the Random Access Procedure, as well as its implemen-
tation in 5G-air-simulator.

Finally, the idea to support orthogonal logical segments also at the radio
interface of 5G and Beyond 5G (B5G) deployments recently gained momen-
tum. Differently from the conventional network slicing concept, RAN slic-
ing is less mature and more challenging, because of the intrinsically shared
and unpredictable nature of wireless resources. Indeed, the integration of
the Network Slicing paradigm in the RAN is a complex task, which requires
the definition of novel Radio Resource Management (RRM) functionalities.
e.g., spectrum planning, interference coordination, packet scheduling, and
admission control [69], [85]. To bridge this gap, Chapter 4 proposes a novel
architecture to realize TNT-driven RAN slicing for Latency Sensitive Services
and presents the concept of applying RAN slicing also to Wireless Local-Area
Networks (WLANSs) in order support indoor healthcare monitoring.
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Chapter 2

An Open-Source Platform

Exploring the 5G Air Interface

5G-air-simulator is an open-source and event-driven tool modeling the key
elements of the 5G air interface from a system-level perspective. The pro-
posed software has been designed with flexibility and extensibility at its core,
therefore, it can be adopted to effectively pursue, with a limited additional
effort, new research questions arising from new applications/services and
features. Moreover, the simulator already proved to be a valuable tool for
different research activities and scientific contributions. This tool aims at
guaranteeing long-lasting exploitation of scientific results and offering valid
scientific and technological support for the development and the diffusion of
modern service platforms built on top of 5G communication infrastructures.

The rest of this Chapter is organized as follows: Section 2.1 presents a
comparison of the 5G system-level simulation tools. The structure and the
general-purpose features of the new 5G-air-simulator are described from Sec-
tion 2.2 to Section 2.5. The remaining sections explore more advanced fea-
tures specifically developed for some challenging 5G scenarios. In particular,
Section 2.6 describes how the Massive MIMO technology can be used to pro-
vide high-bandwidth internet connection in a variety of environments, from
rural to urban areas. Section 2.7 shows how extended multicast and broad-
cast techniques can be used to realize video streaming for a large number
of users in a highly bandwidth-efficient way. In Section 2.8, the problem of
degraded performance on very high-speed trains is presented, and the pre-
dictor antenna concept is used to improve the issue to a large extent. Finally,
Section 2.9 explains the implementation of an enhanced random access pro-
cedure, which is important to improve the performance of massive IoT de-
ployments on cellular networks. Please note that Thesis” Conclusions will
outline the future of the simulator and suggest possible research fields that
could take advantage of it.
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2.1 State of the Art on 5G System-Level Simula-

tors

This Chapter is oriented toward a specific type of simulation, i.e., system-
level simulation modeling complete networks with multiple base stations
and a large number of mobile users for the evaluation of procedures related
to mobility, application, physical transmissions, scheduling, frequency reuse,
and so on. To limit complexity to an acceptable level, system-level simulators
employ various simplifications. The opposite category is that of link-level
simulation, where the models go into great levels of detail, but simulation is
usually limited to a single link, hence the name. Link-level simulations are
used to investigate topics that can be limited to a single communication link,
and the results can be used to construct simpler and faster models to realize
system-level tools.

At the time of this writing, some simulators are known to be available or
in development for the 5G. A comparison of the main qualities available in

them is shown in Table 2.1, separated into features and general information.
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It is important to underline that some of the missing features of the 5G-
air-simulator are either part of the future work or out-of-scope with respect
to the main goals of the tool presented herein.

The work in [58] describes a two-level simulator, including the core net-
work and the access network as well as their interactions, which also takes
advantage of cloud resources to speed up the simulation. However, this ar-
chitecture is only a high-level proposal and there is no actual implementation
yet. Similarly, the authors of [74], [75] outline an architecture for 5G simu-
lators, but the simulators themselves are still not complete and only some
features are presented in the papers. The simulator presented in [76] seems
to be an actual product with various features but is not stated whether it is
open source or otherwise available to the public. Moreover, the only relevant
feature that falls into the 5G realm is the aggregation of cellular and Wi-Fi
traffic, i.e. dual connectivity.

The work [77] presents an open-source simulation tool for LTE-like 5G
mmWave cellular networks integrated into the widely used open-source ns-3
simulator [86]. Starting from both this module and the LTE module (LENA)
[87], the authors of 5G-LENA [78] conducts a comprehensive and intensive
work to align both modules to the latest standard published by 3GPP and
build a NR simulator. However, despite its compliance with the latest stan-
dards, the number of offered features is rather limited: it lacks spatial user
multiplexing, MIMO and Massive MIMO, and FDD.

On the other hand, Vienna 5G system-level simulator [79], which is a di-
rect evolution of the pre-existing LTE-Advanced (LTE-A) system-level sim-
ulator, adds many 5G-related capabilities such as new propagation models,
heterogeneous networks, D2D operation, relays, and IoT scenarios. Also, the
5G K-SimSys simulator [80], which is part of the 5G K-Simulator platform
[88] integrating link, system and network-level simulators, offers several 5G
capabilities. While this feature set is remarkable compared to other available
simulators, the comparison with 5G-air-simulator is not this immediate. In
fact, the simulators share some common features, whereas some functionali-
ties are only available in the Vienna and 5G K-SimSys simulators (e.g. D2D,
mmWaves) and some are exclusive to 5G-air-simulator (e.g. Massive MIMO,
broadcasting). As for licensing, the Vienna and 5G K-SimSys simulators are
freely available for academic purposes, but require the purchase of a license
for commercial use, while 5G-air-simulator is under GPL license, thus it is
free to use for everyone and the source is always available.

It is worth noting that [77], [78], [80] are also network simulators, hence
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allowing not only the analysis of the application and the radio interface lay-
ers of but also of E2E scenarios with a full protocol stack.

Other simulators can be purchased using a commercial license, therefore
their source codes are not publicly available. Specifically, there is the Net-
Sim’s 5G library for mmWave networks [81] and the WiSE simulator [82].

In conclusion, 5G-air-simulator offers many technical components en-
abling the 5G air interface and calibrated channel models. Moreover, since it
is under GPL license, it allows for a simple and fast utilization, as well as the
possibility to investigate new protocols and technologies by extending the
available code.

2.2 The Core of 5G-air-simulator

5G-air-simulator is written in the C++ language with an object-oriented
paradigm and extends the popular LTE-sim network tool [89]. The source
code is readily available at [90]. To help the reader understand its inner
workings and how some features and properties are achieved, this Section
encompasses some general properties of the 5G-air-simulator. Figure 2.1 de-
picts the main building blocks of the developed tool.
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FIGURE 2.1: Building blocks of the 5G-air-simulator. NB-IoT
is an independent component built directly on the Core and it
will be described in Chapter 3.

Simulator’s core represents the first key building block, providing
all the procedures useful to implement object-oriented and event-driven
paradigms, as well as to manage nodes, protocol stack, mobility, and ap-
plications. It mainly inherits from the well-known LTE-Sim tool [89]. On top
of the simulator’s core, the 5G-air-simulator integrates many other support-
ing models that significantly extend the features initially offered by LTE-Sim.
They include the calibrated and standard compliant Link-To-System (L2S)
model, MIMO features, and HARQ. These latter models offer a suitable sub-
strate for the development of 5G technical components, like Massive MIMO,
extended multicast/broadcast transmissions, predictor antennas, enhanced
random access procedure, and NB-IoT. Although reference scenarios have
been developed to conduct a performance assessment of each 5G technical
component almost independently, it is worth mentioning that a simulator’s

user can realize completely new scenarios (as explained in Section 2.5) by
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combining multiple components. As a matter of fact, all the presented build-
ing blocks may be used concurrently depending on the users’ needs. At the
time of this writing, however, the NB-IoT component only works standalone.
This aspect will be tackled in the future when it will be clearer the inclusion
of NB-IoT in 5G NR specifications.

The simulator’s core and its supporting models are presented in this Sec-
tion, while the implemented 5G technical components will be deeply dis-
cussed later on.

5G-air-simulator is structured as an event-driven application: the
Calendar class holds a list of events to be executed, with each item con-
taining the required time of execution, the method to execute, the object on
which the method should be called, and possibly some parameters. Other
important classes are Simulator and Framemanager. Simulator is a singleton
class performing global actions, such as initiating and halting the simulation,
adding events to the Calendar, and running them. The FrameManager tracks
the flow of time, increases the counters related to frames and sub-frames,
and, in some cases, it marks sub-frames dedicated to different functions, e.g.,
downlink versus uplink sub-frames in TDD mode [91]. Practically, it is in
charge of scheduling the events related to the start and the end of frames and
sub-frames according to a fixed frame structure.

At the beginning of the program’s flow, one of the available scenarios is
selected. The scenario is in charge of creating and initializing many impor-
tant elements of the simulation environment, such as the base stations, mo-
bile terminals, and channel realizations. Most scenarios also accept several
parameters that affect the specific details of the objects that are created (e.g.
the scheduling algorithm at the base stations [92] or the periodicity channel
state reporting) or even the simulation as a whole (e.g. the total duration or
the size of the environment). In some cases, the initialization of some objects
defines some events that are inserted into the Calendar class, to be executed
at a later time. This includes, for instance, the generation of data packets at
the application layer and the movement of the devices.

After all the initial setup, the actual simulation is started by calling the
Simulator::Start() method. At this point, the Calendar class starts exe-
cuting the registered events in chronological order. Each event can result
in the generation of new events that are put in the calendar, resulting in a
sustained supply of events to process until the end of the simulation. In
particular, some kinds of events re-schedule themselves just at the end of

their execution, thus repeating periodically for the entire simulation time.
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These include the allocation of radio resources and the reception procedures
of each device. The generation and execution of events go on until a call is
made to the Simulator::Stop() method, which causes the calendar to stop
and discard all the events that may still be pending, and finally terminate the
program. Usually, the end time of the simulation is set in advance via a call
to Simulator::SetStop() in the scenario, right before calling Simulator: :
Start ().

2.2.1 Application Layer and the Protocol Stack

In 5G-air-simulator, application models are in charge of generating data
packets that are then forwarded through the protocol stack, transmitted, and
then processed at the receiver’s protocol stack. Different models are available
to cover varying situations. They are all derived from the same Application
class, thus introducing new models is as simple as writing a new class de-
rived from it.

A straightforward model is the InfiniteBuffer. A transmitting node us-
ing this model acts as an infinite supply of data: at every occasion for com-
munication, it generates as much data as can be transmitted, for the entire
simulation. This model is intended to put as much stress as possible on the
network and measure its maximum capacity.

The TraceBased model is intended to emulate the traffic generated from
video streaming. The model contains many traces created from an actual
video file [93], containing the size and timestamp of each frame. These are
then used to generate data packets at the appropriate times. If the end of the
trace is reached, it is restarted from the beginning.

For voice traffic, there is a VoIP model: it follows the G.729 model [94],
thus generating packets of constant rate and size, but only during the so-
called active state. Instead, in the inactive state, no packets are created. At
any given time, there is a given probability of going from active to inactive
state or vice-versa, thus reflecting the intermittent nature of human speech.

Web browsing is described with the FTP2 model [19], where packets of a
given size (representing a web page) are generated at random intervals (rep-
resenting the inactive time where the user is reading). The average duration
of the interval is modeled with an exponential probability, where the mean
value is given as a parameter, together with the packet size.

Finally, the simplest model is constant bit-rate or CBR. It generates packets

of a fixed size at fixed regular intervals, which are both input parameters.
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This model is intended to represent applications that transmit data with a
strict recurring schedule, such as remote sensors producing periodic reports.

5G-air-simulator also supports several other features of both user- and
control-plane protocol stacks. To this aim, each device implements an in-
stance of the ProtocolStack class, which in turn contains Media Access
Control (MAC), Radio Link Control (RLC), Packet Data Convergence Pro-
tocol (PDCP), and Application entities. The Application entity associates the
sources with the destinations of each application flow, which is generated
as mentioned above. The PDCP Entity mainly handles the header compres-
sion of all the packets coming from the upper layer and enqueueing into the
MAC entity. The RLC Entity models the three data transfer modes, namely
Transparent Mode (TM), Uncknowledged Mode (UM), and Acknowledged
Mode (AM), and handles the buffering, segmentation/reassembly, and re-
transmission of service data units. Each dedicated radio bearer has its own
RLC entity. The MAC Entity provides, for both users and gNBs, an interface
between the device and the PHY layer, for delivering packets coming from
the upper layers to the PHY one and vice versa. Furthermore, the Adap-
tive Modulation and Coding (AMC) module and the Packet Schedulers also
belong to the gNB’s MAC entity.

At the bottom of the protocol stack, the Phy class allows to customize
physical characteristics, by setting the transmission power, the number of
transmitting and receiving antennas, and the noise figure for both users and
base stations. Furthermore, for base stations only, it is also possible to choose
between omnidirectional or tri-sector antennas. In the latter case, several
parameters may be customized, e.g., the antenna’s bearing and its gain, e-
tilt, horizontal and vertical beamwidth at 3 dB, feeder loss, and maximum

horizontal and vertical attenuation.

2.2.2 Network Deployments and Mobility Models

5G-air-simulator includes a number of basic scenarios reflecting typical con-
ditions used in research and testing, ranging from a single cell to heteroge-
neous network configurations, as depicted in Figure 2.2. The simplest one is
called SingleCell: as the name suggests, it only contains one cell and a sin-
gle omnidirectional base station, with a configurable number of users in it.
Also, since there are no other cells around, there is no inter-cell interference.
This architecture may be used, for instance, to evaluate peak throughput or
coverage under ideal conditions or for isolated sites.
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oowh ) dh )k

SingleCell SingleCellWithFemto  SingleCellWithStreet tri-sector

SingleCellWithInterference MultiCell multi-cell-tri-sector

FIGURE 2.2: Network deployments available in 5G-air-
simulator.

A more realistic configuration is constructed in the SingleCellWith
Interference scenario. There is still a single omnidirectional base station
with active users, but this time it is surrounded by other base stations that do
not serve any user. Nonetheless, they still create inter-cell interference, mod-
eled as an always-on transmission at full power in all the radio resources.
Therefore, these surrounding interfering nodes influence the performance
metrics measured in the primary cell.

For more in-depth evaluations, the MultiCell scenario creates a full
multi-cell environment with multiple active base stations, each with multi-
ple users. With this setup, it is possible to evaluate issues such as frequency
reuse and handover, although the simulation time may increase substantially.

Instead of an omnidirectional base station, for some scenarios there are
also versions with three-sector cells: tri-sector is similar to SingleCell,
except that there are three co-located base stations and each one serves a
120wide sector. While there is still no interference from other base station
sites, there is still interference among sectors, so it is not as idealized as the
SingleCell case. Similarly, multi-cell-tri-sector is similar to MultiCell
but with each cell replaced by three 120sectors. This configuration is the most
similar to real-world deployments among those presented here.

Finally, two additional scenarios involve heterogeneous networks [95].
SingleCellWithFemto involves a single macro-cell together with many fem-
tocells, deployed into houses belonging to a group of buildings. Some of the
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users are placed into the coverage area of the cell, while others are created in
clusters near the femtocells. Similarly, the SingleCellWithStreet scenario
constructs a single macro-cell and a configurable number of streets, where
each street includes a block of buildings and the corresponding femtocells.
These scenarios are intended to investigate issues related to such heteroge-
neous configurations, such as access policies, handover, and scheduling [96].

5G-air-simulator includes different mobility models [97], and others may
be easily implemented. ConstantPosition is the most simplistic one, as the
users do not move. In RandomDirection, users move with a constant speed
towards a given direction, that is randomly selected at the beginning of the
simulation. When the limit of the simulation area is reached, a new direction
is selected (pointing back towards the simulation area) and it is followed
until the end of the area is reached again, then the process is repeated. Sim-
ilarly, the LinearMovement model allows selecting a given direction. On the
other hand, when using the RandomWalk model, users still move toward a
random direction, but they do not need to reach the end of the simulation
area. Instead, the direction is changed after traveling a certain distance. The
last available mobility model is called Manhattan: in this case, the user can
only move in a horizontal or vertical direction, and at any given time it has
a certain probability to turn left or right. This is intended to represent city
environments where all the streets are at straight angles.

As reported previously, there is the possibility to implement even more
mobility models. For instance, it is possible to implement the well-known
Random Waypoint as an extension of the baseline RandomWayPoint class,
which is already available in the code. However, it is necessary to high-
light that, at the time of this writing, mobility models do not interact with
the possible presence of buildings in scenarios.

Finally, although users” arrivals and departures are not modeled, i.e., the
number of users is fixed throughout an entire simulation, it is possible to
model the arrivals, as well as the departures, of each traffic flow associated

with the users, hence somehow achieving the same result.

2.2.3 Link Adaptation

The purpose of the link adaptation is to identify the Modulation and Coding
Scheme (MCS) that is more appropriate for the channel quality perceived by
each user. In fact, a modulation level that is too high could theoretically trans-
mit more data, but it would also result in many more errors at the physical
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layer, thus nullifying the advantage. Instead, a modulation level that is too
low would result in lower speed without any significant gain. To this aim,
it is of the utmost importance to find the optimal MCS. Basically, the users
compute the Channel Quality Indicators (CQIs), i.e., quantized Signal to In-
terference plus Noise Ratio (SINR) values obtained through the estimation
of the channel quality. Then, they feedback the CQIs to the base station (re-
porting procedure), which is in charge of mapping them to MCS indexes. An
MCS index is used together with the number of RBs (as well as the number of
spatial layers) to find the net amount of payload bits that can be transmitted
to the user, as seen at the MAC layer, namely TBS, following a standardized
procedure [98]. The AMCModule class is in charge of conducting this entire

procedure during the resource allocation.

2.3 Supporting Models of 5G-air-simulator

This Section will provide an overview of the main models developed for sup-
porting 5G-related Technical Components, which will be discussed in later
sections. In particular, supporting models of 5G-air-simulator include a cal-
ibrated Link-To-System (L2S) model, a MIMO module, and a system-level
implementation of the HARQ procedure.

2.3.1 Calibrated Link-to-System Model

The L2S model has the main purpose of quantifying the effectiveness of ra-
dio transmission, taking into account many phenomena, such as propagation
and interference [99]. In a system-level simulator, this task should be accom-
plished without requiring explicit modeling of all the involved details, which
would result in excessive complexity and very long running times. Instead,
link-to-system models provide a simplified description of the phenomena of
interest, which is still sufficiently accurate for the purpose of simulating a
large system. Figure 2.3 depicts the main blocks of the link-to-system model
designed for the 5G-air-simulator.
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FIGURE 2.3: Components of the implemented link-to-system
model.
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The preliminary assumption in 5G-air-simulator’s L2S model is that each
transmitted signal is represented by its power spectral density value. Then,
channel, noise, and interference models describe how this transmitted signal

is seen at the receiver [100]:

¢ Channel models calculate the attenuation of the signals due to propa-
gation, and they are composed of different parts: path loss, shadowing,
penetration loss, and fast fading [101].
Fast fading models describe the small-scale parameters, such as de-
lays, powers, and directions of arrival and departure on a very short
time scale, about the size of a TTI. These frequency selective channel
variations, which are mainly due to multipath, are modeled with pre-
computed traces generated according to tabulated distribution func-
tions and random parameters, as described in [102]-[104]. The stored
traces include the effect of time, frequency, and antenna correlation
when MIMO transmission is used, as well as multiple interactions
with the scattering media. A sample of the channel gains in the time-
frequency domain for different user speeds is shown in Figure 2.4.
Shadowing is modeled as a log-normal variable, and penetration loss
is usually set to a constant value for indoor users, but it may also be a
random quantity too.
The path loss depends mainly on the distance, the frequency, and the
environment [105]. The models included in 5G-air-simulator are re-
ported in Table 2.2 and Table 2.3, where the meaning of the most com-
monly used symbols is as follows: d is the distance between the base
station and the user in km, d3p is the 3D distance (including heights in
the computation), f is the center frequency in GHz, Hg,,;, is the height
of the base station, Hj, is the average height of the buildings around it,
and H,, is the height of the mobile user.
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FIGURE 2.4: Fast fading realizations at different user speeds.

It is worth mentioning that other minor phenomena usually affecting
radio channels, e.g., blockage, are not modeled in order to maintain the
complexity of the L2S model at an acceptable level.

* The noise power is calculated as simple thermal noise, with a spectral

density of -174 dBm/Hz that is integrated over the bandwidth of one
RBs.

* The interference power is modeled as the sum of the contribution from
all the base stations (except for the serving base station), again using all
the channel models as described above.

After the reception, the receiver has an SINR value for each RBs 7, i.e.
7 (n). For more details, see subsection 2.3.2, which thoroughly describes how
the SINR is computed based on the selected transmission settings.

These SINRs need to be mapped to a single effective SINR value, reflect-
ing the overall quality of the radio channel. Although different algorithms
exist for this calculation, 5G-air-simulator utilizes the Mutual Information
Effective SINR Mapping (MIESM) method [110], which is known to provide
good results with minimal tuning. Let N/, N, I(-), and f be the set of RBs as-
signed to the user, the cardinality of NV, the mutual information function, and
a parameter that can be adjusted to match specific combination of modula-

tion schemes, respectively. Then, the effective SINR, namely %, is computed
as:

a1l 7(n)
7_,311<N21ﬁ>. (2.1)

neN
Note that 4 is used for two different purposes. First, it is exploited to esti-
mate the BLER for the received data block using the SINR-BLER curves in
Figure 2.5, which determines the probability that it has been received and
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TABLE 2.2: Baseline path loss models available in 5G-air-

simulator.
Name Formula (dB) Notes
Urban Macro-cell | 80 + 40(1 —  40.001(Hyyp
[106] H,))10g10(0.001d) — 181log;o(Hgny —

Hy) +211og,4(f)

Suburban Macro- | 128.1 + (37.61log,,(0.001d))

cell [106]
Rural Macro-cell | 69.55 + 26.161o0g;,(f) -
[106] 138210g,o(Hey)  + (449 -

6.5510g(Hgup)) 10gy0(0.001d) -
4.781log,,(f)? + 18.331og;(f) —40.94

Urban Micro-cell | 24 4 (45log,,(d))

[106]
Urban Femto-cell | max(45,127 + (30log,,(0.001d)) +
[107] 18.371(("*2)/("*1)*0-46))

LOS: A=187,
B =46.8,C =20.0
Winner downlink | Alog,,(d) + B + Clog,;,(2.0/5.0) + | NLOS: A =20,
[108] 10.0nbWalls[1] + 20.0nbWalls[0] B =464,

C =200
nbWalls[0] is the num-
ber of external walls,
nbWalls[1] is the number
of internal walls

Basic downlink 37 + (30l0g10(d))

must be discarded. Second, it is sent to the base station to inform it of the
perceived channel quality through CQI feedbacks, so that it can properly
perform the link adaptation procedure (as explained in subsection 2.2.3).

It is worth mentioning that although popular SDR platforms [111], [112]
and link-level simulators may be used to deeply investigate topics limited
to a reduced number of communication links, the obtained results can be
leveraged to build additional supporting models to be integrated into 5G-
air-simulator, e.g., new modulation and coding schemes, BLER/BER curves.

An important property that simulation tools can have is the calibration
of the channel models. Having calibrated channel models means that the
outcomes of specific simulations have been compared to those of other simi-
lar products considering the same scenario, and channel models and settings
have been adjusted until the results are similar. The calibration is important
to ensure that there are no major errors in the implementation and that results
from different solutions can be compared without incurring into unwanted
misalignments. The simulation assumptions and the reference data are avail-
able in [113] and [114], while the most relevant parameters are summarized
in Table 2.4. 3D channel models [103], [104] are embraced in the calibration
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FIGURE 2.5: BLER curves for the link-to-system model ob-
tained by MATLAB link-level Toolbox.

process, taking into account time, space, and frequency correlation. As an
example, Figure 2.6 and Figure 2.7 show the calibration results for the path

gain and the SINR in the reference urban scenario, confirming that 5G-air-
simulator is well-calibrated.
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—NEC RITT Qualcomm e o ¢ 5G-simulator
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FIGURE 2.6: Calibration of path gain (urban scenario).
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FIGURE 2.7: Calibration of SINR (urban scenario).

Similar results can be obtained for the other scenarios, like suburban or

rural.

2.3.2 MIMO

In general, a MIMO system can be modeled according to Figure 2.8.

Transmitter Channel

Receiver

DL training

Channel
estimation

DL transmission

CSI reporting

Precoding

Post-coding

FIGURE 2.8: Block diagram of a MIMO system.
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During the precoding step, the user data has to be mapped to the available
antennas in an appropriate way, since the radio channel is multi-dimensional
due to multiple transmit and receive antennas. The goal of precoding is to
make good use of the spatial degrees of freedom. In particular, the latter is
better achieved when some information about the channel is available at the
transmitter, usually thanks to the Channel State Information (CSI) report-
ing procedure. Such information can be acquired via a channel estimation
procedure, however, that is not done in all cases. Contrarily, channel infor-
mation is always required at the receiver. It is acquired at the same time as
the user data via training signals, and it is used in the post-coding phase to
reconstruct the original data. Different MIMO schemes differ in how the pre-
coding, post-coding, and channel estimation functions are designed. In LTE
and LTE-A, the configuration of specific MIMO features is done with the so-
called Transmission Modes (TMs): communication with any given user can
be configured with one of the available TMs, which dictates whether MIMO
is used and what specific technique is employed. The presented version of
5G-air-simulator supports the following TMs in downlink, derived from LTE
specifications [115]

e TM]1, single antenna transmission. The base station does not use any
MIMO capability, however, if the mobile node is equipped with multi-
ple antennas, it may still adopt Maximum Ratio Combining for improv-
ing the SINR. Let, Pt(){) be the total transmit power from j-th base sta-
tion (per cell), Pl(ojs) s the distance-dependent path loss, including shad-
owing and antenna gain/loss, H () (n) the channel gain from the j-th
base station on the n-th sub-channel, N, the number of receive anten-
nas, H,(j )(n) is the channel gain from the j-th base station to the r-th
receive antenna on the n-th sub-channel, 02 the AWGN noise variance,
and Nj the number of interferers. In the general case, the SINR of the

n-th sub-channel is computed as:

PixPross |H(1)[*

7(”) = ’ (22)

N; ) .
02 + 121 Pt(ai)pl(o]s)s
]:

[HD) ()|
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while in case of Maximum Ratio Combining:

Nr—1 ’ 2
ptxploss Z |H,»(1/l)|

r=0

v(n) =

5

Nest 2) 52 ()
Z |H”( )| o+ Zptx loss Z H( ) HT’ (i’l)

r=0

(2.3)

e TM2, transmit diversity. Space-frequency coding is employed over 2
or 4 transmitting antennas, providing diversity and coding gain. The
receiver may use one or multiple antennas. Given that Ht(,jr) (n) is the
channel gain from the t-th transmit antenna of the j-th base station, to
the r-th receive antenna, on the n-th sub-channel, the SINR is computed

as:
Ps

PN+PI/ +PI//,

v(n) = (2.4)

2
1 NR 1
- Ps:PtxPlossU <Z Z |Ht7( )| >

Ng—1
—PN=<Z L [Hir(n )|> o

-Pp= Y pt(){)p(]') o2.
j&STBCset

N%J)—l Ng—1

Y | ¥ Ho(n)*HY (n)
=0 r=0

~hr= jeS]%Cset Pt(i)pl(gzso.jz ()

* TM3, open-loop spatial multiplexing. This mode requires multiple an-
tennas at both the transmitter and receiver, which are used to transmit
multiple spatially multiplexed streams of data. The transmitter does
not have fine-grained information about the MIMO channel, but only
a Rank Indicator (RI). Hence, it uses a pre-defined and repeating se-
quence of precoding matrices, which is conceptually similar to period-
ically focusing the signal in different spatial directions. Receivers will
get a good signal for some of the precoding matrices, and exploit the
channel coding to recover the entire transmitted block from alternating
good and bad observations.
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TM4, closed-loop spatial multiplexing. In this case, the mobile station
provides the base station some information about the MIMO channel,
in the form of Precoding Matrix Indicators (PMIs) and RIs. The PMI in-
structs the base station to use a specific precoding matrix from a shared
codebook for the precoding, thus ensuring that the MIMO transmission
is adapted to the instantaneous channel characteristics. This allows a
higher throughput compared to open-loop MIMO but has the down-
side that much more information has to be transmitted on the reverse
link, from the user to the base station. The maximum antenna configu-
ration is 4x4, with a peak throughput up to 4 times greater than TM1.

TM9, 8-layer MIMO. This mode was introduced in Release-10 and al-
lows up to 8x8 MIMO with twice the throughput of TM4. PMI is still
transmitted using an extended codebook, using twice as many bits as
the TM3/TM4 codebooks, but in this case, the base station is not neces-
sarily constrained to use one of the codebook’s matrices for precoding.

For TM3, TM4, and TMY, the SINR is computed as:

diag[azD(n)D*(n)]

me(n) = . (2.5)

diag UZW*(n)W(n)JrUZIselfI:elerj; Ptg>P[gzsUj2W*(n)H(])(n)H(]) (n)*W(n)
- kk

where:

D(n) = diag [W*(1n)\/PixPoss H(n) |
Iself(n) =W (n)\/p_txplossH(n) - D(”)

~o\ —1 Ve > T o I
W(Yl) - (UzptxplossH(n)H(n) + 02) o’ ptxPZOSSH(n)
tx ~ loss

Ne o ) (i) (i '
72 =01+ Y (T]-2P] P HO (n)HY*(n)
j=1

HU (n) is the channel gain matrix from the j-th base station.

Note that, without loss of generality, all the symbols without the index j

are related to the target user/base station.

2.3.3 HARQ Procedure

HARQ is a retransmission method that works at the boundary between phys-

ical and MAC layers. It is a base feature of high-speed mobile networks, so it



2.4. Simulation Tracing 41

has been implemented in 5G-air-simulator as well [116]. There are few vari-
ants of it, but the simulator currently supports chase combining (also called
HARQ type I), which works in the following way:

¢ the transmitter sends a data block, encoded with a Forward Error Cor-
rection (FEC) code which allows error detection and correction to a cer-

tain extent.

e The receiver checks the received blocks for errors. If there are no errors,
or the errors can be recovered, then a positive acknowledgment (ACK)
is sent back and transmission is completed successfully. If there are
non-recoverable errors, the received signal is held into a buffer and a
negative acknowledgment (NACK) is sent.

¢ Upon receiving a NACK, the transmitter re-sends the same block again.

* The receiver gets a second copy of the message, which is combined via
Maximum Ratio Combining (MRC) with the previous copy to increase
the SINR. If the combined copy is now decodable an ACK is reported
otherwise a NACK is returned.

* The transmission is repeated until the block can be decoded or the max-

imum number of attempts is reached.

Differently from plain Automatic Repeat reQuest (ARQ), which considers
each retransmission separately, HARQ takes advantage of the combination
of multiple copies of the signal. In the case of chase combining, the result is
similar to the use of an additional repetition coding. Since the back-and-forth
of HARQ may require some time, the receiver could remain stuck on a given
block and unable to receive additional data. To avoid this, multiple HARQ
sessions can be simultaneously active. These are called HARQ processes and
up to 8 can be instantiated for each receiver, as the latency for single retrans-
mission is typically 8 sub-frames. However, since HARQ is modeled from a
system-level point of view, the number of processes, as well as their timers,
may be set to custom values in order to speed up the entire procedure. In
other words, the delay introduced by the HARQ procedure may be manu-
ally adjusted by defining a different ACK waiting time interval.

2.4 Simulation Tracing

5G-air-simulator provides a text trace during the execution of the simulation.
Figure 2.9 shows an example of the text trace. The first field of each line re-
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RX CBR ID 119 B © SIZE 20 SRC 3 DST © D 0.003 ©
Packet Size [byte]
RANDOM_ACCESS COLLISION UE 12 PREAMBLE 7 TIME 48

DROP VIDEO ID 681 B 29
Application
PHY_RX SRC 2 DST 7 X 240 Y -130 SINR 3.9366 RB 13 MCS 13 SIZE 1131 ERR 1 T 0.052

RX error

PHY_RX SRC 2 DST 3 X 199 Y 199 SINR 10.3639 RB 73 MCS 21 SIZE 113122 ERR @ T 0.052
TX INF_BUF ID 120 B 1 SIZE 1490 SRC 2 DST 3 T 0.0652 @

PHY_RX SRC 2 DST 3 X 199 Y 199 SINR 10.1639 RB 100 MCS 15 SIZE 114672 ERR 0 T 0.053

Destination Node ID Number of RB TBS |bit]

FIGURE 2.9: Example of the text trace of a simulation.

ports the event that triggered the tracing. Specifically, rows starting with TX,
RX, and DROP are associated with packets that have been sent, received, and
dropped, respectively. In addition, a line starting with PHY_RX indicates a
reception event at the physical layer, while RANDOM_ACCESS provides in-
formation about the random access procedure. For lines related to packets,
the second field describes the application type. SRC and DST identify the
nodes that send and receive the packet, respectively, while ID identifies the
packet uniquely, and B the bearer used to map the packet. The value after
D during reception events represents the delay of the received packet in sec-
onds. In general, T reports the time instant in which an event occurred, in
seconds (TIME, instead, is in ms).

The main performance indicators can be retrieved by redirecting the con-
sole output of each simulation run to a different file and then extracting the
relevant data. The main KPIs may be computed as follows.

¢ Average User Throughput: it is necessary to consider all the lines start-
ing with the keyword PHY_RX and sum all the values appearing at the
17 position (indicating the transport block size in bits), but only when
the value at the 19" position is 0 (indicating no reception errors). The
resulting values should then be divided by the number of active users

in the simulation.

* Average Packet Loss Ratio (PLR): it is calculated as the ratio of lost
packets over total transmitted packets at the application layer. In this
case, the transmitted packets correspond to the number of lines starting
with TX, while the received packets are identified by the number of lines
starting with RX.
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* Average Random Access Collision Rate: Similarly to the PLR, it is de-
fined as the ratio between preamble collisions and successful comple-
tions. It is necessary to consider all the lines starting with the keyword R
ANDOM_ACCESS COLLISION to identify the collisions. On the other hand,
the lines starting with RANDOM_ACCESS RECEIVE_MSG4 indicate the pro-
cedure ending.

¢ Cell Goodput: consider the lines starting with the keyword RX and sum
all the values appearing at the 8" position, indicating the application
data size in byte. Then, the sum must be multiplied by 8 and divided

by the simulation duration in order to obtain the goodput in bps.

e Average Packet Delay: The 14" position of all the lines starting with
RX are already expressed in seconds. It is sufficient to collect all these
values and compute their average.

¢ Cell-Edge Throughput: it is typically calculated as the 5%-ile of the
throughput values achieved by the users. Similarly to the average user
throughput, this can be extracted from the lines starting with PHY_RX,
by summing the values on the 17t field only when the 19t field is 0.
However, in this case, this should be done separately for each receiving
user, i.e., for every different value of the 5t field. Finally, the Empirical
Cumulative Distribution Function (ECDF) of the values obtained for
each user should be computed and the value corresponding to the 5%
is taken as the cell-edge throughput.

Since the text trace contains much information, on the basis of the proposed
approaches, further investigations are still possible in order to derive finer-
grained or more detailed results.

At the time of this writing, 5G-air-simulator already comes with a
number of GNU AWK [117] tools for processing the text trace of a
simulation. For instance, make_goodput and make_plr compute the re-
lated KPIs, make_cdf computes the Empirical CDF of packet delays,
the overall spectral efficiency for a given assigned bandwidth is given
by make_cell_spectral_efficiency and make_fairness_index returns the
Jain’s fairness index, while make_avg is a general script to compute the aver-

age of text input.
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2.5 User-defined Scenarios

5G-air-simulator already implements a wide set of simulation scenarios, will-
ing to test and investigate SISO, MIMO, and Massive MIMO deployments,
multicast and broadcast transmissions, high-speed use cases, and massive
IoT and NB-IoT deployments. According to the guidelines provided by stan-
dardization documents and scientific literature, each simulation scenario im-
plements specific network deployment, physical, channel, application, and
mobility models. The test can be executed through a command-line instruc-
tion, that contains the name of the software executable, the name of the refer-
ence scenario to be investigated, and a list of parameters to generally control
simulation details. For instance, they include the number of cells, the number
of users, the number and type of applications, the user speed, physical and
channel details, the scheduling algorithm, and some other technical details
properly related to the technical component of interest.

Besides, one of the main advantages of 5G-air-simulator is that users can
define additional customized simulation scenarios. The first simple way to
customize the simulations is by considering a specific parameter set for the
list of input arguments for each selected use case, to evaluate its performance.
It is important to emphasize that this approach ensures an effective usage of
the tool for users willing to evaluate the performance of customized use cases
without requiring the editing of C++ sources.

As a second way to customize their simulations, users can extend the
reference C++ library implementing a given use case and modify available
settings. Possible modifications may refer to network deployment (e.g., po-
sition of base stations), physical settings (e.g, transmission mode, transmis-
sion power, number of transmitting and receiving antennas, and noise fig-
ure, plus, for base stations only, antenna bearing, e-tilt, antenna gain, hori-
zontal and vertical beamwidth at 3 dB, feeder loss, and maximum horizon-
tal and vertical attenuation), channel model (e.g., rural vs urban, path loss
model, fading parameters), application-level (e.g., number and type of ap-
plications per user, time instant in which every single application starts and
stops), and mobility models (e.g., static position, random direction, linear
movement). However, differently from the previous approach, users have to
modify the source code, by integrating available models within their simula-
tion scenario. This activity requires a minimum level of knowledge of C++.
In particular, a custom scenario can be created as a static function in a proper
header file, which should also be included in the main program. In general,
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a basic scenario includes an instance of Simulator, NetworkManager, Flows
Manager, and FrameManager components, cells, gNBs, and UE objects, sev-
eral applications, and the

Simulator::Run() function.

The third methodology offering the possibility to define custom simula-
tion scenarios is rooted in the flexibility and extensibility of 5G-air-simulator.
It can be adopted to effectively pursue new research questions arising from
new applications/services and features, allowing researchers and practition-
ers to test, extend, and evaluate the advanced solutions for 5G. For instance,
new technical components may be integrated to explore emerging research
topics. Also, adding new mobility and application models is as simple as
writing new classes derived from the baseline code. Clearly, this approach
also requires a more complex intervention of tool users, due to the need for
developing new functionalities starting from baseline C++ classes already

available into the simulator.

2.6 Massive MIMO

Massive MIMO is an important transmission technique in cutting-edge com-
munication systems. By using numerous antennas it is possible to increase
throughput, spectral efficiency, and coverage, depending on channel condi-
tions. Moreover, the scientific literature demonstrated that Massive MIMO
allows serving many users simultaneously, with a mutual interference that
approaches zero, while achieving a very large sum spectral efficiency [118].
As a consequence, it is not surprising that it emerged as a key technical com-
ponent for the NR. The scientific literature proposes various methodologies
for implementing Massive MIMO in mobile networks. The one taken into
account for the developed 5G-air-simulator is based on the J[SDM technique
[119].

2.6.1 Theoretical Description of the Technical Component

Massive MIMO has been natively conceived to work in TDD operation mode
since channel reciprocity limits the overhead due to the training procedure
(i.e., the base station is able to learn the channel quality experienced by
mobile terminals in the downlink by evaluating the signal received in the
uplink)[59], [118], [120]. Nevertheless, several works investigated new ap-
proaches for implementing Massive MIMO in FDD operation mode [121]-
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[125]. All of them introduce some strategies to deliver the downlink CSI
feedbacks to the base station without incurring high overhead. Among the
possible solutions available in the literature, JSDM is a very promising and
well-known approach implemented in 5G-air-simulator. In line with the pre-
vious considerations, JSDM involves a 2-stage precoding scheme aimed at
reducing the training overhead of Massive MIMO in FDD mode. Its block

diagram is shown in Figure 2.10.

Transmitter Channel Receiver

Long-term CSI

i

| 1-st stage
1 precoding

Post-coding

2-nd stage
precoding

1-st stage
precoding

Post-coding

Short-term CSI i

FIGURE 2.10: Block diagram of a JSDM Massive MIMO system.

From the system-level point of view, JSDM allows sending independent
signals in fixed spatial directions, spanning the entire area of the cell sec-
tor. The resulting transmission is also referred to as Grid of Beams. To reach
this goal, the precoding matrix is obtained as a combination of two matri-
ces, one for each precoding stage. More specifically, the first stage precoder
is used to capture the long-term and second-order channel statistics which
are wideband and stable for a relatively long duration. At the receiver side,
the precoded training signals are exploited to acquire long-term CSI, whose
reporting ensures a limited training overhead. Instead, the second stage pre-
coder is used to capture the short-term variation of the channel.

In this case, the resulting effective channel matrix has a reduced dimen-
sionality, thanks to the utilization of the first-stage precoder. The second
stage precoder is calculated by using the Regularized Zero-Forcing (RZF)
scheme. Additionally, in order to improve JSDM performance levels, a
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multi-cell interference reduction technique can be implemented on top of
the first-stage precoding. The approach developed in the 5G-air-simulator
uses the first-stage precoder also for beam coordination between base sta-
tions, hence achieving a flexible sub-sectorization of the covered geograph-
ical area. Specifically, three different configurations of beams are defined,
which only cover a subset of the cell sector, instead of the entire sector as
described above. Then, the configuration is frequently changed in a synchro-

nized manner among nearby base stations in order to reduce interference.

2.6.2 Main Implementation Details

The single antenna transmission technique, already available in the origi-
nal version of the LTE-sim tool, requires modeling the transmitted signal
by means of a vector of elements describing the power density distributed
across the available/selected subchannels. To implement MIMO and Mas-
sive MIMO mechanisms, 5G-air-simulator extends the baseline representa-
tion of the signal with a multidimensional approach. Rather than using a
plain scalar number for each subchannel, the element of the transmitted or
received signal becomes an array with a length equal to the number of trans-
mitting or receiving antennas, respectively.
MIMO and Massive MIMO capabilities are mainly implemented in

ChannelRealization, PropagationLossModel, DownlinkPacketScheduler,

and UePhy classes, as summarized in Table 2.5.
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TABLE 2.3: Extended path loss models available in 5G-air-

simulator.
Name Formula (dB) Notes
Urban Macro-cell IMT | 22.0log;,(d) + 28 + | dop1 = 4(Hgnp — 1) (Hue —
(LOS, d < dyy1) [102] | 2010g,(0.001f) 1)(£/300)

Urban Macro-cell IMT

401log,,(d) + 7.8 — 181logo(Henp —

(LOS, d > dpp1) [102] | 1) — 18logyy(Hue — 1) +
2log;,(0.001f)

Urban Macro-cell IMT | 161.04 —  7.1log;,(20) +

(NLOS) [102] 75log10(H,) — (2437 —
3'7(Hb/Hgnb)2)) *

log,(Hgup) + (43.42 —
3.1 loglo(Hgnb))(loglo(d) -
3)  +  20log(0.001f)  —
(3.2(log;o(11.75H,,.))* — 4.97)

Urban Macro-cell | 22.0log,,(d3p) + 28 + | dpp1 = 4(Hgpp — 1) (Hye —
IMT-3D (LOS, | 201og;,(0.001f) 1)(f/300)
d < dpy,1) [109]
Urban Macro-cell | 401og,,(d3p) + 28 +
IMT-3D (LOS, | 2010g;,(0.001f) — 9logye(dy,, +
d> dbpl) [109] (Hgnb _ Hue)Z)
Urban Macro-cell | 161.04 —  7.1log,,(20) +
IMT-3D (NLOS) [109] | 7.5log;,(Hp) - (2437 -
3'7(Hb/Hgnh)2) loglo(Hgnh) +
(43.42 -
3.1 loglo(Hgnb))(loglo(dBD) -
3) + 201og;,(0.001f) .
(3.21og;,(17.625)2 497) —
0.6(Hye — 1.5)
Rural Macro-cell IMT | 201log;,,(407d(0.001f/3)) + | dpp = 2mH,,1.5(f /300)
(LOS, d < dpy) [102] min(0.03H}72,10.00) log,,(d)
min(0.044H}7?,14.77) +
0.0021og,,(Hy)d

Rural Macro-cell IMT
(LOS, d > dhp) [102]

201log,,(407dy, (0.001f/3)) +
min(0.03Hb'72,10.00) log, o (dp,) —
min(0.044Hb'72,14.77) +
0.002 loglo(Hh)dhp +

(40 loglo(d/dhp))

Rural Macro-cell IMT
(NLOS) [102]

161.04 —  71log,,(20) +
75logy(Hy)  — (2437 —
3.7(Hp/Hgnp)?) *
log,(Hgnp) + (43.42 .
3.1log;, (Hgnb))(loglo(d) —
3)  +  20log,(0.001f)  —
(3.2log;,(11.751.5)% — 4.97)
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TABLE 2.4: Calibration parameters for urban scenario

Parameter Value

Carrier Frequency 2.0GHz

Inter Site Distance 500 m

Bandwidth 10 MHz

Penetration Loss 0dB

Speed 30 km/h

Cellular layout Hexagonal grid, 19 cell sites, 3 sectors per site

Number of users per cell

10

Antenna pattern (horizontal)

(frap = 70°, A,y = 20dB

Antenna pattern (vertical)

0345 = 15, Ay = 20dB

Noise Figure 5dB

Base station max antenna | 17 dBi

gain

Base Station Antenna height | 25 m

Total BS transmit power 46 dBm

Minimum distance between | 25 m

UE and Serving Cell

Duplex method FDD

Downlink transmission | 1x2 SIMO

scheme

Downlink Scheduler Round robin with full bandwidth allocation

CQI reporting Wideband CQI, 5 ms periodicity, 6 ms delay total.
CQI measurement error: None.

Downlink HARQ Maximum four transmissions

Downlink HARQ Maximum four transmissions

Downlink receiver type

MRC

Antenna configuration

Vertically polarized antennas 0.5 wavelength sepa-
ration at UE, 10 wavelength separation at base sta-
tion

Channel estimation

Ideal, both demodulation and sounding

BS antenna downtilt

12 deg

BS feeder loss

2dB
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Transmission and reception procedures are handled by DownlinkPacket
Scheduler and UePhy classes, respectively. DownlinkPacketScheduler imple-
ments the transmitter process, including radio resource allocation, precoding
operation, and simultaneous transmission to multiple users, which is a key
advantage of Massive MIMO. On the other hand, UePhy is in charge of car-
rying out the reception of the radio signals and the SINR computation, as
well as the calculation of CSI, when required. These values are forwarded
to the base station, similar to the CQI report, where they are used for the
precoding operation. In order to perform the SINR computation, Channel
Realization and PropagationLossModels classes are used. In particular, the
ChannelRealization class deals with fast fading and beamforming, accord-
ing to the selected channel model. Instead, propagation loss is applied to
each transmitted signal through the class PropagationLossModels. The SINR
and CSI feedbacks are computed according to the procedures described in
subsection 2.3.1, which mimic the procedures already present in both LTE
and NR standards.

2.6.3 Reference Test and Results

The performance of the Massive MIMO transmission scheme has been
investigated by considering a practical implementation envisaged within
the FANTASTIC-5G EU H2020 project. The reference scenario is based
on the test-multi-cell-tri-sector deployment and each base station is
equipped with a rectangular antenna array of 256 elements (16 horizontal
elements x 8 vertical x 2 polarizations) [126]. At the application layer, the
model is the InfiniteBuffer while the mobility model is RandomWalk. The
first stage precoder is configured in order to achieve 16 horizontal beams
with two alternating elevation angles. The packet scheduler supports 2
spatially multiplexed data streams per user. The scenario is called £5g-uc1
because it models the use case 1 in the project’'s documentation and the
syntax used to perform the test is as follows:

$ ./BG-air-simulator f5g-ucl env isd density speed time tm nTx n
Mu nRx sched (seed)

where
* env is the propagation environment used for channel models;
¢ isd is the Inter-Site Distance (ISD) in km;

* density is the user density measured in users/km?;
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* speed is the speed of the mobile users in km /h;
¢ time is the duration in seconds of each simulation run;

* tmis the TM adopted for transmission, where values 1, 2, 3, 4, 9 have the
same meaning as in the LTE specifications, and 11 represents Massive
MIMO;

* nTx is the number of beams used at the base station for the first-stage

precoding;

* nMu is the number of users that can be scheduled simultaneously for
each RBs and TTI;

* nRx is the number of receiving antennas at the mobile terminals;
* sched is the scheduling algorithm;

* seed is an optional seed to initialize random quantities to different, but
reproducible, values in each simulation run.

The performance of the developed Massive MIMO technique is evaluated
in urban, suburban, and rural scenarios, with different parameter settings, as

reported in Table 2.6. The main performance indicator that was considered

TABLE 2.6: Adopted Values for the Parameters of the Scenario

Parameter Value
environment "urban" "suburban” "rural”
isd 0.2 km 0.6 km 1 km
userDensity | 2500 users/km? | 400 users/km?” | 100 users/km?
speed 3km/h
duration 10s
tm 9,11
nbTx 32 beams
nbMu 8 users
nbRx 2 antennas
sched round-robin
seed 1-30

is the user throughput. The results reported in Figure 2.11 demonstrate that
Massive MIMO, implemented with the JSDM technique, can provide huge
throughput gains over state-of-the-art LTE capabilities, up to around 800%
when the beam coordination technique is employed.
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| ——LTE-A — -mMIMO —mMIMO with Beam Coordination

Rural
scenario

Urban 150 Mbps Suburban
scenario 200 Mbps scenario

FIGURE 2.11: Throughput comparison between MIMO and
Massive MIMO.

It is important to note that the subtle differences among different scenar-
ios are also caused by a different traffic density (i.e. Gbps/km?) characteriz-
ing the environments, as reported in Figure 2.12.

O Rural scenario @ Suburban scenario m Urban scenario

1000 +

€
=4
5 100 +
Iy
&
)
[
=
< 10 ¢
; E
1 T T T
LTE-A mMIMO mMIMO with Beam
Coordination

FIGURE 2.12: Traffic densities of the evaluated scenarios
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2.7 Extended Multicast and Broadcast Transmis-
sion

Since the radio channel is intrinsically a shared medium, multicast and
broadcast communication can be attained at the physical layer with relatively
low complexity and high efficiency. This mode of operation can be very use-
ful in some specific circumstances, e.g. for video broadcasting of a live event,
software upgrades, and so on. Since LTE Release 9, the support of multicast
and broadcast communications has been provided through the MBSEN ar-
chitecture [19]. Today MBSEN still represents a technical component for 5G
though some upgrades have been recently proposed in the scientific litera-
ture. Among them, adaptive MCS selection and HARQ retransmission [127]
are those modeled within 5G-air-simulator.

2.7.1 Theoretical Description of the Technical Component

With MBSFN, multiple base stations work in a coordinated manner to define
a MBSFN area and the broadcast signal is transmitted on the entire band-
width during pre-defined time slots. This mechanism brings two main ad-
vantages. First, an extremely high bandwidth saving can be achieved, since
many users can be served by using the same set of radio resources. Second,
signals from multiple surrounding base stations can combine constructively
if their delays are within the cyclic prefix duration, thanks to the properties
of OFDM [128]. This improves communication performance and, most im-
portantly, removes the main sources of interference.

A major drawback of the initial MBSEN architecture is that there is no
reverse link between the base stations and the users. Thus, the base station
has no knowledge of the users’ channels, or whether packets are correctly
received. For this reason, the MCS selection has to be very conservative and
thus possibly inefficient.

5G intends to overcome this important limitation by introducing novel
methodologies aiming at improving the overall communication process. In
line with these premises, the EU H2020 FANTASTIC-5G project proposed
to extend MBSFN beyond the original 3GPP standard with adaptive MCS
selection and HARQ retransmissions functionalities [129]. Both rely on the
introduction of a unicast uplink feedback channel for the MBSFN downlink
channel. For the adaptive MCS selection, users send CQI feedbacks describ-
ing the quality of the broadcast channel, and the base stations perform the
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Link Adaptation procedure by selecting the most suitable MCS to be used for
transmission so that all the users (or any desired fraction of them) can cor-
rectly receive the transmitted data. As for the HARQ retransmission, instead,
users send an ordinary ack/nack feedback, i.e., as in the unicast case, and the
packets that are lost are transmitted again. However, while the first transmis-
sion takes place on the MBSFN channel, subsequent re-transmissions are sent
in unicast mode only to the interested users, so that more efficient techniques
such as MIMO can be employed. Figure 2.13 shows the block diagram of the
extended MBSEN architecture just discussed.

Transmitter Broadcast Channel Receiver

Any unicast

technique —v—9| Reception

(e.g. MIMO) ]

DL
re-transmission

Link Adaptation 1 CQ¥
] reporting
| ACK/NACK

I
|
|
|
I
!
;
|
|
I
|
i reporting
}
!
|
I
|
I
[
|
I
;
[
|
I

FIGURE 2.13: Block diagram of a MBSFN system with pro-
posed extensions.

2.7.2 Main implementation details

Table 2.7 summarizes the main methods and classes involved in the multi-
cast/broadcast operation.
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To implement the baseline MBSFN architecture in the 5G-air-simulator,
the classes MulticastDestination and MulticastDestinationPhy are de-
rived from the classes UserEquipment and UePhy, respectively. Multicast
Destination contains pointers to all the users receiving the broadcast signal.
With this information, when an application flow is created with a Multicast
Destination object as the receiver, a radio bearer sink for the correspond-
ing radio bearer is created for each receiving user so that the transmitted
packets are received by all the users belonging to the multicast group. At
the same time, the downlink packet scheduler distributes RBs between uni-
cast and multicast/broadcast communications according to a well-defined
MBSEN frame structure [130]. Specifically, the FrameManager class is ex-
tended with the notion of MBSFN sub-frames and non-MBSFN sub-frames.
Scheduling and transmission of MBSFN and non-MBSEN applications flow
only happens during the corresponding sub-frame type. According to the
specifications, up to 6 sub-frames in a radio frame can be used for MB-
SFN operation, whose pattern is defined by using the FrameManager: : Set
MbsfnPattern() method and repeated cyclically for the entire simulation.
Besides, the Interference: :ComputeInterference () function already avail-
able in the original version of the LTE-Sim tool, has been extended in order to
account for MBSEN operation: all the signals coming from the same MBSFN
area are treated as useful signal rather than interference.

The adaptive MCS selection scheme is mainly implemented by the
MulticastDestinationPhy: :CreateCqiFeedbacks() method. In summary,
it manages the collection of CQIs feedbacks of users receiving the multicast
stream, and it helps the packet scheduler in the selection of the most suitable
MCS index to be used for future multicast/broadcast communications (i.e.,
link adaptation). Particularly, the MCS selection may be done either by con-
sidering the absolute lowest CQI value of the multicast group or to ensure
the correct reception of a pre-determined percentage of users.

As for the HARQ retransmissions, most of the features are modeled
within the DownlinkPacketScheduler class. In DownlinkPacketScheduler: :
RBsAllocation, when a multicast flow is scheduled, multiple copies of the
corresponding PacketScheduler: :FlowToSchedule structure are created for
each destination user, and they are added to the corresponding HargManager
object. Additionally, in DownlinkPacketScheduler: :DoStopSchedule(), the
packet burst of the original flow is copied in the duplicated flows. From then
on, they act as any other unicast flow, including retransmissions.
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2.7.3 Reference Test and Results

An example network configuration taken into account to evaluate the perfor-
mance of the aforementioned MBSEN architecture is shown in Figure 2.14.
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FIGURE 2.14: Scenario for multicast/broadcast use case evalu-
ation.

The clear cells are part of the MBSFN area, while the shaded cells are ex-
cluded and count as interference sources. The end users are only located in
the center cell, while the other cells of the MBSFEN area act as buffers to re-
duce the interference. This is called the assisting ring arrangement, and it is
employed to reduce the interference at the edges of the MBSFN area. Note
that the layout of Figure 2.14 models only one serving cell and one assist-
ing ring, but many possibilities can be implemented, including irregularly
shaped areas of many cells and multiple assisting rings. The performance
achieved with MBSEN, both with and without the 5G extensions, has been
investigated by considering a practical implementation envisaged within the
FANTASTIC-5G EU H2020 project. The reference scenario instantiates an
MBSEN network with one serving cell, containing the users, and two as-
sisting rings around it, which are then surrounded by a ring of interfering
cells. During the MBSFN sub-frames, the base stations of the MBSFN area
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transmit an HD video flow with a bit rate of 17 Mbps, therefore at the appli-
cation layer, the model is the TraceBased. The mobility model is Constant
Position while the scheduling algorithm is round-robin. The scenario is
called £5g-uc6 because it models the use case 6 in the project’s documen-

tation and the command-line syntax to use it is:
./5G air simulator f5g uc6 env isd density pattern time mcs harq (seed)

where

* env is the propagation environment used for channel models, either

"suburban" or "rural";
e isdis the ISD distance in km;
e density is the user density measured in users/km?;

® pattern is the number of sub-frames to reserve for MBSFN, from 0 to
6, where 0 disables MBSEFN;

e duration is the duration in seconds of each simulation run;

¢ mcs is the MCS to use for transmission, it can be set to a fixed value from
0 to 28, or the value -1 can be used to enable the automatic selection
based on CQI feedbacks;

® harq indicates whether to enable HARQ retransmission of broadcast

packets or not, using the values 1 or 0, respectively;

* seed is an optional seed to initialize random quantities to different and

reproducible values for each simulation run.

The performance of MBSEN and its 5G extensions is evaluated with the pa-

rameter settings shown in Table 2.8. Specifically, two main performance in-

TABLE 2.8: Adopted Values for the Parameters of the Scenario

Parameter Value
environment suburban
isd 0.6 km
userDensity 400 users/km?
mbsfnPattern 6
duration 10s
mcs 16, 18, 20, -1
use_harq 1 with adaptive MCS, 0 otherwise
seed 1-30

dicators have been considered: the cell-edge throughput at the application
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layer and the PLR. Figure 2.15 shows the Cumulative Distribution Function
(CDF) plot from 0% to 5% for the considered scenarios, so that the cell-edge

throughput values are at the top of the curves.
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FIGURE 2.15: Cell-edge throughput at the application layer in
the broadcast test.

The use of adaptive MCS with HARQ retransmissions allows more than
25% increase in cell-edge throughput compared to the best situation with a
fixed MCS, while also avoiding the necessity to find the optimal value be-
forehand. Figure 2.16 shows the CDF plot for all the registered throughput

values, also confirming previous results.
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FIGURE 2.16: Throughput at the application layer in the broad-
cast test.

As for the PLR, Table 2.9 shows the results of the simulations, demon-
strating that the introduction of the new extensions added on top of MBSFN
also reduce the PLR values compared to MBSFN alone. They also achieve a

TABLE 2.9: PLR registered in broadcast test.

Modulation and Coding Scheme (MCS)
16 | 18 | 20 Adaptive+HARQ
Average PLR (%) | 7.3 | 51 | 9.0 3.3

better trade-off between throughput and PLR, as the best configuration for
cell-edge throughput of the baseline MBSFN is not the same as the best one
in terms of PLR, but the adaptive solution is better than both of them at the
same time.

2.8 High-speed environment and predictor anten-

nas

When a mobile user is moving at a considerably high speed, such as 250
km/h or more, the quality of the radio link drops substantially (this can
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be the case of fast trains traveling long distances [131]). As expected, the
reduced quality of the radio link results in a reduced capacity. Neverthe-
less, at the same time, it would be desirable to maintain a good QoS also
in high-speed environments. Transmission schemes adopting predictor an-
tennas emerged as a valuable technical component for achieving this goal in
5G.

2.8.1 Theoretical Description of the Technical Component

In general, one of the main causes of performance loss is the aging of the CSI
between acquisition and utilization. The impact of this aging becomes dis-
rupting in high-speed scenarios, where the channel quality rapidly changes
also because of the interference originated by the Doppler spread. Without
loss of generality, this Section considers a challenging use case of interest for
the 5G, which is a high-speed train. Here, the SRTA-PI [131] emerged as
a powerful technical component able to improve the connection quality by
tackling the CSI aging phenomenon through an array of antennas deployed
on top of the train. In other words, the train hosts a relay device offering
wireless connectivity to passengers. According to the proposed technique,
the antenna array samples the channel in different positions. Intermediate
positions are obtained through interpolation of known positions so that the
channel for the intended receiving antennas can be estimated with great ac-
curacy despite the train’s movement. For this reason, the antennas of the
array act as predictor antennas [132]. Figure 2.17 shows the complete work-
flow for the SRTA-PI technique.

Transmitter Channel Receiver
R W T
] |
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i Store CSI

< ——| CSlIreporting
Interpolate CSI | | |
l i i Channel (to i i
DL transmission : : candidate 3 : Reception
b antennas) b
e R e B e

FIGURE 2.17: Block diagram of the SRTA-PI technique.



2.8. High-speed environment and predictor antennas 63

During the training phase, the predictor antennas sample the channel and
the receiver sends back those estimated samples to the base station during
the CSI reporting phase. The base station stores the CSI obtained at regular
intervals so that it can estimate the channel for any spatial position falling
between the sampled positions by interpolation. By also knowing the posi-
tion and speed of the receiver, it can determine the current position of the
candidate receiving antennas and use the appropriate precoder.

2.8.2 Main implementation details

Table 2.10 summarizes the main functions related to the high-speed simula-

tion scenarios.
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Phy: :SetSrtaPi() sets the use of the SRTA-PI technique, that is disabled
by default. It should be invoked for each device that adopts such a technique
before the simulation is started. Phy::SetWaveformType (Phy::Waveform
Type) allows the selection of the waveform, to model Doppler spread inter-
ference. At the time of this writing, the selection is limited to OFDM, pulse-
shaped OFDM, and an ideal waveform that is immune to Doppler spread.
Doppler spread interference is then drawn from look-up tables as a function
of the speed and the transmission power. Finally, the association between the
signal and the corresponding channel realization is conducted in Downlink
PacketScheduler: :RBsAllocation() and UePhy::StartRx(), for transmis-

sion and reception procedures, respectively.

2.8.3 Reference Test and Results

The performance achieved with the aforementioned SRTA-PI technique
has been investigated by considering a practical implementation envisaged
within the FANTASTIC-5G EU H2020 project. Specifically, the network lay-
out used to evaluate the SRTA-PI technique is shown in Figure 2.18.

FIGURE 2.18: Reference scenario for the high-speed use case.

The reference scenario considers a train that moves on a straight horizon-
tal line, with three-sectored base stations placed at both sides of the track in
a hexagonal grid. There are two rows of base stations at each side, where
the first one is used for service and the second one for modeling interference
from the rest of the network. This layout is extended indefinitely by using
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wrap-around in the horizontal direction, so that movement can be extended
for as long as needed without increasing the complexity. The mobile users
are on the train, which acts as a relay station between them and the base
stations. In this regard, the train can act as a single mobile user from the
network’s point of view, or as multiple users, depending on how many re-
ceiving units are installed. At the application layer, the model is the Infinite
Buffer while the mobility model is LinearMovement. The scenario is called
f5g-uc2 because it models the use case 2 in the project’s documentation and

the syntax used to perform the test is as follows:

./5G air simulator f5g uc2 env isd nUe speed time nTx nM nRx sched
srta wfldx (seed)

where

* env is the propagation environment used for channel models, either

"suburban" or "rural";
e isdis the inter-site distance in km;
* nUE is the number of receiving units on the train;
* speed is the speed of the train in km/h;
¢ time is the duration in seconds of each simulation run;

* nTx is the number of beams used at the base station for the first-stage
precoding;

¢ nMis the number of users that can be scheduled simultaneously for each
RBs and TTI;

* nRx is the number of antennas used at each receiving unit, excluding

predictor antennas;
* sched is the scheduling algorithm;

* srta indicates whether to enable SRTA-PI or not, using values 1 and 0

respectively;

* wfIdx indicates the waveform type to consider for Doppler spread cal-
culation, where 0 is OFDM, 1 is pulse-shaped OFDM, and 2 is an ideal
waveform without Doppler spread interference;

* seed is an optional seed to initialize random quantities to different and
reproducible values for each simulation run.
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The performance of the developed SRTA-PI technique is evaluated when

the train is moving at different speeds, with different parameter settings, as

reported in Table 2.11.

TABLE 2.11: Adopted Values for the Parameters of the Scenario

Parameter | Value

environment"suburban”

isd 0.5,1,2km

nUE 8 receiving units

speed 30, 120, 250, and 500
km/h

time (it depends on the speed,
so that the distance trav-
eled is always the same)

nTx 32 beams

nM 8 users

nRx 2 antennas

sched round-robin

srta 0,1

wfIdx 0

seed 1-30

The most relevant outcome of this test is the cell throughput, which shows

how SRTA-PI improves the overall performance, at the expense of greater

complexity. The results obtained by either applying or not the SRTA-PI tech-

nique are shown in Figure 2.19.
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FIGURE 2.19: Throughput achieved in SRTA-PI test.

Results show that SRTA-PI can provide a throughput gain up to 100% at
the highest speed compared to classic transmissions. However, the effect of
Doppler spread still leaves a visible reduction of the performance at higher
speeds.

2.9 The Enhanced Random Access Procedure

5G-air-simulator natively provides the support for the random access pro-
cedure, which endorses mobile terminals to establish a connection with the
base station, without requiring any previously shared information. The pre-
sented version of the simulator supports both the baseline 5G contention-

based random access procedure [25] and an enhanced procedure, as de-
scribed in [133], [134].

2.9.1 Theoretical Description of the Technical Component

The random access procedure is per se contention-based: since numerous

users can access the shared channel at the same time, collisions may occur.
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The contention can be prevented, leading to a contention-free Random Ac-
cess CHannel (RACH) procedure. Since this happens infrequently, a key
aspect characterizing a RACH procedure is the contention resolution. The
baseline 5G random access procedure standardized by 3GPP [135], which is
initiated by the mobile terminal, is based on a 4-message handshake whose
purpose is two-folded. Users achieve tight timing synchronization with the
base station, on the one hand, and they receive an allocation grant of uplink
resources, on the other. The first message can only be sent during a Random
Access Opportunity, which is periodically scheduled by the base station. It
consists of a preamble sequence, randomly chosen from a set of orthogonal
sequences. The main goal of the preamble is to indicate the presence of an
access request and to allow the base station to estimate the distance of the
mobile terminal for the Timing Advance procedure. If two or more devices
choose the same preamble during the same Random Access Opportunity, a
collision occurs and the procedure may fail either immediately or at a later
stage. Upon proper preambles detection, the base station sends back a Ran-
dom Access Response (RAR) message. It consists of relevant information for
each detected preamble, including the specific uplink resources to be used
for sending the third message. If a collision is detected for a specific pream-
ble, then the corresponding RAR will not be sent and the devices retry the
procedure after a specific waiting time. Conversely, if a collision is unrec-
ognized, two or more users will be assigned the same uplink resources and
they will collide again on the third message, namely the Connection Request,
that will be lost. Finally, after the successful delivery of the Connection Re-
quest, the base station replies with the last message, which is the Contention
Resolution, also known as Msg4. When a device receives a Contention Res-
olution message addressed to it, the random access procedure is assumed to
be completed. From this moment on, the successful devices can have reli-
able, collision-free communication with the base station. On the contrary, if
the Msg4 is not properly received the Random Access Procedure has to be
restarted.

As mentioned above, this procedure has been enhanced in [133], which
emerged as a potential technical component for 5G systems. Specifically, af-
ter the base station performs the detection of preambles, it sends back a RAR
containing multiple responses for each identified preamble, with different
uplink resources assigned. Every mobile terminal which receives the RAR
can randomly choose one of the uplink resources reserved for the preamble,
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selected during the first step. Thanks to this additional randomness, a colli-
sion over the selection of the preamble does not translate to a failure in the
access procedure. This way, if two or more mobile terminals use the same
preamble, they still have a chance to select a different resource assignment in
the RAR and thus avoid the collision at the third step of the protocol. Basi-
cally, the multiple RARs act as multipliers for the number of preambles. The
downside of this technique is that a correspondingly larger amount of up-
link resources must be reserved for the transmission of Connection Request
messages, which shrinks the resources available for actual user data.

Figure 2.20 summarizes the enhanced random access procedure.

2.9.2 Main Implementation Details

Most of the random access features are summarized in Table 2.12.

User Base Station
1 i 1 Reserve i
! —> ] ! |
i Start Procedure } i Subchannels |
| Send Preamble - Collision Check i
i Preamli)le dpllision i
. L Attempt Check L 3
i J/ ] i Send Multiple ]
; L RARs 3
} Procedure Fail P |
i Send Connection L |
} Request P i
i Uplink i | Contention i
} Transmission i } Resolution i

FIGURE 2.20: Block diagram of the enhanced random access
procedure.
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Two different classes model the base station and the user general be-
havior, that are GnbRandomAccess and UeRandomAccess, respectively. Dif-
ferent random access procedure strategies are then selected thanks to
GnbRandomAccess: SetGnbRandomAccessType() and UeRandomAccess: : SetUe
RandomAccessType () methods.

As for the user side, as soon as the application-layer traffic generator
creates a packet, the user MAC entity starts the random access procedure
immediately by calling the appropriate StartRaProcedure() method. On
the other hand, the base station periodically scans all the preambles sent in
RACH resources in order to find potential collisions. This is done through
the CheckCollisions () method. In case of a preamble collision, the proce-
dure fails for all the devices involved, which then need to call the ReStart
RaProcedure () method. The latter is also in charge of verifying whether the
maximum number of retry attempts has been reached, and in the affirmative
case, it stops immediately the procedure. Conversely, the base station sends
the second message to those devices that successfully completed the first
message transmission. Lastly, the message flow advances until the procedure
is properly complete, making the end-user active and able to transmit (or re-
ceive) data. In addition, the base station handles the RACH resources man-
agement by means of the SetRachReservedSubChannels() method. Specif-
ically, if resources meet the configuration parameters, e.g., the periodicity,
they are reserved for the RACH. Thus, end users are unable to exploit them
to transmit regular data in the uplink, since only preambles can be transmit-
ted. This control is performed during the uplink scheduling procedure by
the method isRachOpportunity(). Finally, the constructors of the classes
GnbBaselineRandomAccess and GnbEnhancedRandomAccess allow to control
RACH resources occurrence, as well as the number of different preambles

and the maximum number of retry attempts, among others.

2.9.3 Reference Test and Results

Conducted tests evaluated a reference mMTC scenario since a multitude of
simultaneous transmissions brings to performance degradation in terms of
preamble collisions during the random access procedure. It is then assumed
a simple communication scheme, which is well suited to the low-cost require-
ments of MTC devices. The reference scenario is based on the SingleCell
deployment, at the application layer the model is the CBR, while the mobility
model is ConstantPosition. In particular, the activation time of the devices
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may be chosen either to follow a beta distribution with parameters (3,4) over
a time interval of 10 s, or uniform distribution over a time interval of 5 s,
hence modeling different event-driven transmission bursts. The users are
positioned with a uniform random distribution over the simulated cell. As
for the RACH configuration, one of the most common configurations has
been chosen as a reference (RACH opportunities every 5 ms and 54 differ-
ent congestion-free preambles). For the enhanced approach, the number of
RARs transmitted for each preamble is set to 2 and 4. It is important to note
that in case of collision, the procedure fails for all the involved devices, and
can be repeated a maximum of 3 times. The scenario is called MMC1 and the
syntax used to perform the test is as follows:

./5G air simulator MMCl r nUe traf sched frStr maxD cbrl sync
type (seed)

where
¢ 1 is the cell radius

* nUe is the number of users in the cell (i.e., a given user density, depend-
ing on the value of r)

e traf is the application layer traffic
» frStr refers to the duplexing method
* maxD is the maximum tolerable delay of the transmissions

* cbrT is the time interval between two successive transmissions by the

same user
* sync is used to determine whether users transmit synchronously or not

* type is the random access procedure strategy, 1 for the baseline and 2

for the enhanced procedure

* seed is an optional seed to initialize random quantities to different and

reproducible values for each simulation run

The performance is evaluated with different parameter settings, as re-
ported in Table 2.13.

Baseline results investigate the collision rate of the random access process.
Figure 2.21 shows the collision rate for each approach of interest.
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TABLE 2.13: Adopted Values for the Parameters of the Scenario
Parameter Value
T 290 m
nUe 156000 (10® UE/km?)
traf CBR
frStr FDD
maxD 10s
cbrT 300 s
sync "sync"
type 0,1
seed 1-50
oBaseline o Enhanced (2 RAR) mEnhanced (4 RAR)
100
90
80
= 70
X
o 60
<
& 50
g
'z 40
g 30
20
10
0

FIGURE 2.21: Comparison between the obtained preamble col-
lision rates

The figure highlights the collision rates, their centroids (i.e., the small
crosses), the 25" and the 75! percentile (i.e., the bottom line and the top
line of the rectangles), as well as the minimum and the maximum measured
value (i.e., the edges of the vertical lines). The most noticeable feature is the
incredibly high collision rate of the baseline random access. In this case, al-
most no preambles can be detected, and the devices retry connection until
they succeed or fail. In contrast, the 5G enhanced approach with 4 RARs
experiences only 28% collision rate at most, proving the effectiveness of the
enhanced approach.
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Chapter 3

NarrowBand-Internet of Things:

Modelling and Analysis

NB-IoT is emerging as one of the most promising licensed Low Power Wide
Area Networks, addressing the needs of low data rate devices. It is a cellular
radio access technology properly designed by the 3GPP to reuse the exist-
ing mobile infrastructure while enhancing the coverage and battery lifetime
of devices massively deployed within a cell. Furthermore, it requires a small
bandwidth to properly work and it can be efficiently implemented in already
existing cellular technologies. Therefore, it is usually regarded as a promis-
ing standard to meet the requirements of the future 5G & Beyond develop-
ment for the IoT. For these reasons, this Chapter first covers this promising
radio interface in Section 3.1 and Section 3.2, with a specific focus on the
Random Access Procedure (Section 3.3). Then, its implementation in 5G-air-
simulator is described in Section 3.4, along with numerical simulation results

conducted to analyze its performance (Section 3.5).

3.1 Introduction

The IoT phenomenon is broadening at an astoundingly fast rate [136], which
promoted the birth of several novel services in different application domains,
including, but not limited to, Industry 4.0 [137], Smart Cities [138], Intelligent
Transportation Systems [139] , Precision Agriculture [140] , healthcare [141]
and environmental monitoring [142]. Hence, an increasing number of con-
strained smart devices are currently joining the worldwide Internet, asking
for suitable wireless communication technology, capable of offering both ex-
tremely low power consumption and support for densely populated deploy-
ments. In general, these low-powered devices individually require low data
transfer rates as well, even though a densely populated MTC deployment
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might become incredibly bandwidth-hungry. At the same time, devices gen-
erally require extremely low power, remaining idle for prolonged periods.

Besides, either the physical location of devices in such scenarios may not
be reached by fixed networks (e.g., basements) or the apparatuses have to be
arbitrarily deployed or moved anywhere [143]. Low Power Wide Area Net-
works (LPWANSs) are an innovative communication pattern addressing the
aforementioned requirements of emerging IoT applications [144]. Essentially,
they complement cellular and short-range wireless technologies, offering ex-
clusive features for low complexity devices. Nowadays there are a num-
ber of LPWANSs, each employing different techniques to meet the Machine-
to-Machine (M2M) requirements. In the unlicensed spectrums, LoRa [145]
and SigFox [146] are the most common. However, the licensed spectrum is
widely known to supply a higher degree of reliability and Quality of Service.
Among the licensed LPWANSs, NB-IoT has been recognized as a promising
and effective technology offering wireless connectivity to smart devices in
5G & Beyond networks. Moreover, the adoption of NB-IoT is able to sat-
isfy most of the requirements of all the possible application scenarios, by
dynamically adapting to different use cases. Standardized by the 3GPP start-
ing from Release 13 [147], [148], NB-IoT natively supports the transmission
of marginal amounts of data, while requiring low-energy consumption and
limited bandwidth usage [149]. Differently from LTE, NB-IoT has been de-
signed to be extremely energy efficient and to manage conceivably tens of
thousands of devices with a reduced complexity per cell, each of them spo-
radically transmitting a little amount of data [150], [151]. Indeed, in a typical
NB-IoT deployment, a multitude of constrained devices are located within
a single cell and the vast majority of messages are exchanged in the uplink
direction [152].

3.2 NB-IoT Radio Interface

NB-IoT is a cellular radio access technology that requires a 180 kHz band-
width for both downlink and uplink [148]. Three different operation modes
are possible:

¢ Stand-Alone operation: an operator can replace one GSM carrier of 200
kHz with NB-IoT, leaving a guard interval of 10 kHz on both sides of
the spectrum.
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¢ In-Band operation: one or more NB-IoT carriers are deployed inside a
larger LTE/NR channel.

* Guard-Band operation: allocation of one or more carriers within the
guard-band of LTE/NR bandwidth to NB-IoT.

All three deployment scenarios are transparent to non-NB-IoT devices. As
a consequence, devices that do not implement NB-IoT functionality simply
do not see the NB-IoT channel inside the main cellular bandwidth or in the
guard band. At the same time, legacy GSM devices will not see an NB-IoT
carrier if used alongside 180 kHz GSM carriers. Such devices will just see
noise where NB-IoT is active [153]. A single carrier can be configured ac-
cording to the chosen operation mode, whereas multiple carriers can also be
used in order to supply a higher bandwidth.

At the physical layer, Orthogonal Frequency Division Multiple Ac-
cess (OFDMA) and Single-Carrier Frequency Division Multiple Access (SC-
FDMA) are used for downlink and uplink transmissions, respectively. NB-
IoT fully inherits from LTE in the downlink, i.e. NR numerology 0. The trans-
mission scheme is based on conventional OFDM using normal Cyclic Prefix
(CP). An end user operates in the Downlink using 7 consecutive symbols on
12 subcarriers (also referred to as tones) grouped into a RB, with a subcarrier
spacing of 15 kHz [148]. The duration of slot, subframe, and frame is analo-
gous to LTE, as well. Therefore, in a single NB-IoT carrier there is only 1 RB
and only one user can receive data at a time using all 12 subcarriers for each
subframe. As regards modulation, only QPSK is supported.

Instead, the uplink supports not only the standard 15 kHz spacing but
also a subcarrier spacing of 3.75 kHz. The elementary NB-IoT radio resource,
termed RU, is the smallest unit to map a transport block [154]. It is assigned
to a single user only. Unlike the well-known RB of LTE, an RU is dynamically
defined as shown in Table 3.1 [155].

TABLE 3.1: Uplink RUs in NB-IoT

Transmission Mode Subcarriers Subcarrier Spacing [kHz] RU Duration [ms]

. 1 3,75 32
Single-Tone 1 15 3
3 15 4

Multi-Tone 6 15 2
12 15 1

Specifically, the uplink supports two different configurations, that are Single-
Tone and Multi-Tone. Single-Tone uses either 3.75 or 15 kHz subcarrier spacing
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and each subcarrier represents an RU. As a consequence, a 180 kHz carrier is
divided in either 48 or 12 RUs, respectively, thus resulting in two different RU
length values, that are 32 and 8 ms. In the case of Multi-Tone configuration,
the subcarrier spacing is set to 15 kHz only. Nevertheless, a number of 3, 6,
or 12 adjacent subcarriers may shape a single RU. Again, depending on the
number of tones per RU, its length changes accordingly.

The modulation available in the uplink are restricted to BPSK and QPSK.

One of the main objectives defined in NB-IoT study item description [156]
is to achieve 20 dB coverage extension compared with legacy GPRS while
limiting the device maximum transmit power to 23 dBm (i.e., 200 mW),
which is a factor of ten lower than the maximum output power of GPRS
devices. Coverage extension is achieved by increasing the number of repeti-
tions at the expense of higher data rates. Moreover, NB-IoT supports up to
three coverage classes, in order to serve devices experiencing different ranges
of path loss. In particular:

* Normal is similar to legacy GPRS coverage;

* Extended corresponds to about 10 dB improvement with respect to
legacy GPRS;

¢ Extreme achieves 20 dB extension compared to legacy GPRS.

The number of coverage classes is configurable by System Information.
Let Ncc be the number of available coverage classes so that 1 < Ngc < 3.
Different coverage classes correspond to operation with different modula-
tion orders, coding rates, repetition factors, and subcarrier spacings, in order
to match the data rate for each user to its available link budget. This al-
lows devices having good coverage to operate at higher data rates and with
lower latency than devices that have poor coverage. Therefore, the system
is designed to meet the throughput and latency requirements for devices in
Extreme coverage, while devices in Normal or Extended coverage achieve im-
proved performance.

NB-IoT generally takes advantage of the existing LTE physical channels,
revised properly to fit into the narrower bandwidth [157]. In the downlink
direction, there are three channels:

¢ Narrowband Physical Downlink Control Channel (NPDCCH) carries
scheduling assignments, as well as HARQ acknowledgments, paging
indication, and system information update. It is considered as the core
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element of the scheduling procedure as it carries Downlink Control In-
formations (DClIs), which contain uplink scheduling grants, downlink

scheduling assignments, and the type of modulation.

¢ Narrowband Physical Downlink Shared Channel (NPDSCH) carries
data from the higher layers as well as paging message, system informa-
tion messages, and the RAR message. It is scheduled by the NPDCCH
but is transmitted after a certain time delay (indicated in the NPDCCH
too) to allow the low-complexity NB-IoT devices enough time to de-
code the NPDCCH.

¢ Narrowband Physical Broadcast Channel (NPBCH) is transmitted in
the first subframe and carries the Master Information Block - Narrow-
Band (MIB-NB) over 8 consecutive radio frames, repeated 8 times to
cope with extreme coverage conditions; the MIB-NB content remains,

therefore, unchanged for 640 ms.

On the other hand, for the uplink direction, there are two different chan-
nels, specifically:

¢ Narrowband Physical Uplink Shared Channel (NPUSCH) has two for-
mats. Format 1 is used for carrying uplink data and uses the same LTE
error correction code. Format 2 is used for signaling HARQ acknowl-

edgement for NPDSCH and uses a repetition code for error correction.

* NPRACH enables the random access procedure and it has been com-
pletely redesigned [158]. It will be described in detail in the following
Section.

As regards synchronization signals, Narrowband Primary Synchronization
Signal (NPSS) and Narrowband Secondary Synchronization Signal (NSSS)
are used by an NB-IoT device to perform cell search, which includes time
and frequency synchronization and cell identity detection.

3.3 Random Access Procedure: Description and
Model

The random access procedure represents a key interaction between end de-
vices and the base station. The NPRACH only uses the Single-Tone configu-

ration and 3.75 kHz subcarrier spacing. In essence, it allows users to send



80 Chapter 3. NarrowBand-Internet of Things: Modelling and Analysis

random access preambles. The preamble is mainly characterized by four
symbol groups, each of them comprising five OFDM symbols plus the cyclic
prefix. A pseudo-random frequency hopping algorithm offers as different
preambles as the number of subcarriers allocated to the NPRACH. As a con-
sequence, selecting different subcarriers at the beginning of the transmission
ensures hopping schemes that never overlap. In addition, different NPRACH
resource configurations can be deployed in a cell, each corresponding to a dif-
ferent coverage class. Each one is described through periodicity, the number

of repetitions, starting time, frequency location, and number of subcarriers,

as depicted in Figure 3.1.
RAO 1 RAO2 RAOn-1 RAOn RAO n+1
= == = = =
- — — — —
== == == == —
——— == = mE ==
. - = —_ = ——
= * | -

starting time periodicity

FIGURE 3.1: RAOs timing diagram.

Generally, an NPRACH resource is called RAO.
NB-IoT random access procedure is per se contention based [159] and
entails the exchange of four messages, as depicted in Figure 3.2:

1. The device finds the first available RAO and then transmits a random
preamble, chosen among the available ones. Let s be the number of the
available subcarriers. Then user starts the RAR window, W.

2. Upon preamble reception, the base station transmits an RAR, that ex-
plicitly instructs the user on which uplink resources have to be utilized
for the transmission of the next message. If this message is not received,
the user keeps waiting for it until the expiration of W.

3. Exploiting the scheduled resources, the user transmits its identity and
other important information; this message is also known as Msg3. Sub-

sequently, the user starts the Contention Resolution Timer.

4. The base station performs the contention resolution and sends back to
the devices the identity of the winning users through the Contention
Resolution Message. If this message is not received, users keep waiting
for it up to the Contention Resolution Timer expiration.
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FIGURE 3.2: Random Access Procedure sequence diagram.

The procedure fails when either the RAR or the Contention Resolution
Message is not correctly received by mobile terminals in the proper win-
dows. Henceforward, a worst-case scenario will be assumed. Particularly,
overlapping preambles always destructively interfere, therefore the base sta-
tion never detects them. In other words, if two or more users send the same
preamble in a single RAO, each user fails the procedure.

Each collided user may retransmit a preamble after a backoff time b, cho-
sen uniformly and at random within the interval [0, B]. The maximum num-
ber of preamble transmissions that a single mobile terminal can attempt in a
general coverage class c is set to a.. If a user fails the a.-th attempt, it consid-
ers being in the next higher coverage class if exists. This behavior is repeated
until the maximum number of transmissions that can be tried globally in all

classes, i.e., ,1is reached.

attempt #1 attempt #2  attempt #3  attempt #4

FIGURE 3.3: Coverage class hopping of 3 distinct users during
random access procedure with = 4.

As a case in point, Figure 3.3 reports three different users, i.e., A, B, and
C, starting the first transmission attempt in the Normal, Extended and Extreme
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class, respectively, based on the assumption that they always collide with
other users. Since 2y = 2, as soon as user A fails the second attempt, it retries
the subsequent transmission in the Extended coverage class. Here, both A
and B can try up to a; = 1 preamble transmission, hence jumping to the
Extreme class in the immediately following attempt. On the other hand, user
C, whose class is the Extreme, is forced to persist in its class. Anyway, even
though a, = 3, a total amount of = 4 attempts are foreseen for the C user

as well.

3.3.1 A Preliminary Analytical Model

Since most of the NB-IoT transmissions occur in the uplink, the NPRACH
may usually become the main bottleneck of the entire system. For this reason,
analytical models and simulation tools able to investigate its behavior in dif-
ferent scenarios are of the utmost importance for driving current and future
research activities. Unfortunately, scientific literature partially addresses the
current open issues by means of simplified and, in many cases, not standard-
compliant approaches.

In order to provide a significant step forward in this direction, this Section
formulates an analytical model capturing both collision and success proba-
bilities associated with the aforementioned procedure.

The collision probability and the success probability are analytically de-
rived below, as a function of the actual number of users accessing an RAQO,
N, and the number of available NPRACH subcarriers, s. Let the Collision
Probability, Py s, be the probability that, in a given RAO, a preamble collision
happens.

First of all, if no users access the channel, no collisions will occur. Instead,
the probability P, that k among N users choose the same subcarrier follows a
binomial distribution. For this reason, Py = (Z,j )P (1 — p)N=F, where p is the
probability of choosing a specific subcarrier. According to NB-IoT specifica-
tion, each subcarrier is selected with the same probability, hence p = 1. If a
preamble is chosen only once, that is k = 1, the probability that only one of
the N users chooses the specific subcarrier is equal to:

1 1 N-1
P =N- (1 - —) . 3.1)
S S

Let N be the number of users not colliding. It is indeed equal to the average
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number of preambles chosen only once. In fact, given the (3.1), N is com-
puted as the product of P; and the number of different preambles, s:

R 1 N-1
N=sP; =N (1 — g) . (3.2)
As a result, the average number of collided users, that is KI, corresponds

to the total amount of users, i.e., N, except the users whose preambles not
collide, i.e., N , that is:

_ N 1 N-1
N=N—N=N[1—(1—E) ] (3.3)

In conclusion, the Collision Probability can be expressed as follows:

Y N-1
PN,S:%:l_(].—%> , N > 0. (3.4)

Similarly, let the Success Probability be the probability that, in a given RAO,
a user successfully completes a preamble transmission. As previously stated,
N is the number of users not colliding. Since N = N(1 —1/5)N~1, as the (3.2)
reports, thus (1 — 1/s)N~! clearly represents this success probability. The
other way around, the success probability Sy s can be intuitively modeled
as:

1 N-1
SN,s =1- PN,S = (1 — g) p N > 0. (3.5)

Accordingly, it is worth noting that §;; = 1,Vs > 0, as if a single user ac-
cesses an RAQ, it will not certainly collide.

3.4 NB-IoT in 5G-air-simulator

5G-air-simulator provides the support for a variety of NB-IoT features. As
already mentioned, in a mMTC context, when a massive number of devices
typically sends data, the uplink direction generally deserves more attention
than the downlink. Accordingly, NB-IoT main novelties focus on the uplink
direction, where the channel is more congested. For the same reason, the
5G-air-simulator implements only the NB-IoT uplink side. Figure 3.4 shows
a high-level illustration of the main features implemented in the simulator,
whereas Table 3.2 summarizes the related code.
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mented in 5G-air-simulator.
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Essentially, the classes BandwithManager, nb-AMCModule and
nbUplinkPacketScheduler provide the support for NB-IoT features.
BandwithManager deals with multiple carriers, subcarrier spacings, Single-
Tone and Multi-Tone transmissions; the latter can be configured for using
either 3, 6 or 12 tones. The AMC module, namely nbAMCmodule, picks the
appropriate TBS, starting from the selected MCS index and number of RUs
given by the chosen scheduling strategy. The flexible structure of an uplink
RU greatly complicates radio resource management. As a consequence,
MAC schedulers should carefully consider the different RU lengths when
performing resource assignments. The length of a RU can be set via the
FrameManager::setTTIlength() method. Essentially, it gives the correct length
of the TTI, based on the chosen numerology.

According to what has been previously stated, the scheduling paradigm
is redesigned. To this purpose, the abstract class nbUplinkPacketScheduler
provides inherent methods of all the scheduling strategies. Then, two dif-
ferent scheduler classes have been developed, related to two well-known
strategies: First-In First-Out (FIFO) and Round-Robin (RR). It is important
to observe that additional scheduling algorithms can also be developed fol-

lowing the same rationale.

3.4.1 Random Access Procedure

At the code level, the EnbNbIoTRandomAccess and UeNbIoTRandomAccess
classes handle the random access procedure from the base station and user
point of view, respectively. These classes have been deeply revised since they
are not capable of addressing the multi-class attempts control and transitions
between coverage classes (as discussed in Section 3.3).

As for the UeNbIoTRandomAccess, there are several attributes and meth-
ods enabling coverage class transitions and attempts-checking. In particular,
the UeNbIoTRandomAccess: : SendMessagel () method selects the appropriate
NPRACH resources for transmitting preambles in the correct coverage class.
In addition, in the UeNbIoTRandomAccess: :ReStartRaProcedure () method
there is an attribute that stores the number of failed attempts for the current
coverage class, in order to manage the transitions between coverage classes.

On the other hand, the EnbNbIoTRandomAccess class handles the re-
maining random access procedure features.  First of all, the base
station configures NPRACH resources for each coverage class c, ac-
cording to the chosen configuration parameters. Specifically, the
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base station actually allocates resources to the NPRACH by periodi-
cally calling the EnbNbIoTRandomAccess::SetRachReservedSubChannels ()
method. It is worth mentioning that other configuration parame-
ters, e.g, B and W, are handled by the base station as well. The
EnbNbIoTRandomAccess: :CheckCollisions() method is of paramount im-
portance. Indeed, for each given RAO of all the coverage classes, it checks
whether any collisions happened (i.e., 2 or more users selected the same
preamble) and it schedules new preamble transmission after a random back-
off time b. Then, as explained in Algorithm 1, both attempt counters are
incremented and subsequently checked with the chosen values of a. and ,
in order to determine a coverage class transition or the procedure failure.
Specifically, if the user has any overall attempt left but no more attempts for
its class, it switches to the higher class and the number of its attempts for its
class is set to zero. If no higher class is available, i.e., the user is already in
the Extreme class, the user goes on until it has overall attempts left. Next, a
new preamble transmission is solicited. If the counter of the overall attempts
hits its maximum, the procedure fails and both attempt counters are set to
zero. On the contrary, the exchange of the next messages is conducted until
the end of the procedure for the users not experiencing a collision.

A simulation run may provide three additional output variables, that are

the number of users accessing an RAO, N, as well as the collision and success
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probabilities, denoted by Py s and Sy s, respectively.

Algorithm 1: The implemented random access procedure.

Require: 7,j =1
1: getc, Nec,s, W, ,ac, B
2: randomly select one of s preambles ; wait next RAQ; send the preamble
3: if preamble collided then

4 i=i+1Lj=j+1
5. draw random b from [0, B]
6:  wait W
7. if j < then
8 if c = N¢c then
9: wait b and go to 2
10: else
11: if i < a; then
12: wait b and go to 2
13: else
14: i=1Lc=c+1
15: wait b and go to 2
16: end if
17: end if
18: else
19: procedure FAIL
20:  end if
21: else

22:  exchange RAR

23:  exchange Msg3

24:  exchange Contention Resolution Message
25: end if

3.4.2 Satellite NB-IoT

A number of recent studies specifically considered NB-IoT as a promising
technology for 5G satellite MTC [160]-[166].

However, the scientific literature is mainly focusing attention on physi-
cal and link-level analysis only. To overcome this issue, the availability of a
system-level simulator to support the research activities represent a manda-
tory requirement. The majority of the aforementioned papers employ link-
level simulators and focus the attention on a single communication link. At
the same time, recent works suggest that there is a growing demand for flexi-
ble tools for designing and testing new algorithms and protocols for NB-IoT-
based satellite scenarios.

In this context, 5G-air-simulator appears as a solid instrument to support

the NB-IoT technology in a satellite scenario. Moreover, it is important to
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emphasize that there exists some preliminary research work already using
the baseline version of 5G-air-simulator [167], [168], confirming that the sim-
ulation tool has recently gained currency also in SatCom.

In the following, the main features of the proposed tool will be described,
including L2S model, management of blind repetitions and their impact on
BLER curves, cell selection, and mobility models for a constellation of satel-
lites. On the one hand, the proposed L2S model perfectly integrates channel
and communication models widely accepted in the current state of the art.
On the other hand, the rest of implemented features offers the opportunity
to test new (because beyond the current studies presented in the literature)
SATCOM configurations, while satisfying the reference 3GPP specifications.

Figure 3.5 shows a general overview of the implemented module and re-
marks the interaction between different building blocks, presented below.

.............................................................

Management of Blind Repetitions

: Number of

: Repetitions
{Link-to-System Model | | phy
Propagation BLER ERROR

i | Loss Model SNR curves : RX

Cell Selection
i Procedure

{| MCL | |Attach/Detach | | lf:‘;‘c‘iezgl
i | Threshold Procedure
' Procedure

! Satellite Mobility

 Model Satellite |
: Position

FIGURE 3.5: Overall vision of the interaction between the im-
plemented simulator features.
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FIGURE 3.6: The reference network architecture.

3.4.2.1 Initial assumption on the Architecture

Figure 3.6 depicts the NB-IoT Satellite-Based architecture considered in this
work. The figure points out two possible configurations regarding the distri-
bution of the device on the ground. A configurable number of fixed NTN ter-
minals may be positioned randomly on the simulated area, either following a
uniform distribution or in many smaller clusters. This latter case allows sim-
ulating different use cases where NTN terminals are tightly deployed only in
specific areas.

Coverage and traffic profiles are other important aspects that have a ma-
jor impact on the choice of an effective satellite network architecture. First
of all, it is critical to allow NTN terminals to transmit data when needed,
preventing the congestion of transmission buffers as much as possible. For
this reason, a satellite should have a relatively low orbital time to avoid users
remaining for too long without service. As expected, satellite communica-
tions present serious propagation impairments, due to the long distance. In
line with 3GPP guidelines [169], this work assumes to use LEO satellites for
guaranteeing feasible communication links with satisfactory levels of Signal
to Noise Ratios (SNRs).

However, a single LEO satellite may not be able to run across its entire
orbit at the aforementioned rate. Therefore, it is necessary to consider sev-
eral satellites per orbit, forming a constellation, to drastically reduce the time
periods during which ground-based devices remain without satellite cover-

age [170]. In this context, the Cubesats [171] are a solution that provides low
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costs and several simplifications in the system deployments for the satellite
constellation. These small satellites composing the Satellite Platform can be
assembled in a fully scalable and flexible way in order to address the re-
quired performance, while keeping device costs low. In this regard, the tool
allows the possibility to configure the number of Cubesats per orbit to ensure
greater deployment flexibility.

Each NTN terminal is a 3GPP NB-IoT User Equipment (UE) able to use a
direct satellite access, thanks to an adapted Uu interface. The NB-IoT tech-
nology is used to implement the service link, established between the NTN
terminal and the remote satellite.

The feeder link is the radio link between the NTN Gateways and the Satel-
lite Platform. It is preferable to have a limited number of gateways in order
to dramatically reduce system costs, even though this leads to relatively long
periods of time of service unavailability, i.e., satellites can only offload their
data when the feeder link is active. However, this is not a problem since the
targeted scenarios generally consider delay-tolerant applications.

According to this architecture, every satellite of the LEO constellation im-
plements a Base Station. As a consequence, NTN terminals are expected to
perform again the network attachment procedure each time they are covered
by a different satellite.

It is important to stress that during the creation of the NTN terminals in
the configured scenario only uplink channels are considered, i.e., the down-
link transmission is not modeled. Moreover, only Single-Tone transmissions
are taken into account, in order to both achieve better performance due to
the increased robustness over the service link and further exploit NB-IoT ca-
pabilities to manage a multitude of users thanks to its wise bandwidth man-

agement.

3.4.2.2 Management of Blind Repetitions

The first extension introduced in the 5G-air-simulator is the handling of the
blind repetitions. It provides the transmission in a bundle of the same Trans-
port Block, replicated for a specified number of times. This key feature en-
ables communication even at low SNR values. Indeed, it is crucial to maxi-
mize both the visibility time and the total throughput.

The number of total blind repetitions can be set for the NPUSCH trans-
missions via the FrameManager: :SetNRep method. Then, this value is re-
trieved when performing the scheduling procedure. Specifically, now the

methods RUsAllocation of both the implemented scheduler classes (i.e.,
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FIFO and Round Robin) take into account this parameter while assigning
RUs to users and finalizing the scheduling procedure. In this way, the recep-
tion event happens after the correct amount of time, which depends on the
number of repetitions and the actual slot duration, as well as on the number
of RUs allocated to the UE.

It is important to highlight that also the L2S model uses the adopted num-
ber of repetitions to estimate a suitable BLER, as explained in what follows.

3.4.2.3 Link-to-System Model

In the context of non-terrestrial NB-IoT networks, one of the most impor-
tant factors which determine architectural decisions is represented by the
satellite link performance, which allows supporting direct connectivity be-
tween NTN terminals and satellite. Therefore the L2S model is of funda-
mental relevance since it offers a simplified (but still accurate) abstraction of
transmission, propagation, and reception functionalities. It associates a link-
level analysis to the system-level simulation tool. Indeed, in a system-level
simulator, it is reasonable to provide a simplified channel model. Otherwise,
it would result in excessive complexity and execution time. This model con-
tains the SNR expressions for both downlink and uplink channels, and the
BLER curves for each transmission mode.

The 5G-air-simulator did not originally model the radio channel for NB-
IoT. Thus, a new propagation loss model is developed to evaluate the signal
received by satellite, considering the non-idealities of the channel in the satel-
lite scenario.

Specifically, the SNR is analytically modeled by taking into account the
power gains and losses due to the propagation over the radio channel. Given
the elevation angle of the service link, i.e., 8,;, and the carrier frequency, f.,
the SNR SNR quantifying the link performance, evaluated in dB, can be mod-
eled as follows [172]:

SNR (0.1, fo) = P+ Gant(0er, fc)  PL(0a1, fo)

3.6
Limp (6, f:) + DCF(8, f2) N, (3.6)

where P represents the signal transmission power and G4t represents
the sum of the antenna gains of satellite and NTN terminal (in dBi). PL is
the free space path loss that accounts for the radiowave attenuation due to
propagation, and L;;,, represents additional losses due to all the impairments
considered, such as:
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¢ the air attenuation, which accounts for the dry air absorption [173];

¢ the fog attenuation, which predicts the attenuation due to clouds and
fog on Earth-space paths [174];

* the attenuation due to atmospheric gas absorption, which estimates of
gaseous attenuation [173], [175];

* the attenuation due to droplets and rainfall, which estimates the slant-
path rain attenuation as described in [176];

¢ the polarization attenuation that accounts for the difference between
the polarization of the receiving antenna and the polarization of the
incoming (incident) wave [172];

¢ the attenuation due to scintillation, which accounts for small time-scale
fluctuations (on the order of fractions of a second) of the amplitude and
the phase of a radio wave [175].

In addition, DCF is the sum, in dB, of the diagram correction factors of trans-
mitting and receiving antennas. These factors take into account the mismatch
between theoretical and real antenna radiation diagrams, as a function of the
elevation angle and the carrier frequency.

Finally, the noise power N can be evaluated by taking into account the
system noise power at the receiving antenna, which is a function of the equiv-
alent noise temperature at the satellite and the noise figure of the amplifiers at
the receiver front end (for a detailed computation of the system noise power
please refer to [175]).

The PropagationLossModel: : AddLossModel method is properly extended
to obtain the power value of the received signal by using the model described
above.

For this purpose, a new header file is defined containing the results of
the link-level analysis, such as the received power from the satellite at NTN
terminal side and the received power from the NTN terminal at satellite side
at different elevation angles, as well as the BLER curves for each transmission
mode.

The new method BLERvsSINR_NBIoT_SAT::GetRxPowerfromElAngle SAT
evaluates the received power at the satellite side for each value of the eleva-
tion angle experienced by the NTN terminal. As a consequence, during the
reception, the satellite retrieves an SNR value related to the uplink config-
uration used for the transmission, which reflects the quality of the channel.
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In essence, this SNR value is exploited to estimate the BLER for the received
block using new SNR-BLER curves, which determines the probability that it
has been correctly received. Specifically, this operation is performed in the
method NBIoTSimpleErrorModel: : CheckForPhysical

Error.

To this end, the BLER is estimated by considering the chosen MCS, the
number of used RUs, the number of NPUSCH blind repetitions, and the SNR
experienced at the satellite during the reception. The BLER value is drawn by
BLERvSSINR_NBIoT_SAT::GetBLER_SAT, using SNR-BLER curves stored into
the header file and generated using the MATLAB LTE Toolbox [177].

As a representative example, Figure 3.7 depicts the BLER curves for a
fixed TBS and four blind repetitions.

107

BLER

——2RUs
1023 RUs

[\

4 RUs
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FIGURE 3.7: Example BLER curves for TBS of 256 bits and blind
repetitions set to 4.

3.4.2.4 Satellite Mobility Model

A new mobility model, i.e., SatelliteMovement has been defined. It manages
the movement of the satellites by defining their coordinates in the selected
scenario. Figure 3.8 provides a general overview on the implemented mo-
bility model. Specifically, SatelliteMovement: :GetSatPosition tracks the
position of the satellite.
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FIGURE 3.8: Key parameters of the implemented mobility
model.

For the purposes of the simulation, and without loss of generality, satel-
lites movement was considered exclusively in one direction on a reference
axis of the Cartesian plane, i.e., the x-axis. The point value of the consid-
ered position refers to the center of the beam that covers the area on the
ground. Based on the number of satellites in the orbit and the time instant,
this method provides the updated value of the position according to the fol-
lowing equation:

xSat(t) = X0,5at T vsat(t mod ATsat); (3.7)

where xg s+ corresponds to the initial position of the satellite, vs,;; represents
the relative speed of the satellite spot beam on the Earth, t represents the
time instant considered and the modulo operation is needed to exploit the
periodicity of the position function. Finally, AT, represents the elapsed time
between two different satellites. It is given by T, that is the time taken by
the satellite to make one complete revolution around the Earth, e.g., about
94 minutes, over Nys_per_orpit, that is the number of the satellites in a single
orbit. ATs,;+ may be expressed as:

T .
ATy = ——2bt (3.8)
Nsat_per_orbit
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3.4.2.5 Cell Selection Procedure

The position of the satellites is useful for determining whether the entities
involved in the communication, i.e., NTN terminals and the satellite, are ac-
tually in reciprocal visibility and therefore able to communicate or not. For
this purpose, a new extension is introduced. This computation is performed
within the UserEquipment: :UpdateUserPosition method.

First, NTN terminals not having an empty transmission buffer measure
the power of the downlink signal received from the satellite. To this end, an
essential parameter to determine the maximum coverage the cellular system
can support is defined by the Maximum Coupling Loss (MCL) and expressed
as follows:

MCL[dB] = Prx  Prx. (3.9)

Prx is the transmitted signal power by the satellite and Prx represents the
received signal power on NTN terminal side. The former is equal to 33 dBm
of the parabolic reflector antenna used for the simulation. The latter is esti-
mated by the L2S model, specifically from the link model for downlink chan-
nel, starting from the elevation angle. It can be evaluated since the simulator
knows both NTN terminal and satellite positions.

Once the MCL goes under a defined threshold, i.e. 164 dB, the NTN ter-
minal starts the attach procedure to the satellite. For evaluation purposes,
the MATLAB LTE Toolbox was used to estimate if the NTN terminal can re-
trieve the correct Cell Information from the downlink signal at different SNR
values.

Figure 3.9 depicts the success probability of the cell selection procedure.
The NTN terminal can start the Random Access Procedure after the attach
procedure is successfully completed.
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FIGURE 3.9: Cell Selection success probability at different SNR
values.

The NTN terminal continuously monitors the downlink power signal in
order to maintain the connection with the satellite. Thanks to this approach,
the simulator can model an error during the Msg2 and Msg4 reception of the
Random Access Procedure. If so, the procedure has to be rescheduled again.
On the other hand, the NTN terminal may fail the attach procedure even if
it accomplishes the Random Access Procedure, breaking the possibility to

communicate.

3.5 Performance Evaluation

A first evaluation has been conducted using 5G-air-simulator to fulfill a
preliminary performance assessment of the baseline NB-IoT technical com-
ponent. The reference scenario is based on the SingleCell deployment,
at the application layer the model is the CBR, while the mobility model is
ConstantPosition. The users are positioned with a uniform random dis-
tribution over the simulated cell. The scenario is called nbCell and the

command-line syntax to use it is:

./5G air simulator nbCell sched time r nUe bw nC spa tones
cbrT cbrS aMax nCl [pO] [pAtt] [pRep] [rWind] [nP] [period]
[o] [boW] (seed)

where

* sched is the scheduling algorithm;
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time is the duration in seconds of each simulation run;
r is the cell radius;

nUe is the number of users in the cell;

bw is the total bandwidth used by the base station;

nC is the number of NB-IoT carriers;

spa is the subcarrier spacing;

tones is the number of tones;

cbrT is the time interval between two successive transmission by the

same user;
cbrs is the size of the data sent by the users at each transmission;

aMax is the maximum number of retry attempts for the random access

procedure;

nCl is the number of the coverage classes;

[p] is the probability that users belong to the coverage classes;
[pA] is the number of preamble transmission attempts;

[pRep] is the number of preamble repetition;

[rWind] is the duration of the RAR window;

[nP] is the number of different RACH preambles;

[period] is the periodicity of RACH resources;

[o] is the starting time of RACH resources;

[boW] is the duration of the RACH backoff window;

Conducted tests demonstrated the impact of the average number of trans-

mission requests per second, A, on a reference NB-IoT network, with the pa-

rameter settings shown in Table 3.3. Simulations consider a plausible IoT

scenario, where devices generate at the application layer packets of either
128 or 256 Bytes every 60 s.
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TABLE 3.3: Adopted Values for the Parameters of the NB-IoT

Scenario
Parameter Value
sched FIFO, Round-Robin
time 150 s
T 1000 m
nUe 1200, 2400, 3600 users
bw 5 MHz
nC 1 carrier
spa 3.75,15 kHz
tones 1,3,12
cbrT 60 s
cbrsS 128, 256 Bytes
aMax 4 Attempts
nCl 1 coverage class
[p] 1 (100%)
[pA] 3 attempts
[pRep] 1 repetition
[rWind] 12 ms
[nP] 48 preambles
[period] 320 ms
(o] 8 ms
[boW] 256 ms
seed 1-50

Since transmission requests follow a discrete uniform distribution in the
interval [1, cbrT], every cbrT seconds there are, on average, A - cbrT different
mobile terminals that want to transmit a packet of size cbrS. In other words,
A = nUe/cbrT. System performance with both Single-Tone and Multi-Tone
transmissions has been evaluated when both FIFO and RR scheduling algo-
rithms are taken into account. System performance was evaluated in terms
of the average number of users managed by the packet scheduler, average
system goodput, and E2E packet delays. In order to increase the level of
confidence of reported results, each simulation has been repeated 50 times.

The average number of users that are managed by the scheduler when
the packet size cbrsS is set to 128 Bytes and 256 Bytes is reported in Table 3.4

and Table 3.5, respectively. When cbrS = 128 Bytes, the average number
of users that wait to transmit data over the radio interface is generally lower
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TABLE 3.4: Average number of scheduled users, cbrS = 128
Bytes

Number A Af
of Tones | 20 | 40 | 60

13.5 | 26.8 | 239 | 3.75 kHz

Scheduling Algorithm

1 33 | 74 | 66
FIFO 3 18 | 6 | 6
6 15 1 55 [ 55 | °kHz

12 14 | 53 | 51
13.3 | 269 | 23.6 | 3.75 kHz

1 34 | 74 | 57
RR 3 18 | 59 | 54
6 15 [ 55 [ 55 | °kHz

12 14 | 53 | 52

TABLE 3.5: Average number of scheduled users, cbrS = 256

Bytes
. ] Number A
Scheduling Algorithm of Tones | 20 | 40 | 60 Af
1 25 (235 | 106 | 3.75 kHz
7 1202 70
FIFO 3 5 1794 | 252
6 1 706 251 1°kHz
12 5 | 807 | 263
1 25 | 277 | 106 | 3.75 kHz
7 1254 | 76
RR 3 5 | 771 | 288
6 5 772 22| 1°kHz
12 51762 | 299

than the number of users that generates packets to transmit during the unit of
time. This means that NB-IoT is able to manage the amount of requests that
successfully passes the random access procedure. When cbrS = 256 Bytes,
instead, the amount of resources available in a simple configuration based
on a 180 kHz carrier only is not suitable to support the overall traffic load.
In this case, the system collapse and a very high number of users has to wait
for a long time in the scheduling queue .The significant reduction in the av-
erage number of schedulable users is registered when A = 60. In fact, many
users are unable to complete the random access procedure and transmit a
packet. In general, both schedulers offer a similar behavior. But, in a sce-
nario with A = 40 and Multi-Tone configuration, the RR scheduler handles

queued users in a more efficient manner.
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Figure 3.10 shows the average system goodput.
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FIGURE 3.10: Average Goodput.

When cbrS = 128 Bytes, obtained results are nearly independent of the
transmission type, Af, number of tones, or the adopted scheduling algo-
rithm. The results do not follow a monotonic behavior: moving from A = 40
to A = 60, the network registers a performance degradation. This is not
caused by radio channel errors (which were not implemented yet), but it is
due to the limited number of mobile terminals that completed the random
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access procedure. These considerations are still valid also in the case cbrS =
256 Bytes. Nevertheless, Figure 3.10(B) demonstrates how Single-Tone mode
is indeed capable of handling a higher number of transmission requests. In
fact, more users can be scheduled at the same time during a TTI compared to
the Multi-Tone configuration. The goodput is indeed improved.

Lastly, Figure 3.11 and Figure 3.12 shows the cumulative distribution
functions of the E2E packet delays, calculated by considering the influence of
random access procedure, scheduling decisions, and physical transmission.
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FIGURE 3.11: Cumulative distribution functions of E2E packet
delay for Single-Tone.
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On one side, when cbrS = 128 Bytes, both schedulers reach a similar per-
formance. The reason is that the base station is able to empty the schedul-
ing queue before the arrival of new requests. Therefore, scheduling deci-
sions bring negligible differences. At the same time, however, packet delays
grow with the value of A. When A increases, in fact, more users perform
the random access procedure and the amount of time needed to complete it
increases as well. Also, when Af = 3.75 kHz (see Figure 3.11(A) and Fig-
ure 3.11(B)), longer duration of the TTI certainly gives rise to greater delays.
But, a higher number of subcarriers translates into a limited susceptibility
to the A variation (the three curves are closer), since it allows simultaneous
transmission of a greater number of users. On the other side, when cbrS =
256 Bytes and A is greater than 20, the difference between scheduling policies
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becomes more noticeable. In particular, RR guarantees lower delays with re-
spect to FIFO for most of the users. Also, when A = 60 higher delays are
registered even if the number of users that are actually scheduled is less than
the other cases (as confirmed by both Table 3.4, and Table 3.5). This solely
depends on the longer time needed by mobile terminals to successfully com-

plete the random access procedure.

3.5.1 Random Access Procedure

In the following, the accuracy of the model presented in Section 3.3 is eval-
uated, by taking into account reference applications scenarios of sensor net-
works enabling periodic reporting in monitoring infrastructures. Conducted
tests consider a 3GPP reference scenario, as described in [178]. In particu-
lar, nUe = M = 5000 or nUe = M = 10000 motionless mobile terminals are
uniformly distributed within a cell with a radius of 1.5 km. The base station
uses a single NB-IoT carrier of 180 kHz. Again, transmission requests arrival
is modeled according to the uniform distribution in the interval (0, 60) s. All
the details related to the considered NPRACH resource configurations are
summarized in Table 3.6 and Table 3.7.

TABLE 3.6: NPRACH Configuration 1

Parameter Value

aMax [#] 10

nCl [#] 1
Class ¢ Normal

[pA] [#] 6

« [#] 10
period [ms] 80
PA [#] 36

boW [ms] 512

rWind [ms] 24
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TABLE 3.7: NPRACH Configuration 2

Parameter Value
aMax [#] 10
nCl [#] 3
Class ¢ Normal Extended Extreme
pA [#] 3 3 6
period [ms] 80 80 80
pA [#] 12 12 24
boW [ms] 256 512 1024
rWind [ms] 12 48 256

Note that for Configuration 1 the Normal class only is considered, while
Configuration 2 contemplates all the three different coverage classes. It is
worth mentioning that in order to increase the level of confidence of reported
results, each simulation has been repeated 150 times.

System performance was evaluated in terms of the number of end-users
involved in the random access procedure, as well as collision and success
probabilities. Finally, a brief analysis of the percentage error between the es-
timated success probability, i.e., Sy s, and the simulated success probability,
that is Sy 5, is conducted for each set of simulations.

3.5.1.1 Number of Users Accessing the NPRACH

Figure 3.13 shows the number of users accessing RAOs, N. As expected,
greater M values lead to an overall higher number of users in the NPRACH.
This evidently holds for all the sets of simulations.

The average number of users accessing RAOs reaches the highest values
in Configuration 1 since all the terminals belong to the only available cov-
erage class, i.e., Normal. In addition, when M = 10000, the growth of the
number of users performing the preamble transmission stems from the scarce
amount of NPRACH resources. Conversely, the average number of users ac-
cessing RAOs is considerably lower in Configuration 2. In fact, mobile ter-
minals are split among the three available coverage classes. It is important to
emphasize that Extended class presents a higher N. This is mainly due both
to the low number of different preambles, i.e., s = 12, and to the Normal class
users attempting new transmission in this class. For the same reason the Ex-
treme RAOs should be the most congested, however the number of different
preambles is greater, i.e., s = 24.
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3.5.1.2 Collision and Success Probabilities

Figure 3.14 shows the success and collision probabilities in each RAO. It is
important to note that each plot shows the collision and success probabilities
directly derived from network simulations, as well as the probabilities com-
puted using the presented analytical models, where the average number of
users accessing RAOs computed by the tool is an input for the eq. (3.4) and
the eq. (3.5). The most noticeable feature is that the predicted probabilities
get closer to the actual probabilities as the number of users in the cell in-
creases. Furthermore, the results are also consistent with the previous ones.
In fact, when M = 10000, the collision probability is always higher than the
M = 5000 case. All the figures demonstrate that performance is significantly
reduced under high traffic load, especially for Configuration 1. In fact, ac-
cording to what has been mentioned above, Configuration 1 shows the least
Sn s values. This depends on the fact that the NPRACH configuration is not
adequate to the average number of preamble transmissions. As for Config-
uration 2, Extreme coverage class holds the greatest success probability, since

s = 24, as outlined earlier.



108

Chapter 3. NarrowBand-Internet of Things: Modelling and Analysis

1 | .
+ analytical model
simulation, M=5000
0.8 simulation, M=10000. () 2
+ ++++++++++++++++++*’+++Jr
0.6~ 4 » o iR 0.4
B AP %
=z + z
Q * %)
04 + 0.6
0.2 7++++++++++++++++++++++++++++++++++++++++++++++— 0.8
0+ ; ' 1
0 5 10 15 20 25 30
¢ [s]
(A) Normal class, Configuration 1
1 | \
+ analytical model
simulation, M=5000
0.8 simulation, M=10000. ¢ 2
0.6 04
= + =
Qa B e o e e o o S R SRS 1%}
04 + 1 0.6
02 * i "8
B R e o
0 ; ! 1
0 5 10 15 20 25 30
t [s]
(B) Normal class, Configuration 2
1 | |
+ analytical model
simulation, M=5000
0.8 simulation, M=10000 ¢ 2
0.6 0.4
2 + + + -
=z Aihalh B b A il bt st Bkttt MM Ub bt H it A i z
a ++ [%3)
0.4 0.6
4
02 L L T 08
B i e
0_» L L 1
0 5 10 15 20 25 30
¢ [s]
(C) Extended class, Configuration 2
1 | \
+ analytical model
simulation, M=5000
0.8 simulation, M=10000. ¢ 2
m0.6 04
Q ©
0.4 0.6
0.2 +++++++++++++++++++++++++++++++++++++++++++++ 0.8
20 .
B o o o S R e e
0+ ; ! -1
0 5 10 15 20 25 30
t [s]
(D) Extreme class, Configuration 2
FIGURE 3.14: Collision and Success probabilities of RAOs



3.5. Performance Evaluation 109

3.5.1.3 Percentage Error of the Success Probabilities

As regards the cross-validation of the formulated model, the discrepancies
between the simulated and the analytical success probabilities are quantified
in terms of percentage error. The latter is reported in Table 3.8 and Table
3.9, which show its mean value, as well as the 90t and the 10th percentiles.
Reported results clearly highlight that the analytical model boasts a good
overall accuracy, keeping the mean percentage error always below 6% and
the 90" percentile slightly above 10%. In particular, Configuration 1 outper-
forms, demonstrating a mean percentage error lower than 3.5%. Nonethe-
less, in general, the analytical model is more accurate when the first resource
configuration is adopted, according to the previous figures, too. This is
mainly due to the fact that in Configuration 2 the average number of users ac-
cessing RAOs is considerably lower. Further analysis could be conducted to
demonstrate that the analytical model actually holds higher accuracy when

the number of users accessing an RAO is relatively large.

TABLE 3.8: Percentage Error Between Success Probabilities for
Configuration 1

M [#] Mean 90t Percentile 10t Percentile

5000 1.7 3.2 0.3
10000 34 6.5 0.6

TABLE 3.9: Percentage Error Between Success Probabilities for
Configuration 2

Class M[#] Mean 90 Percentile 10 Percentile

Normal 5000 6.0 10.4 1.6
Extended 5000 5.9 10.5 1.4
Extreme 5000 2.5 10.5 14
Normal 10000 3.4 7.1 04
Extended 10000 4.2 8.1 0.7
Extreme 10000 2.6 8.1 0.4

3.5.2 Satellite NB-IoT

This Section presents a preliminary performance assessment of the NB-IoT

satellite-based communication system for reference monitoring scenarios. To
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demonstrate the actual effectiveness of the developed tool, the conducted
system-level study highlights how network and satellite configuration sig-
nificantly impact system performance.

3.5.2.1 Simulation Scenario

The reference scenario is called nb-Cell-sat and the command-line syntax to
investigate it is:

./5G air simulator nbCell Sat nS nUe nC mcs nR
period boW spa (seed),

where:

* nSis the number of satellites per orbit;

¢ nUe is the number of users in the simulation area;

¢ mcs is theMCS to be used for the transmissions;

¢ nRis the number of NPUSCH and NPRACH repetitions;
* spa is the subcarrier spacing;

* seed is an optional seed to initialize random quantities to different, but

reproducible, values in each simulation run.

For the simulation purpose, the fixed area on the Earth, that contains the
NTN terminals, was chosen with a circular shape of the same size as the
satellite spot beam.

At the application layer, the selected traffic model is the periodic uplink
reporting [156]. In fact, monitoring is one of the most common use cases for
MTC in NTNs [169]. The application payload size follows a Pareto distribu-
tion with shape parameter = 2.5, characterized by a minimum size of 20
bytes and a cut-off of 200 bytes. The split of inter-arrival time periodicity is 1
day (40%), 2 hours (40%), 1 hour (15%), and 30 minutes (5%).

Regarding the Random Access, the number of possible NPRACH pream-
bles nP is the maximum allowed by the standard, i.e., 48. The NPRACH
periodicity period is set to 240 ms while the Backoff Parameter boW is set to
2048 ms. In this way, the probability of collisions due to the preamble re-
transmissions may be mitigated. Moreover, it is important to emphasize that
these values are also compatible with higher RTTs typical of NTNs [165]. The
duration of the RAR window and the Contention Resolution Timer is set in
accordance with the defined number of NPRACH repetitions.
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TABLE 3.10: Parameters of the Scenario

Parameter Value
nS 4, 8 satellites
nUE 1000, 3000, 5000, 10000 users [178]
MCL 164 dB
MCS 2,4,6,8
nR 1,2,4
uplinkBand 1980-2000 MHz
uplinkConfig Single-Tone
spa 3.75,15 kHz
nP 48
period 240 ms
boW 2048 ms
ueAntennaPower 23 dBm
eNBAntennaPower 33 dBm
seed 1-50

Although the simulator provides support to multiple coverage classes, in
this case, only one coverage class has been considered since all the NTN ter-
minals are supposed to experience the same level of coverage with respect
to the satellite. In particular, an MCL value of 164 dB is considered. The
chosen scheduling algorithm is the Round Robin since it is already proven
to guarantee lower average delays with respect to FIFO and avoid the star-
vation problem. The duration of the simulation has been chosen in order to
allow a vision of at least 8 cycles of visibility by the satellites on the area in-
volved in the communication. A 20 MHz bandwidth from 1980 MHz to 2000
MHz frequency and a single NB-IoT carrier are taken into account. The main
parameter settings considered in this study are summarized in Table 3.10.

Different KPIs have been measured by processing the output trace files.
In particular, the number of NPRACH preamble collisions and the E2E delay
are statistically analyzed. Finally, the average delivery ratio of the packets is

investigated for further completeness of the performance evaluation.

3.5.2.2 NPRACH Preamble Collision

Figure 3.15 shows the number of NPRACH preamble collisions.
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FIGURE 3.15: ECDF of the NPRACH Preamble collisions

First of all,

the number of Cubesats in the Satellite Platform greatly im-

pacts NPRACH performance. In fact, with fewer Cubesats, ground terminals
remain without satellite coverage for longer periods. As soon as they return
in visibility, a great burst of NPRACH preamble transmissions occurs, hence

leading to several collisions.

Besides, also a greater number of NTN terminals leads to an overall
higher number of preamble collisions, as expected. For instance, with 4
Cubesats and 10000 NTN terminals, the probability of having less than 100
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collisions is below 10%. This demonstrates that NPRACH represents a bot-
tleneck for dense network deployments.

Finally, it is important to highlight that the cluster distribution impacts
negatively on the performance, and this is more true for a higher number
of terminals. Indeed, according to the implemented mobility models, all the
users of a cluster come back in coverage practically at the same time. In
contrast, the attachment is more gradual when NTN terminals are uniformly
distributed.

3.5.2.3 End-to-End Packet Delays

End-to-End packet delays are reported in Figure 3.16.
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FIGURE 3.16: Box plots of the E2E packet delays. Each box
plots identifies the median delay (i.e., the red line), the 25th
and the 75" percentile (i.e., the bottom line and the top line of
the blue rectangle), as well as the minimum and the maximum
measured delay value (i.e., the edges of the vertical black line).
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They are computed by taking into account the influence of cell selec-
tion, random access procedure, scheduling decisions, and the actual physical
transmission. Following the previous NPRACH considerations, the most no-
ticeable feature is that the constellation numerousness significantly affects
the E2E packet delays. In particular, more Cubesats allow covering NTN ter-
minals for more protracted periods, hence reducing E2E delays. Besides, the
amount of time needed to complete the random access procedure increases
with a higher number of NTN terminals. Indeed, when more users perform
the random access procedure, the number of collisions rises. As a conse-
quence, packet delays also grow with the number of NTN terminals.

It is important to mention that, for 3000 and 5000 NTN terminals, the
difference in performance is barely noticeable. A considerably higher delay
would be expected in the case of 5000 NTN terminals since the number of
collisions is higher. Nonetheless, the scheduling delay is limited in such a
case, precisely because fewer users successfully complete the random access
procedure. The other way around happens with 3000 NTN terminals. As a

consequence, performance is similar in both cases.

3.5.2.4 Delivery Ratio

To conclude, the packet delivery ratio (i.e., the ratio between correctly re-
ceived packets and transmitted packets) is analyzed for all the sets of simu-
lations. Specifically, Figure 3.17 shows the achieved average delivery ratio.
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Evidently, 8 Cubesats constellations hold the greatest packet delivery ra-
tios. Conversely, when a massive number of NTN terminals is deployed,
performance is extremely reduced. Nonetheless, it is important to emphasize
that fewer satellites provide decent performance (e.g., delivery ratios higher
than 90%) for a reduced number of the NTN terminals. This also highlights
the fact that proper constellation dimensioning is crucial.

Finally, the aforementioned considerations for NPRACH and delays re-
flect in the obtained delivery ratios, therefore proving the accuracy of the

analysis.
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Chapter 4

Dynamic Management of RAN
Slicing

The idea to support orthogonal logical segments also at the radio interface of
5G and B5G deployments recently gained momentum. In the RAN, slicing is
based on the virtualization of the radio resources and strongly leverages SDN
and NFV to create different E2E virtual networks over the same physical in-
frastructure. Unlike the conventional network slicing concept, RAN slicing
is less mature and more challenging, because of the intrinsically shared and
unpredictable nature of wireless resources and the need of novel RRM func-
tionalities [69]. Indeed, the integration in the RAN of the same attributes
of core network slicing is a complex task, which requires the definition of
novel RRM functionalities. e.g., spectrum planning, interference coordina-
tion, packet scheduling, and admission control [85].

This Chapter first describe the current state of the art on RAN slicing.
Then, a novel architecture to realize TNT-driven RAN slicing for Latency
Sensitive Services is explored from subsection 4.2.1 to Section 4.4, with a spe-
cific focus on Al techniques. Finally, Section 4.6 concludes the Chapter with
the proposal of applying the concept of RAN slicing to WLAN in order sup-
port indoor healthcare monitoring, with a focus on epileptic patients.

4,1 State of the Art

The management of network slicing in the core network was deeply investi-
gated in the current scientific literature. On the contrary, handling network
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slicing in the RAN is still an open issue. In fact, the unpredictable variabil-
ity of the wireless channel, network dynamics, slice isolation, scarcity of re-
sources, increased inter-cell/inter-tier interference caused by spatial multi-
plexing of the spectrum, as well as diverse QoS requirements of different ser-
vices pose significant technical challenges on the management and provision-
ing of RAN slicing [47], [69]. A straightforward way of allocating resources
to different slices is through static partitioning of the resources, which can,
however, lead to low efficiency. At the same time, static partitioning is not ad-
equate to enforce the full vision of network slicing where different operators
wish to have a detailed vision of the underlying infrastructure as a virtual-
ized entity of which they have a - at least partial - control and which they can
configure and operate independently.

To overcome these issues, recently, many scientific works dealt with the
realization of RAN slices.

In [179], the authors propose a 3GPP compliant vision and a new frame-
work to enforce network slices, featuring radio resources abstraction. In par-
ticular, a fully programmable network slicing architecture based on the 3GPP
dedicated core network and a flexible RAN is proposed. As for the RAN, a
two-level MAC scheduler to abstract and share the physical resources among
slices is conceived. The idea of dividing the slicing scheduling problem at
RAN level into inter and intra-slice scheduling is then considered in many
subsequent works, e.g., see [180].

In [181] the concept of the 5G Network Slice Broker is introduced, which
enables new players to request and lease resources from IPs dynamically via
well-defined interfaces. Specifically, its behavior is based on traffic monitor-
ing, and it takes into account SLAs. In addition, it configures RAN sched-
ulers to provide an inter-slice resource allocation as well as the selection of
RBs from a shared pooled spectrum.

An interesting holistic vision of RAN slicing addressing the above men-
tioned considerations, is presented in [48]. In this work, the importance of
RAN slicing enforcement in 5G networks is discussed and an overview of
the RAN slicing formation procedures involving an IP and multiple TNTs
is presented, from the operator’s selection of base stations to the waveform-
level scheduling of radio resources. Moreover, timing aspects involving the
creation of the slices and the lower-layer MAC scheduling procedures are
discussed, putting in evidence that different time scales for slice formation
and radio resource allocation are in general expected.



4.1. State of the Art 119

In [85] an overall analysis of the RAN slicing problem in a multi-cell net-
work is presented and four different slicing approaches working at different
RRM functionalities levels are proposed, namely spectrum planning, Inter-
Cell Interference Coordination, Packet Scheduling, and Admission Control
levels. Different solutions achieve a different trade-off between isolation and
optimized resource utilization.

The problem of slice enforcement expressed as RBs allocation to each
slice for a given resource partitioning policy among the admitted slices in
presented in [182], addressing, in particular, the isolation problem, i.e., the
possibility that a non-optimal RB allocation introduces interference among
different operators. Here, the concept of linked bandwidth is introduced, in-
tended as the amount of frequency resources shared among users of the same
slice in adjacent (i.e., interfering) cells.

A distributed approach for performing RAN slice formation among com-
peting TNTs is presented in [183] and [184]. In [183] the problem is formu-
lated as a potential game where the players are the different operators, and
the goal is to optimize a global utility. In this scenario, each operator aims
at selecting the serving base stations for each node with the aim of minimiz-
ing the cost and the congestion level, as well. The timing problem of slice
formation is not specifically considered, although the possibility of adapting
to the number and the positions of active nodes would require fast slicing
allocation. In [184] a game-theoretic approach to realize network slicing is
presented, enabling TNTs to both gain the benefits of infrastructure sharing
and customize their own users’ allocation.

Some other papers related to RAN slicing, e.g., [185], [186], and [187]
envisage an architecture where the control part of the RAN, i.e., Layer 2
scheduling, base stations assignment, etc., are partially in charge of the TNT,
that is responsible for making slice formation requests and for operating slice
enforcement using open interfaces to communicate with the IP. In particular,
[185] proposes a network slicing solution for enabling efficient coexistence
of different services. In this setting, the authors try to validate the feasibil-
ity of on-demand creation and configuration of network slices by means of
an SDN-based slicing application. In [186] and [187], the problem of slice for-
mation and resource allocation are considered as coupled in a single resource
allocation framework, where the general problem is seen as a hierarchical al-
location problem in which the slice formation is executed in a distributed
fashion involving the IPs and the TNTs which compete for accessing the re-

quired resources. More specifically, a hierarchical radio resource allocation
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architecture is proposed in [186], where a global resource manager is respon-
sible for allocating sub-channels to local radio resource managers in slices,
which then allocate the assigned resources to their users. Under this archi-
tecture, a hierarchical resource allocation problem is formulated. In [187]
a two-level hierarchical resource allocation problem is proposed, while en-
suring efficient resource allocation, inter-slice isolation, and intra-slice cus-
tomization. To this end, authors design a hierarchical combinatorial auction
mechanism, from which a truthful and sub-efficient allocation framework
stems.

The problem of providing URLLC using 5G network slices is addressed
in [188]-[191]. Specifically, [188] provides an overview on current technolo-
gies, open issues, and possible solutions to the network slicing problem for
URLLC service type. The analysis is conducted focusing on stringent E2E
delay guarantees. Authors of [189] propose a flexible two-level scheduling
framework in order to dynamically manage radio resources to meet the typ-
ical latency and reliability requirements. They focus on reducing latency for
URLLC services and applies different per-slice scheduling policies over a
shared RAN. [190] presents a novel framework for 5G RAN slicing by ex-
ploiting the idea of Earliest Deadline First scheduling. In particular, each
slice is scheduled independently taking into account the list in order and Self
Organizing Networks are used for dynamically adapting to potential SLA vi-
olations. In the context of Fog RANs, [191] formulates a delay-aware resource
allocation optimization problem in order to satisfy the latency constraints of
an URLLC slice. Authors prove that guaranteeing the delay performance
comes at the expenses of the throughput and the queuing delay of eMBB
slices.

The problem of networking, computation, and storage resources allo-
cation to different TNTs was studied in [192] where a set of access points
equipped with MEC servers are available to provide the requested resources.
More specifically, the inter-dependency among different kinds of resources
were taken into account to elaborate an optimal resource allocation strategy.

The study of resource allocation for V2V communication slice is investi-
gated in [193] where the RAN slicing problem for providing two generic 5G
services, namely eMBB and V2V, is addressed. The scheme was based on an
off-line RL algorithm which allocates radio resources to different slices with
the target of maximizing the resource utilization while ensuring the avail-
ability of resources to fulfill the requirements of the traffic of each RAN slice.

In [194], the authors proposes a network slicing based communication
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for vehicular networks by creating two different slices, namely autonomous
driving slice and infotainment slice, over the same physical infrastructures.
The slicing algorithm partitioned the vehicles into different clusters and al-
locate slice leaders to each cluster. Slice leaders serve its clustered vehicles
with high quality V2V links providing Low latency services. At the same
time Road Side Unit (RSU) provides infotainment service using Vehicle to
Infrastructure (V2I) links. The performance of the proposed method was val-
idated using an LTE-A compliant system level simulator, with enhancement
of cellular V2X standard by analysing queuing latency, throughput, and the
queue lengths. Simulation result showed the proposed network slicing ap-
proach attains huge improvements in terms of reliability and throughput,
which is due to the utilization of high quality V2V and V2I links. However,
the problem of inter-slice interference was not studied in this work.

In [195], the authors implement a mobility management scheme for V2X
slicing environment. The proposed solution focused mainly on resource bor-
rowing between slices, aiming at reducing the handover call dropping prob-
ability.

A lot of effort from standardization bodies is going into the exploita-
tion of the 5G slicing framework for enhanced V2X services. Specifically,
whether and how to correctly map enhanced V2X services in different slices
and which enhanced V2X features would require or benefit from explicit net-
work slicing support are still being discussed by 3GPP [196].

Al-based methods represent powerful instruments for solving typical
technical problems of interest for Academia and Industry working on mobile
communication systems. In particular, DL, RL, and DRL have been widely
adopted for channel estimation and resource allocation problems [57], [64],
[197], [198]. In this context, even in the presence of perfect traffic estima-
tion, evaluating the optimal RRM setting is a very difficult task owing to
the random nature of the radio conditions, requiring the use of optimization
tools with unmanageable computational complexity. Alternatively, DL and
RL/DRL offer low-complexity and effective solutions for RRM in communi-
cation and computing systems [54], [199]. DL can extract important features
from data and model its high-level abstractions, avoiding manual description
of a data structure [54], [57]. For this peculiarity, DL architectures have been
successfully proposed in channel estimation. For example, Long Short-Term
Memory (LSTM) networks perform the prediction of RAN resource usage by
a network slice [200] and the prediction of future CQI values in a data-driven
RAN slicing framework with URLLC and eMBB slices [201]. Furthermore, an
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encoder-decoder structure based on Convolutional Neural Network (CNN)
is presented in [202] for estimating the traffic of slices deployed at Cloud -
Radio Access Network (C-RAN), MEC, and core datacenters.

The time-varying wireless channel largely impacts the optimal decision-
making process for resource allocation problems. Differently from traditional
solutions that require to rerun the algorithms every time the environment
changes, RL and DRL methods fit for these challenges [57]. A slice admission
strategy based on RL is presented in [203] for a flexible RAN. As alrerady re-
ported, Q-learning is also adopted in [193] to handle RAN slicing, supporting
an eMBB and a V2X slice on the same RAN infrastructure.

In [204], LSTM is incorporated into the actor-critic DRL algorithm for an
intelligent resource management of RAN slicing. Deep Q-Network [205],
[206] and its modified versions [207], [208] are exploited for slice manage-
ment in RAN. Specifically, the contribution in [207] entails a Generative
Adversarial Network-powered Deep distributional Q-Network for demand-
aware resource allocation, while RB allocation to multiple slices is optimized
in [208] by exploiting a method called Ape-X, that uses distributed learn-
ing in the Deep Q-Network (DQN) with multiple actors. Cooperative multi-
agent deep Q-learning jointly solves the RAN slicing and computing task
offloading problem in [209]. Moreover, by jointly optimizing radio and com-
putation resources in the context of RAN network slicing, the utility maxi-
mization problem formulated as a Markov Decision Process (MDP) is solved
in [210] through the Deep Deterministic Policy Gradient (DDPG) algorithm,
that combines the DQN and the actor-critic approach. Similarly, the contri-
butions in [211] and [212] extend the DDPG algorithm to obtain an optimal
RAN slicing policy, by minimizing the long-term system cost in the context
of vehicular networks and both the long-term QoS of services and spectrum
efficiency of slices, respectively. Q-learning [213], Deep Q-learning [214], and
a distributed DRL strategy based on the Advantage Actor Critic (A2C) algo-
rithm [215] also assist network slicing involving both RAN and core network.

DL can also support DRL-based resource allocation methods. In particu-
lar, the compression of high-dimensional CQI information, obtained through
an autoencoder, is exploited in a DQN-based framework in [198]. This valu-
able contribution aims at optimizing computation offloading in the large-
scale MEC system, but it does not focus on network slicing problem. Au-
toencoders are also adopted in the core network slicing context. In partic-
ular, the framework proposed in [50] firstly entails an autoencoder-based
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classifier, which is used by the IP to distribute TNTs" virtual network slic-
ing requests with similar characteristics to its different agents. Then, an
autoencoder-based compression module extracts the key features of the vir-
tual network requests. In a privacy-oriented approach, the compressed rep-
resentation of features is fed into a DDPG-based model for resource pricing,
advertising, and motivating TNTs to request resources in a load-balanced
manner. Therefore, virtual network slicing is accomplished in a distributed,
TNT-driven, and privacy-oriented manner: after compressing the features
of requests, TNTs compute their own virtual network embedding schemes
independently and distributedly, according to the resource information (i.e.,
the available resources and their prices) advertised by the DRL agent.

4.2 Architecting RAN Slicing for Latency Sensi-

tive Services

The inherent requirements of users demanding latency sensitive services, as
well as their high mobility, put further constraints on the RAN slicing prob-
lem. Indeed, it is evidently clear that forming and handling network slices
with severe latency and reliability guarantees for mission-critical applica-
tions is a dismaying effort. Current scientific literature, as it stands, does not
adequately account for the fact that the delay and reliability requirements of
latency sensitive services call for unconventional, distributed, and scalable
slicing approaches. Furthermore, recent research on RRM for URLLC [67],
[189], [216]-[219] has made great strides towards a more efficient schedul-
ing of these services. Nevertheless, these studies have ignored to take into
account a common infrastructure shared by multiple TNTs.

Moreover, it is equally important to acknowledge the possibilities offered
by MEC and virtualization. In fact, thanks to the use of the servers installed
at the edge of the network , MEC can guarantee extremely low latency and
bandwidth efficiency, differently from traditional centralized cloud comput-
ing [220]. The innate ability to collect information about users and network
could also be exploited to provide personalized services to users and third-
parties, which represents a fascinating possibility for TNTs.

In essence, a virtualized application platform is built over physical hard-
ware resources provided by the host machine that mounts the MEC server
within the C-RAN. This application platform is capable of offering a series
of middleware services accessible to the applications running on the MEC



124 Chapter 4. Dynamic Management of RAN Slicing

server through Application Programming Interfaces (APIs). In particular,
they include Infrastructure Services, which manage the communication be-
tween application and service and between the various applications, and
also allow the visibility of services offered by the MEC platform, Radio Net-
work Information Services, that collect and provide information about users
and cell, and Traffic Offload Function, which manages the routing of traffic to
and from applications. From the preceding discussion, it is clear that MEC
servers deployment in the RAN is one of the best solutions for RAN slicing,
guaranteeing both a strong versatility to extremely time-variant conditions
and easiness of interactions between all the parties involved in the slicing
operations.

It is even more true that the combination of different technology emerges
as a foundation for supporting reliable and low-latency services. Indeed,
there several promising approaches that are beneficial for URLLC as well,
especially with the advent of resource-intensive and safety-critical applica-
tions. First, there are Non Orthogonal Multiple Access (NOMA) techniques,
which utilize the superposition coding principle to multiplex multiple users
on the same time/frequency resources. As a consequence, they are able to
effectively lessen latency by supporting far more users than conventional
orthogonal-based approaches, hence reducing both queueing delays and the
need for more spectrum. Second, already standardized 5G NR features are
remarkably convenient to improve the performance of the over-the-air trans-
mission delay. In particular, shorter TTIs can be achieved by operating at
larger subcarrier spacings, hence exploiting the flexibility of the NR interface.
Moreover, small scheduling units such as mini-slots yield substantial latency
reduction. Third, the complex RRM problem could be addressed by means
of a distributed machine learning framework. Specifically, essential data is
distributedly saved across several interconnected nodes, and the problem is
then solved collectively, eventually involving end devices as well [221]. Such
a distributed mechanism is mandatory since a centralized intelligent node is
evidently inadequate for addressing the URLLC requirements. A possible so-
lution could be to locate the intelligent framework in a RAN controller, which
then forwards the decisions to the actual base stations. Finally, many more
examples are possible: ultra-lean design, grant-free transmissions, flexible
TDD configurations, device-to-device communication, delay-budget report-
ing, etc..

Starting from the valuable methodologies and solutions available in the
current state of the art, this Section sheds some important basis for the design
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of a comprehensive architecture enabling RAN slicing for latency sensitive
services. Specifically, it presents a high-level architecture jointly tackling the
problems related to latency sensitive services and network slicing by means
of a MEC system, while posing particular attention to design criteria, sys-
tem components, and their baseline interactions. The conceived architecture
grounds its roots on the Platform as a Service (PaaS) paradigm: it is assumed
that the IP is the only entity allowed to manage radio resources and network
slices. Nevertheless, the overall design suitably fits with the Infrastructure
as a Service (IaaS) paradigm as well, where virtual mobile operator have the

chance to control radio resources and network slices.

4.2.1 The Proposed Architecture

Although network slicing is expected to open new business models for all
the interested parties, it is of the utmost importance to emphasize that roles
must not change. For instance, IPs and third-party vertical industries that re-
quest mobile slices should not be aware of TNTs” most valuable information,
i.e., business strategies, subscriber numbers, etc.. At the same time, although
with the necessary exceptions, TNTs are not authorized to precisely compre-
hend the procedures and algorithms implemented by the IPs, as well as the
internal functioning of the provided apparatuses. Based on these premises,
here is envisioned an architecture able to advance the current mobile net-
work slicing context, favoring collaboration while keeping key requirements
and distinctive interactions among all the parties involved clearly distinct.
As a consequence, the IP is the only entity allowed to implement resource
allocation. In addition, for simplicity reason, the network of a single IP is
considered in the subsequent analysis. However, it is important to note that
the proposed architecture can be easily scaled for multiple IPs.

4.2.1.1 Overview

A general network scenario constituted by a New Generation Service Ori-
ented Core and a C-RAN is considered. In particular, C-RAN architecture
is used on the RAN side in order to effectively implement real time func-
tions, as well as RAN slicing, on-demand deployment of resources, and flex-
ible coordination. Moreover, the C-RAN is equipped with the Mobile Cloud
Entity (MCE), i.e., the logical entity of central control and management for
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the C-RAN. MCE can implement functions requiring high real-time perfor-
mance and computing load — e.g., access network scheduling, link adap-
tation, power control, interference coordination, retransmission, modulation
and coding — based on different service requirements and resource config-
urations. According to the IP implementation, C-RAN can have different
levels of control of radio functions, from an overall control of the gNBs to
the complete Radio Remote Heads capabilities. Clearly, RAN is composed of
numerous gNBs settled in different geographic areas. Nearby gNBs are then
grouped together in a C-RAN cluster, a spatially isolated and self-sufficient
logical network partition. One or several MEC servers are then bootstrapped
to each C-RAN cluster and connected to one or more RAN controllers sup-
porting the underlying physical infrastructure.

In order to automatically generate network slicing services according to
the specified requirements, two different entities, namely IP Subsystem and
TNT Subsystem, are envisaged to interact with each other. In this scenario,
the IP dynamically leases computing resources for granting TNT Subsystems
to be virtualized on MEC, according to the PaaS paradigm. A high-level
overview of this architecture is depicted in Figure 4.1.
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FIGURE 4.1: Functions and interactions between the elements
of the proposed architecture.

It is important to note that a different InaS-based architecture, in which the
IP only leases its resources and the TNTs are in charge of developing their
own virtualized subsystems, although coming at a much more convenient
architectural simplicity, is able to provide less control over the slice creation,
as well as minor coordination between the different TNTs, which is crucial in
the RAN slicing context, as repeatedly stated. This is the main reason why
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the proposed architecture is built on top of the PaaS paradigm. However, it is
important to remark that the envisioned network scenario is flexibly suitable

to both IaaS and PaaS architecture deployments.

4.2.1.2 IP Subsystem

In essence, it is in charge of handling the creation of different RAN slices ac-
cording to the control directives coming from the TNT Subsystems, which
are first translated in order to be effectively managed. Here, the IP provides
specific APIs for the submission of slice requests. The complex directives are
then turned into simpler records containing all the important parameters —
e.g., QoS requirements, frame structure, transmission configuration, etc.. The
resource requirements are carefully checked in order to determine whether
a slice should be admitted or not. Admission control is thus performed on
a per-slice basis by taking into account the SLAs with the TNTs as well as
the reporting information from the gNBs. To this end, the IP Subsystem di-
rectly communicates with the controllers managed by the C-RAN sending
network-level RAN performance requirements necessary to create and/or
enforce already present RAN slices.

The design criteria regarding which parameters the TNTs and IP are al-
lowed to share, as well as the level of control the TNTs can have on the C-
RAN are critically important, especially for latency sensitive services. In fact,
the variability of the service requirements may call for feedback messages
between the IP and the TNTs Subsystems (or toward third-party verticals)
leading to a slice renegotiation, which must happen on a very small time
scale. For instance, after having formed a latency sensitive slice, it may hap-
pen that suddenly the channel conditions have changed so much, or that the
MEC server is overloaded, that no enforced RRM algorithm can guarantee
the satisfaction of the constraints provided by the resource allocation policy
established for that slice at the time of its creation.

4.21.3 TNT Subsystem

TNT Subsystems mainly formulate slice requests by specifying both general
information (e.g., the time duration of the slice, type of services to be pro-
vided) and high-level control directives in order to successfully address the
requirements for the requested slice. Requests are forwarded to the IP Sub-
system through the provided APIs. In addition, each TNT Subsystem has to
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continuously monitor customer requirements based on current network sta-
tus in order to check whether SLA violations happen and to properly recon-
figure the parameters included in the slice requests. Based on the previous
behavior of the IP Subsystem, if multiple slice requests need to be forwarded,
it is in charge of the assignment of inter-slice priorities according to the re-
quired SLAs. For this purpose, it is necessary to be informed in advance and
to have the faculty both to renegotiate the slice and to decide to interrupt
other flows, if they have less priority.

Handling of RAN slice requests submitted by third-party entities should
be supported as well. Vertical industries subscribe a specific plan with TNTs
who are then completely in charge of managing the sliced networks accord-
ing to the agreed decisions.

4.3 DRL-Aided RAN Slicing Enforcement for La-

tency Sensitive Services

Edge Intelligence (EI) is considered one of the most powerful enabling tech-
nology for RAN slicing enforcement. By leveraging the native capabilities of
both MEC and Artificial Intelligence, it promises to simplify the large-scale
data acquisition, predict the incoming agglomerated per-slice traffic, and effi-
ciently support resource allocation, management, orchestration, and network
automation [222].

At the time of this writing, several Al-based solutions to anticipate future
offered loads in mobile networks have been extensively studied [200], [202],
[223]. However, estimating the traffic only represents a partial step for the
optimal slice resource allocation problem. Even in the presence of perfect
traffic estimation, in fact, evaluating the optimal RRM is a very difficult task
owing to the random nature of the radio conditions. Furthermore, online op-
timization algorithms require relatively powerful computing devices for real-
time applications, which raises monetary concerns or unmanageable com-
putational complexity. They also often require substantial problem-specific
knowledge for building them. The inherent requirements of latency sensi-
tive services, as already reported, put further constraints on this problem
and call for unconventional and scalable slicing approaches. For these rea-
sons, RL has been recently investigated as a low-complexity and effective so-
lution for RRM in communication and computing systems [224], [199]. Here,
a RL agent can generate (near-) optimal control actions on the basis of the
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reward feedback from interactions with the environment. Instead of simply
optimizing the current reward in a greedy manner, the RL agent can take a
long-term goal into account. Thus, RL appears to be particularly suited for
RRM problems when the optimum is very difficult to know, only a reward
associated with a given policy is available, and the reward/loss cannot be
related, through a closed-form expression, to the actions [225].

Following these premises, this Section presents a RAN slicing solution
that exploits DRL-based EI to serve latency sensitive applications. Note
that unlike other state-of-the-art studies [199], [202], [206], [208], [223], [224],
and in line with the architecture presented in subsection 4.2.1,the conceived
methodology considers the openness of the network to third parties, hence
encouraging TNTs to directly take control of the resources and drive the slice
enforcement without relying on an IP-centralized solution. Section 4.3.2 con-
siders a use-case based on autonomous-driving to show the effectiveness of

the proposal against baseline methodologies.

4.3.1 The proposed RAN Slicing with EI

The IP determines the amount of resources that can be used by the TNTs for
each slice. The TNTs, in turn, should adapt in real-time their requests ac-
cording to their own users’ requirements, avoiding expenses due to the issue
of resources overbuying. As a consequence, the generation of slice requests,
i.e.,, when a TNT defines its needed slice configuration to the IP, and the
slice dynamic enforcement, i.e., the adaptation of the slice allocation policy to
the time-varying RAN environment, are the solutions of local optimization
problems, which have to be solved in real-time and whose decisions have to
be executed instantaneously to reduce any latency of the system [48].

The reference scenario is shown in Figure 4.2.
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As for the specific RAN slicing enforcement strategy, each slice is assigned
a given radio resource pool across a cluster of interfering cells in a given
service area. The number of RBs is dynamically determined and requested
by the TNT on the base of the pieces of information it has access to.

This scenario can be described as a discrete-time stochastic control pro-
cess modelling a classical MDP, where the cellular system is the environment,
whose state S is represented by the radio conditions of the nodes and the
amount of incoming traffic, the reward R is the efficiency of resource utiliza-
tion subject to QoS constraints and the sef of actions A is the bandwidth allo-
cated to mission critical slices. However, the optimal RRM solution cannot
be known because of the non-convex nature of the problem and for the fact
that the TNTs have only partial knowledge of the underlying RAN informa-
tion. Indeed, it is worth noting that the details of the radio interface, e.g., the
adopted numerology, the scheduling policy, the packet fragmentation rules,
and so on, are fully in charge of the IP and are not known by the TNT agents,
which have only a limited knowledge of the radio link conditions of their
users [98], [226].

Besides, the reward that is of interest for the TNT is often a QoS parame-
ter, e.g., the latency and the packet loss ratio for mission-critical users, whose
relationship with the allocation decision, e.g., the amount of allocated spec-
trum, is very hard to establish. Moreover, PS”I +» Which is the transition prob-
ability from the state s to the state s’ given the action a and R(s,a), i.e., the
average reward R in the state s given the action a, are unknown since they
depend from the cellular environment, whose dynamic is not predictable.

In this context, RL emerges as the perfect tool to address the RAN slic-
ing problem. Nevertheless, the dimensions of states and actions are huge or
possibly infinite, therefore Q-learning approaches are uneffective. As a con-
sequence, one of the most effective way to deal with the problem is through
model free RL and, in particular, with function approximation of the action
value function Q(s, a) given by neural networks [225].

As illustrated in Figure 4.2, the TNT agent is trained with the DDPG algo-
rithm, which is known to be suitable for dealing with continuous states and
actions [225], [227]. It is an actor-critic, model-free, off-policy DRL method
which computes an optimal policy that maximizes the long-term reward
[57], [228]. Thanks to an actor-critic method, a DDPG agent concurrently
learns a Q-function and an optimal policy that maximizes the long-term re-
ward. Here, the idea is to evaluate the Q function through an approxima-
tion Q(s,a|02) and to represent the policy through another approximation
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(|6 ). In particular, & and 69 are the parameters of the actor and critic
neural networks, respectively. In addition, two copies of the actor and critic,
that is the target networks, are used to improve the stability of learning the
action-value function, since target values are constrained to change slowly.
The target critic is identified by Q/(s,a) and 69, while ’(s) and 6 " are re-
lated to the target actor.

The update of the actor and critic networks occurs with the gradient de-
scent method. Specifically, the critic’s 89 is updated by minimizing the loss
L:

1 M A 2
L=+ l; <yi —Q(si, ai|9Q)> , (4.1)

where M is the number of experiences sampled from the experience re-
play (i.e., where the agent stores each of its experiences during training)
[229], y; = R; +vQ'(s;, '(s/8 )|6<) is the Q function target approximated
through bootstrapping [225], <y is the future reward discount factor [225], and
s} represents the next observation.

In turn, the actor’s 6 is updated by following the sampled policy gradi-
ent to maximize the expected discounted reward:
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where | is the environment start distribution as defined in the policy gradient
theorem [225].

The action a € A is the amount of bandwidth requested every allocation
period to the IP. The state s € S is a vector of some Key Performance Indica-
tors related to the RAN as well as traffic information. The state can be either
directly computed by the TNT (e.g., the agglomerated slice traffic) or com-
municated by the IP and is used to determine the amount of bandwidth re-
quested for the next period. The reward R(s, a) takes into account the amount
of bandwidth the TNT saves with respect to the maximum bandwidth as well
as some other QoS indicators. The TNT action is thus dynamically chosen on
the base of the available observations (state) with the goal of maximizing a
discounted average future reward. In particular, a € [0.1,0.9], i.e., the action
is a continuous value between 10% and 90% of the maximum bandwidth
allocated to the TNT. The state is defined as:

s=(l,r,d,o) (4.3)
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where [ is the total per-slice agglomerated traffic to be sent, r is the av-
erage rate of the user experiencing the worst channel conditions (averaged
over the allocation period), d is the maximum delay experienced by the users
of the slice, and o represents the number of QoS outages happened in the
episode. The reward R is computed as: R = 1 — g, if the QoS requirement is
satisfied, or R = —1 otherwise. In other words, the less the bandwidth re-
quested by the TNT while satisfying the target QoS requirement, the higher
the reward. Note that the choice of the reward R in a RL problem is subject to
empirical considerations: a good reward function should capture the essence
of the problem.

4.3.2 Performance Evaluation

To evaluate the performance of the proposed model in a realistic environ-
ment, a specific use-case based on autonomous-driving is considerd. Since
this work is focused on a latency-sensitive scenario, it is assumed that the
TNT slice requests must be always accepted by the IP, i.e., neither an ad-
mission control nor a resource allocation negotiation policy is enforced. The
service level agreement between the latency-sensitive TNT and the IP sets a
maximum amount of bandwidth to be used in each cell and, by providing
for a unitary cost associated with each bandwidth resource, enforces pay for
what you get mechanisms to prevent from over-provisioning the TNT.

Without loss of generality, this work focuses on a single cell scenario, i.e.,
the effect of inter-cell interference is not taken into account. On the other
hand, the proposed framework leverages on the capability of the DRL agent
to predict the mutual interactions of the involved nodes in determining the
actual system performance and, accordingly, it is naturally suitable to en-
compass a multi-cell scenario, provided that the state variables include some
interference related parameters, e.g., the mutual position of the nodes.

Channel modeling considers the 3GPP UMa scenario [104], whose path
loss and lognormal shadowing are implemented. The data rate of each ac-
tive link is then derived based on the Shannon capacity formula. The work
focuses in the following on the downlink case. Similar considerations and
results can be obtained for the uplink case.

The scenario contains one single macro Base Station and a single TNT

subsystem, which is assumed to provide autonomous driving services. In
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the considered setting, vehicles use their own sensors (e.g., HD camera, Li-
DAR), as well as sensor information from other vehicles, to perceive the en-
vironment and obtain a 3D model of the world around them. The main QoS
requirement of the slice is a maximum experienced packet delay of 5 ms,
which is half the maximum value of latency envisioned for the High Defini-
tion Sensor Sharing, which is one of the main Autonomous Driving use cases
[230]. The packet length is assumed to be fixed and equal to 32 bytes (as
per the ITU-IMT2020 Urban Macro-URLLC usage scenario). The number of
slice subscribers, i.e. the autonomous vehicles, is modeled according to real
mobility traces! The TNT is allocated a maximum bandwidth of 10 MHz, or-
ganized into slots of 1 ms, according to the 5G NR numerology with Af = 15
KHz. The MAC scheduling strategy enforced by the IP is the Throughput
to Average scheduling, in order to guarantee a minimum level of service to
every user, hence reaching a high fairness index. The DDPG agent performs
its actions every allocation period of 1 s.

Figure 4.3(A) shows the running average (with a window length of 100
episodes) of the reward during the training process of the agent. The figure
shows that the proposed DRL approach allows to converge to a bandwidth
occupancy of around 35% (65% of bandwidth left to other usages). During
an initial exploration phase, the agent is not able to address the QoS require-
ment, hence the low reward. After approximately 1200 training episodes,
rewards begin to grow, since the algorithm successfully learned how to sat-
isfy the latency constraint.
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FIGURE 4.3: (a) Reward during the training phase of the agent.
(b) Probability Density Function of the actions taken by the
agent.

M. Piorkowski, N. Sarafijanovic-Djukic, and M. Grossglauser, “CRAWDAD dataset
epfl/mobility (v. 2009-02-24)”, https:/ /doi.org/10.15783/C7]J010, Feb 2009.
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Figure 4.3(B) shows the probability density function of the bandwidth re-
quested by the DRL agent of the TNT. Samples are related to 10000 indepen-
dent simulations. On the one hand, it demonstrates how the agent effectively
learned to perform a variety of actions, i.e., it learned to dynamically adapt to
the environment. On the other hand, it shows that the agent usually tries to
request as low bandwidth as possible, hence indicating a well-engineered re-
ward function. Please note that this figure and the following are obtained by
running the agent obtained at the end of the learning phase over the dataset
considered for the testing phase. In this way, it is possible to assess the ca-
pability of the proposed DRL approach to generalize the proposed control
strategy to every possible data traffic and radio channel conditions.

To better demonstrate the importance of DRL, the simulation results are
compared with the following methods: Fixed Allocation, in which the TNT
requests always the same amount of bandwidth; Heuristic strategy, charac-
terized by a perfect prediction (i.e., ideal) of the incoming traffic and a band-
width request that is directly proportional to the incoming traffic at each step;
Optimum allocation, in which at each step the minimum bandwidth allowing
to fulfill the slice QoS requirements is determined through iterative adjust-
ment. Clearly, this last approach is unfeasible in a real system, although it
can be easily simulated.

Figure 4.4(a) shows the bandwidth requested by the TNT during a repre-
sentative test episode.
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FIGURE 4.4: (a) Bandwidth requests in a representative test

episode. (b) Average bandwidth satisfying a given QoS avail-
ability.

It clearly illustrates how the agent learned to request an amount of band-
width close to the optimum, by taking into account only the state variables.
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In other words, the agent is dynamically adapting to the changes occurring
in the environment. Furthermore, it is of the utmost importance to highlight
how the proposed DRL solution outperforms the heuristic approach. In other
words, even though the prediction of the incoming traffic is accurate, it is not
sufficient to guarantee an optimal bandwidth request. As a matter of fact, it
is necessary to take into account what actually happens in the RAN to accom-
plish such a decision. For instance, it is clear that the incoming traffic grows
substantially after 60 s. However, it is reasonable to assume that general ra-
dio channel conditions improve as well, therefore it is not strictly necessary
to claim more bandwidth.

Figure 4.4(b) shows the bandwidth requested by the TNT to ensure a cer-
tain level of QoS availability, i.e., the probability associated with the main
QoS requirement being satisfied. Specifically, the actions taken by both the
trained DRL agent and the heuristic are successively weighted to obtained
different behaviors. The results are then averaged over 10000 independent
simulations. The most noticeable feature is that the proposed DRL mecha-
nism always outperforms the other strategies. Even though requested band-
width always grows with more stringent requirements on the QoS Availabil-
ity probability, the DRL agent requests up to 50% less bandwidth compared
to the fixed allocation. Moreover, the variation of the bandwidths requested
by the TNT DRL agent are incredibly smaller, confirming how the agent
learned a near-optimal allocation strategy starting from the limited informa-

tion available.

4.4 TNT-Driven RAN Slicing Enforcement based

on Pervasive Intelligence

With the ever-increasing network complexity due to resource sharing among
multiple entities, it would be essential to pervasively adopt Al [197], [231].
The advent of programmable networks and network virtualization, as well as
the easier large-scale data acquisition, indeed promoted the allocation, man-
agement, and orchestration of network resources through Al techniques [54],
[57], [64], [197], [199]. Most of the contributions in this field, which employs
Al-based methods for channel estimation and to manage network slicing in
the core network and RAN, proposes centralized solutions based on Deep
[200]-[202] and RL/DRL [193], [203]-[215], where the network status is fully
observable. However, as it should be clear by now, in the business vision of
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TABLE 4.1: Comparison among this work and the other contri-
butions adopting Al-based techniques for the management of
network slicing.

Al-based Network
Contributions | techniques Slicing
DL RL/ Core RAN TNT- Nettv;rork
DRL || Network driven sta us.
compression

[200], [201]
[202]
[193], [203]-[212]
[213]-[215]
[50]
| Thiswork | | I | | | |

network slicing, TNTs are decoupled from the IP and they can only have a
partial vision of the network status to preserve privacy [37], [46], [48]. The
current state-of-the-art approaches do not handle these aspects, by present-
ing slicing enforcement schemes driven directly by the IP. To bridge this gap,
this Section proposes a TNT-driven RAN slicing enforcement scheme based
on Pervasive Intelligence, that can be fully implemented in the business and
privacy-oriented vision of network slicing. According to the Pervasive In-
telligence paradigm and starting from the outcomes of the preliminary con-
tribution presented in the previous Section, both IP and TNTs exploit Al to
accomplish their tasks. This is perfectly in line with the pervasive intelligent
endogenous design of future generations of mobile networks [197]. Specif-
ically, the IP exploits a DL method based on a convolutional autoencoder,
which compresses the information on network resources and connectivity
and shares the actual (but hidden) network status with the TNTs by preserv-
ing privacy. In turn, each TNT exploits the resulting hidden knowledge of
the network status in a DRL agent based on the DDPG algorithm in order to
dynamically adapt bandwidth requests according to its own users’ require-
ments. Finally, the IP employs the outcomes of the DDPG algorithm to effec-
tively enforce the network slice in the RAN. Thus, even if each TNT does not
fully know network resources and conditions information, the bandwidth
requested for offering services and respecting a given QoS constraint (i.e.,
target Service Availability) could be optimally allocated according to the Pay
for What You Get paradigm: the less the bandwidth, the more the TNT sav-
ings, while avoiding the radio resources over-provisioning.

Table 4.1 summarizes the goals and methodologies followed by the re-
viewed contributions adopting Al-based techniques for the management of
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network slicing. It emerges that no contributions in the current scientific liter-
ature jointly exploit DL and DRL for a TNT-driven RAN slicing enforcement
scheme, as proposed in this work in order to dynamically adapt bandwidth
requests according to users’ requirements of TNTs, without fully knowing
the network status.

The efficiency of the devised TNT-driven RAN slicing enforcement
scheme based on Pervasive Intelligence is investigated for the eMBB and Re-
mote Driving use cases, by using computer simulations with real and con-
ceivable network and QoS settings in compliance with ITU and 5G specifi-
cations [102], [232], [233]. The comparison with conventional resource allo-
cation methods, corresponding to the optimal, random, and dynamic (i.e.,
proportional to the users’ requests) allocation of bandwidth, demonstrates
that the proposed approach ensures the best trade-off between bandwidth
savings and bandwidth over-provisioning, while always ensuring the target
Service Availability.

4.4.1 The Proposed Scheme

The IP has a comprehensive view of the network and it can access data not
natively accessible for TNTs. As already said, indeed, the IP subsystem is the
only entity able to retrieve information from the RAN. The methodology pre-
sented here assumes that the TNT subsystem may control its slice based on
the information carried out by CQI feedbacks. However, it is not reasonable
to suppose that the IP subsystem forwards all the collected CQI feedbacks to
each TNT subsystem. Otherwise, privacy requirements and business roles of
the IP and TNTs would be compromised, and the communication overhead
at the network edge would be unnecessarily high [201]. To solve these issues,
according to the Pervasive Intelligence paradigm, the IP subsystem processes
the collected CQI feedbacks through DL and exposes a compressed vision of
the RAN situation to the TNT subsystems. This task is performed through
an autoencoder and represents one of the main novel ideas presented in this
work. Specifically, by discarding irrelevant information and reducing the di-
mensionality of data, the autoencoder is used to generate a feature learning
representation of CQI feedbacks, without requiring the knowledge of data
distribution nor the explicit identification of a certain structure [234]. As a
result, by coding and compressing the CQI information, it is possible to pre-
serve privacy (because TNTs cannot reconstruct original CQI indexes) and to
limit network complexity (because of reduced information exchanged with
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FIGURE 4.5: The reference architecture.

TNTs subsystems). Indeed, the IP subsystem sends the hidden and com-
pressed CQI feedbacks to the TNT subsystem.

Then, the TNT subsystem further processes the received data (also in this
case, through specific Al algorithms falling into DRL, as discussed hereafter)
and supplies instructions for the successful handling of its RAN slice. It is
important to remark that the TNT subsystem cannot manage RAN slices di-
rectly. However, any action is controlled (first) and implemented (then) by
the IP. For this reason, the TNT subsystem sends the aforementioned instruc-
tions to the RAN controller, which decides to accept/deny them, allocates
RAN resources to the slice and enforces the slicing policy on the available
spectrum. The requests that the TNT subsystem may submit to the RAN
controller include bandwidth allocation, variation of radio resource schedul-
ing algorithms, HARQ configurations, channel coding schemes, power con-
trol strategies, multicast/broadcast activation, or beam management [135],
[235]. Also, these requests must be issued in real-time, to successfully meet
end-users requirements under the current RAN conditions.
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The conceived slice enforcement strategy allows the TNT subsystem to es-
timate, in real-time and slot by slot, the number of radio resources to allocate
to the controlled slice. Thanks to the Pay for What You Get paradigm, only
the required amount of bandwidth is allocated so that the radio resources
over-provisioning is avoided. At the same time, however, it is requested that
allocation decisions must be executed instantaneously to reduce communica-
tion latency and avoidable expenses [48]. Accordingly, the developed solu-
tion definitively employs DRL for supporting the slice enforcement strategy.
TNTs subsystems act as DRL agents that process the features extracted by the
autoencoder (and provided by the IP subsystem, as illustrated before), and
optimize their actions. Since DRL provides autonomous decision-making,
the resulting system also ensures a high scalability level. Indeed, TNTs sub-
systems can make observations and obtain the best policy locally without ex-
changing information among each other. This reduces communication over-
heads and also improves the security and robustness of the networks [57].

44.1.1 Design of the Autoencoder used by the IP subsystem

The autoencoder is a particular Artificial Neural Network (ANN) imple-
menting two key functionalities: the encoder generates the corresponding
feature learning representation of input data, while the decoder provides a
reconstruction of the input data, starting from the aforementioned feature
learning representation.

The input data are spatial snapshots (i.e., matrices) related to the CQI
indexes of mobile users, namely Y € RX*L, where K and L are the chosen
numbers of rows and columns of the snapshot, respectively. Note that K and
L are design parameters. As depicted in Figure 4.6, the investigated encoder
is made of three chained 2-dimensional convolutional layers to extract spatial

correlations of CQI indexes snapshots [236].
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FIGURE 4.6: Architecture of the adopted convolutional autoen-
coder.
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Each layer comprises a set of filters which are convolved with the CQI
indexes snapshot for extracting the features of a certain input region and
with the Rectified Linear Unit (ReLU) activation function. Then, two pool-
ing layers follow each convolutional layer to perform down-sampling (i.e.,
max-pooling picks the maximum value) of intermediate representations, for
complexity reduction and overfitting mitigation [54], [237]. The first and the
second convolutional layers use Nj filters (1 x ¢1) and N filters (2 X ¢3),
respectively. Note that N; and N, represent the number of filters, while
(r1 x ¢1) and (r2 X ¢) describe the dimensions of filters, where 1, ¢; and
12, ¢ represent the number of rows and columns of the first and the second
convolutional layers. In addition, the filters can have diverse strides [v; /1]
and [vp hy] (where v1, vy and hy, hy represent the vertical and the horizontal
step size for the first and the second convolutional layers). Then, a channel-
wise normalization with ch; channels and chy channels per element is per-
formed for the first and the second convolutional layers, respectively. Indeed
a typical operation in CNN is channel normalization for rescaling each chan-
nel (whose number determines the depth of the snapshot) into the range of
[0,1] thus avoiding vanishing gradients [238]. By receiving as input the snap-
shot of CQI indexes Y € RX*L, the encoder generates the corresponding
feature learning representation vector, namely f € Rf, with F depending on
(K, L,r1,c1,72,c2). The output of the encoder, i.e., the features f extracted for
each input snapshot, is obtained by the third convolutional layer with 1 filter
(1 x 1) and then it is given to TNT subsystems as input for the DRL agents.

Finally, the decoder provides the reconstruction of the CQI indexes,
namely Y € R¥*L, starting from the aforementioned feature learning repre-
sentation f. By going backwards to input reconstruction, the decoder makes
use of two up-sampling layers, corresponding to the two max-pooling lay-
ers in the encoder [54], [237], and three convolutional layers, with the ReLU
activation function, except for the output layer, which uses the sigmoid acti-
vation function [54]. The convolutional layers employ N; filters (1 x 1), Ny
filters (ry X ¢2), and 1 filter (r X ¢1), respectively.

All the CQI indexes stored in Y are normalized within the range [0,1] to
accelerate the training convergence [239]. The autoencoder uses weights that
are properly configured during the training phase and iteratively updated for
each mini-batch of the dataset in order to minimize the Mean Square Error
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(MSE) loss function. Formally, the MSE loss function is defined as [236], [240]:

MSE =

B K L 2
DI (?b,k,l - yb,k,l> , (4.4)
b=1k=1I=1

S| =

where B represents the mini-batch size, y;x; € Yp, and 71 € Y.

The encoder is the key building block of the presented DL architecture
because it generates the compressed CQI indexes (i.e., the CQI features f)
[234] to be shared with the DRL framework. The decoder, instead, is only
used herein to reconstruct the CQI indexes and to evaluate the performance
of the designed encoder. Other than this analysis, it will not be employed by
the DRL framework.

4.4.1.2 Design of the DRL Agents used by the TNT subsystems

As already mentioned, policies based on Pay for What You Get paradigm are
used by the IP to prevent over-provisioning a TNT. In other words, the IP
associates a unitary cost to each bandwidth resource and determines a max-
imum amount of bandwidth to use in each cell. The role of the DRL agent
of each TNT subsystem is to reserve the minimum amount of bandwidth
in each cell to satisfy its QoS requirements, so as to avoid resource over-
provisioning. Therefore, the TNT subsystem places its bandwidth allocation
requests expressed as a fraction of the maximum available bandwidth within
a fixed allocation period.

The action a € A is the ratio between the amount of bandwidth the TNT
requests to the IP every allocation period and the maximum allowable band-
width. It is a continuous value between 0 and 1 (i.e., 0% and 100% of the
bandwidth made available to the TNT).

The state s € S is a vector defined as in the following;:

s = (uf,0) (4.5)

where u € INYW is the number of users per sector (W is the number of cell
sectors in the system, i.e., portions of the cell served by one of the W co-
located base stations), f € RF represents the feature learning representa-
tion, and ¢ € R is the communication Service Availability throughout each
episode. In more detail, the component of the feature learning representation
f;, Vi =1,2,..., F are the features on radio channel conditions extracted by the
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autoencoder. The communication Service Availability ¢ is defined as the per-
centage value of the amount of time the TNT service is delivered according
to the agreed QoS, divided by the amount of time the TNT is expected to
deliver the service [232].

In this study, the reward should take into account the amount of band-
width the TNT subsystem saves with respect to the maximum bandwidth B,
provided that the QoS constraints can be satisfied. To elaborate, the reward R
is computed as:

R — 1 —a, if the target Service Availability ¢ is guaranteed; (4.6)
-1, otherwise. .

Thus, the less the bandwidth requested by the TNT, the higher the reward.
The strategy is adopted to terminate the training episode when R = —1, i.e.,
as soon as the TNT subsystem is not providing the service with the target
availability.
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FIGURE 4.7: Architecture of the adopted DDPG algorithm.

Following the consideration reported in the previous Section, the DDPG
algorithm, is considered, as illustrated in Figure 4.7. To further elaborate,
the state s passes through the first and second fully-connected layers of critic
and actor neural networks with A; and A; neurons, respectively, and ReLU
activation function. Then, as shown in the right part of Figure 4.7, the actor
network provides the action (s|@ ) = a as output by using a fully-connected

layer with 1 neuron and hyperbolic tangent (i.e., tanh) activation function.
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The action a is also received as input by the critic network and it passes
through a fully-connected layer with A, neurons. After adding the processed
state, the expected cumulative long-term reward Q(s,a|0?) is obtained by the
critic network through a fully-connected layer with 1 neuron and ReLU acti-

vation function.

4.4.2 Performance Evaluation

The performance of the conceived TNT-driven RAN slicing enforcement
scheme based on Pervasive Intelligence is evaluated through computer sim-
ulations. To this aim, a system-level simulator of a mobile system is devel-
oped in MATLAB, based on the ITU’s methodology recommendation [102].
The tool specifically models the downlink transmission. However, similar
considerations and results can be obtained for the uplink case. A given num-
ber of base stations is placed in a regular grid, following a hexagonal layout.
All cell sites consist of 3 sectors, where a configurable number of UEs, is
dropped independently with a uniform distribution. The UEs, which have a
fixed and identical speed with a randomly distributed direction, are attached
to the base station able to ensure the highest SINR. All the links between base
stations and UEs in the system are simulated with dynamic channel proper-
ties, taking into account the wrap-around configuration in the network lay-
out. The implemented channel modeling considers inter-site interference and
large-scale parameters, i.e., path loss, shadow fading, and LOS/NLOS prop-
agation condition, according to the ITU guidelines [102] (please see Chapter 2
for further details on channel modeling).

The shadow fading is modeled as a log-normal random variable, with
standard deviation set to 4 dB and 6 dB for LOS and NLOS propagation con-
ditions, respectively. At the application level, the full-buffer traffic model
(where the queue depths are assumed to be infinite) is implemented. The
user-experienced data rate is derived through the Shannon theorem. Finally,
the MAC scheduling strategy enforced by IP’s base stations is Round Robin.

To evaluate the compliance of the developed simulator with 3GPP spec-
ifications, Figure 4.8 shows the ECDF of the wideband SINR experienced
by the mobile users adopting the developed MATLAB simulator. The re-
ported curve demonstrates that the simulator is well-calibrated according to
the 3GPP Phase 1 NR MIMO system-level calibration for multi-antenna sys-
tems [241].
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FIGURE 4.8: ECDF of the wideband SINR of the developed sim-
ulator with respect to 3GPP Phase 1 dense-urban (macro-layer)
system-level calibration for multi-antenna systems.

Without loss of generality, the TNT subsystems are assumed to operate
two types of network slices, i.e., eMBB and Remote Driving slices, with real
and conceivable network and service settings. Of course, the whole scheme
can be applied to each type of slice and scenario by properly adapting the
related parameter settings.

For the eMBB scenario, the speed and density of UEs are set to 3 km/h
[102] and 2000 UE/km? [232], respectively, and the downlink target rate and
the Service Availability are set to 7 = 50 Mbps [232] and ¢ = 90%, respec-
tively, according to the ITU Dense Urban eMBB deployment [102]. For the
Remote Driving scenario, in line with the ITU Urban Macro URLLC deploy-
ment [102], the speed and density of UEs are set to 30 km/h [102] and 1200
UE/km? [230], respectively, and the downlink target rate and the Service
Availability are set to 7 = 400 kbps [230] and 0 = 99%, respectively. Then,
the full-buffer traffic model is implemented for both the scenarios [102]. Ta-
ble 4.2 summarizes the parameter settings.

4.4.2.1 Performance of the Autoencoder used by the IP subsystem

The autoencoder, used by the IP subsystem to compress the network sta-
tus, leverages data related to the radio channel conditions. Specifically, a
dataset generated by the implemented MATLAB simulator is used. For both
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TABLE 4.2: Scenarios.

eMBB Remote
Driving
Network ITU Dense Urban ITU Urban Macro
deployment eMBB [102] URLLC [102]
UE speed 3 km/h [102] 30 km/h [102]
UE density 2000 UE/km? [232] | 1200 UE/km? [230]
Downlink target rate 7 50 Mbps [232] 400 kbps [230]
Service Availability o 90% 99%
Traffic model Full-buffer [102]

TABLE 4.3: Performance of the different configurations of con-
volutional autoencoders.

Configuration Performance

Filters Ch.-wise | Training N. of
Number Dimension Stride norm. RMSE trainable
Ni N 11 ¢1 1 ¢ vi hi v h chy param.
[200 100[3 3 1 3|4 4 1 1] 2 [ 12012 | 123202 |
[200 100[3 2 1 6|4 4 1 1] 2 [ 12032 | 243202 |
[200 100[3 2 1 5|4 2 3 2| 2 [ 01277 | 203202 |
[200 1003 2 1 5[4 2 3 2| 3 | 01384 | 203202 |
300 1503 2 1 5[4 2 3 2] 2 | 01295 | 454802 |
[400 2003 3 1 5]3 3 1 1] 2 | 01237 | 808802 |
1200 100/ 3 3 1 5|3 3 1 1| 2 | 0118 | 204402 |
[200 1003 3 1 5[3 3 1 1| 3 | 01195 | 204402 |

the scenarios reported in Table 4.2, the adopted dataset consists of 10000 re-
alizations reporting the CQI indexes. Each realization is a snapshot with
Kx L = 3 x30 = 90 CQI values for each base station: if the number of
attached UE is greater than 90, only the worst 90 values are included; if the
number of attached UE is less than 90, an appropriate padding is performed.

Different configurations of convolutional autoencoders, characterized by
different values of parameters listed in Section 4.4.1.1, are investigated for
identifying the suitable configuration to be used in the DRL framework. In
particular, different numbers N; and Nj, dimensions 11 X c; and ry X ¢, and
strides [v1 1] and [v; hy] of filters for the first and the second convolutional
layer are analyzed (please see Table 4.3 for further details). Also, the channel-
wise normalization is performed with diverse ch; channels for the first con-
volutional layer, while ch; for the second convolutional layer is omitted be-
cause it is always set equal to 1. Note that the dimension of the feature learn-
ing representation vector f is the same for all the configurations in Table 4.3,
thatis F = 6.
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The training set, whose performance metrics are listed and evaluated in
Table 4.2, the validation set, and the test set consist of 70%, 15%, and 15% of
the adopted dataset, respectively. The training phase, during which weights
are iteratively updated in order to minimize the MSE loss function, is done
with 100 epochs (i.e., complete passes through the training data [242] such
that each example has been seen once) for all the evaluated configurations of
convolutional autoencoders. The Adam optimization [243], with a learning
rate equal to 0.01, is used to iteratively update the network weights. The per-
formance is investigated in terms of training Root Mean Square Error (RMSE)
and the number of trainable parameters. The RMSE represents the root of the
MSE, as defined in (4.4), and allows a better understanding of resulting val-
ues. The number of trainable parameters measures the complexity of selected
learning architectures: the higher the number of parameters, the higher the
complexity level. Note that the RMSE gives the reconstruction performance
of the whole autoencoder, even if the CQI reconstruction is not the focus of
this work. However, if an autoencoder is able to well reconstruct the input,
it means that its single blocks (i.e., encoder and decoder) have high perfor-
mance.

Obtained results are reported in Table 4.3 for all the evaluated configura-
tions of convolutional autoencoders. The second-last configuration, which is
highlighted in Table 4.3, represents a good trade-off of performed loss and
complexity. As a consequence, the rest of the presented work considers this
configuration as the best one of the proposed autoencoder used by the IP sub-
system. Then, its compressed CQI feature learning representation is passed
to the DRL agents employed by the TNT subsystems.

Once the best autoencoder configuration is selected, the convergence
analysis evaluates the performance of the DL architecture as a function of the
number of epochs considered during the training phase. Figure 4.9 shows the
autoencoder loss as a function of the number of epochs for the training set
and the validation set. The reported curves confirm that the selected convo-
lutional autoencoder fastly converges to stable values, without underfitting
nor overfitting after the training phase, and does not need a long training
period.

Finally, Figure 4.10 reports the reconstruction errors on the test set with
the relative frequency.

It is evident that the selected configuration of the convolutional autoen-
coder reconstructs data with very high accuracy during the test phase. In fact,

the reconstruction with an overestimation/underestimation of more than 2
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FIGURE 4.9: Autoencoder loss (i.e., MSE) vs number of epochs.

(=]

p—
e}

[
S
—

[S—
=
[\S)

1
I

Relative Frequency
=

10
107
10°°
S5 4 3 -2 -1 0 1 2 3 4 5
Error (#)
FIGURE 4.10: Relative frequency of the reconstruction errors on
the test set.

CQI indexes occurs with a relative frequency always lower than 0.01.
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4.4.2.2 Performance of the DRL Agents used by the TNT subsystems

The performance of the DRL agents used by the TNT subsystems is eval-
uated through the calibrated simulator. Specifically, a DDPG algorithm is
implemented by TNT subsystems. As anticipated, two different TNT sub-
systems are taken into account. They are assumed to provide eMBB services
and Remote Driving services, whose target Downlink rate and Service Avail-
ability are reported in Table 4.2). Each episode lasts 1 s, i.e., the DRL agent
performs its actions every second. Each TNT subsystem may request a max-
imum bandwidth B of 100 MHz for every considered sector. As for the actor
and critic neural networks, the learning rate is set equal to 0.001 and 0.0001,
respectively; the number of neurons is set to A; = 2000 and A, = 1500.

The number of training epochs, each corresponding to 100 training
episodes, is set equal to 50.

Figure 4.11 shows the achieved reward as a function of the number of
training epochs for the two analyzed scenarios. Each point is the average
reward obtained during the related epoch (i.e., 1 epoch = 100 episodes).

The reported curves confirm that both the DRL agents fastly learn the
policy from the state: the average reward in eMBB and Remote Driving sce-
narios converges to stable values after 20 and 15 training epochs, respectively.
Thus, 50 training epochs are sufficient for convergence.

To deeply analyze the performance of the proposed approach, the pro-
posed approach based on the DDPG algorithm is compared with different
conventional resource allocation methods, which are implemented with the

same parameter settings:

* Genie, that corresponds to the optimal allocation of bandwidth for
each slice, i.e., the minimum amount of bandwidth that guarantees
o = 100% as Service Availability. It is important to note that the band-
width, in this case, is determined through iterative adjustments during
simulations. Therefore, the Genie approach is unfeasible in actual de-

ployments;

* Random, i.e., the bandwidth allocated to each slice is randomly chosen
between 10% and 90% of the maximum bandwidth B.

* Heuristic, which represents the dynamic allocation of bandwidth.
Specifically, the bandwidth is proportional to the highest number of

mobile users in a cell (that is a piece of information available in the
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FIGURE 4.11: Average episode reward vs number of epoch
(with 1 epoch corresponding to 100 training episodes) for eMBB
and Remote Driving scenarios.

state s). In particular, for each scenario (i.e., eMBB and Remote Driv-
ing use cases), the action a is computed at each step according to the

following;:

. T
4= mmn { (113% " Blog,(1+ SINRP)> ’1} *7)

where u; is the number of UEs in the i — th sector, T is the downlink
target rate, and SINR, is a specific percentile p of the SINR distribu-
tion. In the following, p = 5%, namely the cell-edge SINR [244], and
p = 50%, namely the median SINR [244], are considered. Thus, the
Heuristic approach allocates a bandwidth which is proportional to the
maximum number of UEs per sector with two different choices for the
proportionality factor: p = 5% represents a worst-case situation cali-
brated for mobile users at the cell edge, whereas (p = 50%) is calibrated

for median users.

The performance is investigated in terms of Episode Availability Indicator
£ and bandwidth saved with respect to the Genie (that represents the optimal
bandwidth for 100% of communication Service Availability o). The Episode
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TABLE 4.4: Episode Availability Indicators £ for the analyzed

approaches
& (%)
eMBp | Remote
Driving
Random 74 0
Heuristic (p = 5%) 100 32
Heuristic (p = 50%) | 100 0
DDPG 100 100
Availability Indicator £ is defined as:
R
E=—) €-100 4.8
N L @)

where Nf is the number of test episodes and ¢; is related to the target Service
Availability o, that is:

1, if the Service Availability ¢ is guaranteed
€ = in the i—th test episode, Vi; 4.9)

0, otherwise.

Therefore, the Episode Availability Indicator £ is the percentage value of
the number of test episodes the service of the TNT subsystem is delivered
according to the agreed Service Availability, divided by the total number of
test episodes. Note that the total number of test episodes is set to 500.

Table 4.4 reports the Episode Availability Indicators £ performed by the
analyzed approaches for eMBB and Remote Driving scenario, respectively.

As a first observation, it is worth noting that the proposed approach based
on the DDPG algorithm always guarantees the 100% of Episode Availabil-
ity Indicator &, i.e., it allows to always provide the service with 90% and
99% Service Availability for eMBB and Remote Driving cases, respectively.
Specifically, in the eMBB scenario, the Episode Availability Indicator £ equal
to 100% can also be obtained by both the Heuristic approaches (with p = 5%
and p = 50%), while it is never achieved by the Random approach. In the
Remote Driving scenario, only the proposed solution based on the DDPG
algorithm has the Episode Availability Indicator £ equal to 100%, which far
exceeds those of the other approaches.

Figure 4.12 shows the percentage of bandwidth savings performed by the
analyzed approaches for both scenarios. In the eMBB scenario, the proposed
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FIGURE 4.12: Comparison among different approaches with re-
spect to the Genie in terms of bandwidth savings.

approach based on the DDPG algorithm saves the highest amount of band-
width (i.e., around 40%) with respect to the other approaches. Note that,
in this case, the Heuristic (p = 5%) approach requires a greater amount of
bandwidth than the Genie.

In the case of Remote Driving, the proposed approach based on the DDPG
algorithm does not ensure the highest bandwidth saving: the bandwidth sav-
ing of the DDPG-based approach is the lowest one (i.e., 20%), except for the
Random approach.

However, as anticipated, only the proposed solution based on the DDPG
algorithm has the Episode Availability Indicator £ equal to 100%. Thus, it
can be considered as the winning approach also for this scenario.

To sum up, the DRL agents used by the TNT subsystems, which im-
plement the DDPG algorithm, actually learn to save bandwidth, while al-
ways ensuring the Service Availability and avoiding the bandwidth over-
provisioning in contrast to the Genie. Overall, the proposed approach out-
performs other conventional strategies also because it can be intelligently
and flexibly tuned on the required Service Availability of the TNT subsystem
during training, as demonstrated by the results of both scenarios.

Thus, the bandwidth requested for offering services and respecting the
target Service Availability could be optimally allocated according to the Pay
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for What You Get paradigm.

4.5 RAN Slicing for Location-Aware V2I Commu-

nications: The Autonomous Tram Use Case

This Section envisages a RAN slicing mechanism to design a customized
V2I communications service for mission-critical applications in a scenario in
which the mobile users’ location is available to the TNT. This study may help
the design of a specific slice that can be associated with Slice/Service Type
4 ie., V2X [245] in those situations where the service requirements are very
stringent in terms of reliability and latency, thus enabling also URLLC. As
a possible application scenario that falls in this general setting, the AT sce-
nario is considered, where the trams’ positions must be perfectly and timely
acquired, e.g., leveraging the use of a MEC server located directly adjacent
to the gNBs. In this scenario, the number of users (e.g., trams) is typically on
the order of few or tens units, and, hence, the effective bandwidth needed to
satisfy the QoS can be dynamically evaluated based on the knowledge of the
position of each user rather than leveraging the prediction of agglomerated
per-slice traffic, as done when dealing with general RAN slicing approaches,
e.g., see [200], [202], [223]. In this way, it is possible to tailor the slice request
and the correspondent slice enforcement to the actual needs of each user,
thus minimizing the number of resources required for QoS fulfillment. The
specificity of the considered scenario makes it substantially different from all
the previously proposed RAN slicing mechanisms, whether they are related
to vehicular communications or more general scenarios. In particular, com-
pared with the related research works discussed in Section 4.1, the closest
proposal appears to be [182], where the concept of linked bandwidth as an
efficient strategy to limit the inter-slice interference is first explained. How-
ever, the knowledge of the position and the data traffic of each user allowed
to elaborate a more detailed mechanism for allocating (as much as possi-
ble) the same frequency spectrum to non-interfering users and different por-
tions of the spectrum to interfering users. This opportunity is not granted
to any of the previously mentioned RAN slicing scenarios. Hence, to fully
exploit the potential benefits brought by location information in creating the
AT slice, the TNT is indeed responsible for allocating virtual resources to its
users leveraging the knowledge of their exact positions and on some relevant
RAN information. The AT TNT is then the entity in charge of guaranteeing
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the required separation, isolation, independence of the AT slice with respect
to the other slices.

The RAN slicing problem is mathematically formalized and a reasonably
good heuristic approach for the allocation of virtual resources to the AT slice
is also proposed. The slicing enforcement problem is evaluated in a realistic
scenario making use of a customized version of 5G-air-simulator. Moreover,
the simulator allows the establishment of the best dimensioning of the sys-
tem to guarantee the required QoS in terms of throughput and latency with
the minimum impact in terms of total resources required to enforce the AT
slice.

Please note that although the proposed framework is tailored for the AT
slice, it can be easily extended to any slicing scenario where TNT has precise
knowledge of users’ locations.

4.5.1 V2I communication requirements and the Autonomous

Tram Use Case

Table 4.5 reports the main QoS requirements for V2I communications with
specific references reported for each different service [246]) .

TABLE 4.5: QoS Requirements for V2I Communication Scenar-
ios

Scenario Max Latency | Reliability Data Rate
Remote Driving [247] 5ms 99.999% 20 Mbps
Teleoperated o

support [247] 20 ms 99.999% 25 Mbps
Road-side

infrastructure 30 ms 99.999% 10 Mbps
backhaul [232]

Processed HD o

map sharing [233] 100 ms 99% 4 Mbps
RAW HD o

map sharing[233] 100 ms 99% 47 Mbps
Hazard event o 300
collection[233] 20 ms 99.9% bytes/message
Voice Communication

(for rail operational 100 ms 99.9% 100-300 kbps
purposes) [246]

Rail safety

critical video 10 ms 99.9% 10-30 Mbps
communication [246]

Rail very critical data o

communication [246] 10 ms 99.9999% 0.1-1 Mbps
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As a possible application scenario falling in this general setting, in the
following the AT scenario is considered. To elaborate, the automotive indus-
try is strongly committed to the development of autonomous cars, buses,
and trucks. Such an effort can boost at the same time the development
of autonomous urban transportation systems. The implementation of au-
tonomous or remote driving systems poses challenging requirements since
these services are exposed to several critical uncontrollable events such as
pedestrians, vehicles, and obstacles, demanding a much higher level of sit-
uational awareness and more dynamic interaction. In this respect, the con-
cept of Grade of Automation, defined by the Union Internationale des Trans-
ports Publics [248] for Automatic Trains Operation has inspired the SYSTRA
model, which defines six levels to qualify the Levels of Automation, from
no automation to fully autonomous where the tram drives itself without any
onboard agent [249].

In this complex scenario, fusing the data from vehicle sensors with the
information coming from the infrastructure, as well as from the city en-
vironment, can significantly increase the situational awareness of vehicles.
For these reasons, the use of edge and cloud computing resources available
across the city can provide a very good situational awareness and resiliency
properties due to its high performance and flexibility capabilities, contribut-
ing to safety. Besides, for operation purposes, each vehicle must provide a
precise and accurate measurement of its location. In addition, a data fusion
algorithm running on a MEC server is needed to merge data from multiple
and heterogeneous sensors.

Figure 4.13 reports the main modules that are necessary to carry out the
AT use case [250]. It is put in evidence that AT is not based on one single
technology, but rather it is a highly complex system that consists of many
sub-systems which can be grouped into two major components: algorithms,
including sensing, perception, and decision, and the platform system, in-
cluding the operating system and the hardware components. To further
elaborate, preparatory functions of the future ATs include Autonomous Po-
sitioning, Obstacle Avoidance [251], and Remote Tram Control [252]. The
Autonomous Positioning system must provide a precise and accurate mea-
surement of the tram location along the rail track based on sensor data by
transmitting a few kbps of data within a stringent latency constraint (less
than 10 ms). The Obstacle Avoidance system utilizes computer vision to
detect, classify and track objects that can potentially become tram’s obsta-
cles. Accordingly, the required throughput for Obstacle Avoidance is much
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FIGURE 4.13: Autonomous Tram Modules

higher than Autonomous Positioning, while the latency requirement can be
slightly relaxed. Finally, the Remote Tram Control is an important step to-
wards autonomous driving, both in terms of the technical requirements, such
as on-board safety systems to manually intervene or brake in case of malfunc-
tioning, high throughput and low latency in communications, and complex
control algorithms, as well as in terms of public acceptance of vehicles not
directly manually driven. Indeed, Remote Tram Control can support full au-
tonomy in case of downgraded scenarios when autonomy is no more avail-
able and the tram has to park aside and stop. In this case, the driver should
go onboard to recover the vehicle. With remote driving, tram recovery will
be done from remote and the requirements are even more challenging be-
cause raw data (video, sensors data, etc) have to arrive at the control room
in real-time. The KPIs are measured in terms of the E2E latency which is de-
termined by the time that takes to transfer a given piece of information uni-
directional from a source to a destination, measured at the communication
interface, from the moment it is transmitted by the source to the moment it is
successfully received at the destination, and reliability which is the percent-
age value of the amount of sent network layer packets successfully delivered
to a given system entity within the time constraint required by the targeted
service, divided by the total number of sent network layer packets [246].
Accordingly, the fundamental communication service for the purposes
of the AT service is represented by safety-critical video communication (as
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reported in Table 4.5, [246]), where screen rendering is performed at the edge
and the uplink emerges as the most important part of the link.

4.5.2 System Model and Problem Formulation

In the following, a V2I cellular communications scenario is considered, where
the infrastructure is composed of RSUs co-located with gNBs to provide the
5G network communications capabilities together with RSU functions [253].
More specifically, RSUs are stationary infrastructures supporting V2X appli-
cations that can exchange messages with other entities supporting V2X ap-
plications. It is a logical entity that combines V2X application logic with the
functionality of a gNB (referred to as gNB-type RSU[254]). Hence, the cellu-
lar environment includes a RAN controller and a MEC located at the edge
of the Core Network, i.e., in the proximity of a cluster of 5G gNBs providing
coverage to the service area.

Since the considered ATs scenario belongs to the class of mission-critical
services, it is still reasonable to assume that the TNT slice resource alloca-
tion requests must be always accepted by the IP. Nevertheless, the already
discussed pay for what you get mechanisms can be still utilized by the IP to
prevent over-provisioning the AT TNT. One of the fundamental goals of the
AT service is the estimation of the exact position of the users, which must be
computed in real-time by the AT application running on the MEC. Moreover,
owing to the regularity and predictability of vehicle movements, the TNT can
timely prepare the slice requests based on coverage and performance prop-
erties of each gNB, e.g., whether or not a gNB covers a given area of interest.

As for the specific RAN slicing strategy, the resources are virtually allo-
cated by the TNT leveraging the exact knowledge of users’ position.

This work considers the uplink of a sectorized cellular system in which
the gNBs are equipped with third-order sector antennas, i.e., the cells are
divided into 3x120 degrees sectors as shown in Figure 4.14.

Let B = {1,2,..., B} be the set of sectors and M = {1,2,..., M} the set
of active users in the service area. The total bandwidth is partitioned into a
setC = {1,2,...,C} of virtual frequency resources referred to as RBPs which
are managed by the TNT and which correspond to the amount of bandwidth
W to be allocated to each user. The exact physical bandwidth necessary to
tulfill the QoS requirements will, in general, depend on several factors, e.g.,
the interfering conditions and the adopted physical layer procedures such
as the presence of Massive MIMO or Coordinated MultiPoint among nearby
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FIGURE 4.14: A gNB with three sectors

gNBs, the channel propagation models, etc. Hence, IP is in charge of the
mapping between a virtual RBP and the actual physical bandwidth, which
has full control of the physical layer, with the constraint that different RBPs
must correspond to non-overlapping portions of the available spectrum. The
virtual-to-physical mapping problem will be investigated in the following
Section making use of realistic simulations. The sequel focuses on the opti-
mal slice request problem at the TNT.

Let (m) € B represents the sector to which the m-th user is associated. The
sector association procedure is carried out by the IP which communicates its
decisions to the TNT making use of the IP-TNT APIs (see Figure 4.1). An-
other information that is assumed to be available at the TNT is the position
of the involved gNBs.

As for the slice request optimization problem, which is fully under the
control of the TNT, it is carried out making use of the knowledge of the
exact positions of the users. To elaborate, the TNT evaluates a user-specific
adjacent matrix Y = y,, ), with m € M and b € B and a pair-wise adjacent
matrix Z = z,, ,» with m, m" € M. More specifically, y,, (,,) = 0and y,,; =1
if sector b interferes with user m or y,, , = 0 otherwise. Moreover, z;, , = 0
and z,, ,» = 1if user m’ interferes with user m, or z,, ,, = 0 otherwise. These
matrices are dynamically evaluated on the basis of the positions of the users.
As an example, if user m associated to sector b = (m) is close to the border
with sector b’ # b, a reasonable choice is to set y,, y = 1. Conversely, if user
m is close to its serving gNB, one could set v,y = 0, for all b € B. On the
other hand, z,, ,» will depend on the reciprocal positions of users m and m’.
An illustrative example is shown in Figure 4.15. Note that the matrix Z is

not necessarily symmetric and y,, () is in general different from y,,, ().
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TABLE 4.6: List of Symbols

Symbol Remarks
B Set of sectors {1,2,..., B}
M Set of active users in the service area {1,2,..., M}
C Set of Resource Block Pools (RBPs) {1,2,...,C}
m Index of user
b Index of sector
c Index of RBP
(m) Sector of the m-th user
Y User-specific adjacent matrix with elements y,, ,
Z Pair-wise adjacent matrix with elements z,, ,,y
Xom,c Allocation variable {0,1}
Wit Total amount of bandwidth reserved for the slice
V Logical OR operator
Ry Total number of reserved resources in sector b
(m) Reordering function for user m
M Reordered set
B( ) Objective function corresponding to order M
L Linked Resources for user m
Z Logical NOT of 2’
M Initial order
ij Permutation of ( obtained by exchanging the i-th and j-th position of
I; Total number of iterations
Ro Cell Radius
d(m) Distance of user m from center of it’s serving sector
A Interference area for user m
R, Radjius of interference area for user m from the center of serving cell
op Distance of interference area from the center of serving cell
I Angle of interference area from the center of serving cell
Sp Set of two interfering sectors of the same cell for sector b
Ny Set of four interfering sectors to sector b delimited by its sector beam
T Threshold distance to determine the potential interference sectors [0,1]
Wy, Bandwidth per sector
Reliability

The slice requests formulated by the TNT are expressed in terms of RBP
allocations. To this aim, let x,, . € {0,1} be the allocation variable such that
Xme = 1if RBP ¢ € C is allocated to user m and x,, = 0 otherwise. Such
allocation decisions are passed from the TNT to the IP through the available
APIs, which in turn enforce them through the reservation of a correspondent
physical bandwidth to each user m in the serving sector (m), with m € M.
In this case, the total amount of bandwidth reserved for the considered slice

is equal to Wiy = MW and no mechanism is adopted to protect the users
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FIGURE 4.15: Illustrative example with 9 sectors: user 1 is in

sector 1 and it is close to its gNB, user 2 is in sector 1 and it is

in the middle of the sector, user 3 is in sector 6 and it is close to

the border with sector 1, user 4 is in sector 6 and it is close to its
gNB.

from inter-slice interference., e.g., through the reservation of additional band-
width. Accordingly, the only mechanism for controlling inter-slice interfer-
ence is given by the possibility of sharing the same bandwidth among users
of the same slice in adjacent (interfering) gNBs. Such mechanism has already
been investigated in [182] where the intra-slice shared bandwidth is denoted
by linked bandwidth. To better clarify, consider again the example in Figure
4.15. A possible solution is givenby x11 =1, x00 = 1,x37 = land x40 = 1,
in which the bandwidth allocated to users 1 and 3 is linked, and, hence, user
3 does not receive any interference from sector 1 despite y31 = 1. Hence, the
situation where the resource c is linked for users m and m’ insector b = (m')
is expressed by the condition y,, (/)Xm,cXu = 1. Note that, in the example
of Figure 4.15 the bandwidth allocated to users 1 and 3 could be used in
sector 8 by different slices” users, thus producing non-negligible inter-slice
interference. Accordingly, this proposed approach is denoted byRS-NOISP.

/
m,m'’

ric matrix, where \/ is the logical OR operator. Accordingly, z/ , indicates
whether users m and m’ can be allocated the same RBP. Then, the RS-NOISP
problem can be formulated as:

For notational convenience, let Z' with z = Zym' V Zm m b€ a symmet-
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max Z Ym, (m")Xm,cXm! ¢ (4.10)
x c,m,m’
subject to:
Y Xme=1meM (4.10.2)
Cc
Y Zh e XmcXp,e =0 (4.10.b)
c,m,m'#m
Xme € 10,1} (4.10.0)

where the objective function corresponds to the amount of linked bandwidth,
constraint (4.10.a) ensures that all the users receive one RBP while constraint
(4.10.b) guarantees that none of the adjacent users receive the same RBP (i.e.,
intra-slice interference is avoided).

In order to provide a higher inter-slice isolation level, this work proposes
a mechanism based on bandwidth over-provisioning denoted by RS-ISP. In
this case, the same resource allocated to user m on sector b is reserved in all its
adjacent sectors. To elaborate, if x;;, . = 1, then the same RPB c is reserved in
all sectors b such as y,,,, = 1. Note that, if two users have Linked Resources,

such resources can be reserved only once. Mathematically, this means that

M
the number of reserved resources in sector bis Ry = ). \V VY pXmc. In this
¢ m=1

setting, an optimal RS-ISP strategy aims at minimizing the total bandwidth
reserved for the considered service, i.e., the RS-ISP problem can be formu-
lated as:

M
max — Y YV YmpXme (4.11)
b

¢ m=1

subject to (4.10.a), (4.10.b) and (4.10.c)

In this second case, the TNT sends to the IP the outcome x of problem 4.11
and the adjacent matrix Y, so that the IP may perform the slice enforcement
accordingly.
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4.5.3 Heuristic solution for RS-NOISP and RS-ISP problems

Problems (4.10) and (4.11) belong to the class of Mixed-Integer Non-Linear
Programming problems that combine the combinatorial difficulty of opti-
mizing over discrete variable sets with the challenge of handling nonlinear
functions. In particular, in the RS-ISP case, which will be shown to repre-
sent the best approach for the problem at hand, the objective function is
strongly nonlinear, i.e., it is neither linear nor polynomial. To circumvent the
difficulty, a heuristic approach is proposed for achieving a reasonably good

solution with limited complexity.

The proposed approach, referred to as Pairwise Reordering Improvement
(PRI) scheme, is based on a two-fold procedure: (i) find a feasible solution
according to a given good initial sequential order; (ii) iteratively improve
the initial order considering a pairwise reordering approach. To elaborate,
consider a reordering function  of the set M, where (m) € M is the
user index occupying position m and the reordered set is denoted by M .
For any given order M , the feasible solution can be found by sequentially
assigning the first available RBP to each user and the objective functions
(4.10) and (4.11) can be evaluated accordingly. For ease of notation, f( )
denotes the objective function corresponding to order M  without distinc-
tion between RS-NOISP or RS-ISP.

The initial order M | is established basing on the amount of possible
Linked Resources for each user, evaluated as L, = Z‘,ym m/)z mm',» Where 2/

is the logical NOT of z/. The procedure for estabhshmg the initial order is
illustrated in Algorithm 2. The order is obtained by adding to M, at each
iteration, the index m with maximum L and all its linked users. Hence, the

remaining set Q is obtained by subtracting the set of users already inserted

in M(O).

AS for the pairwise reordering part of the heuristic solution, let ;; be a
permutation of ( obtained by exchanging the i-th and j-th position of |,

ie.:

(4.12)
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Algorithm 2: Procedure for establishing the initial order
1 Initialize: M | =0, Q = M;

2 while Q # @ do

3 Evaluate: L,,, Vimm € Q;

4

m = arg max Ly,;

meQ
5 T = {ie Q:ym, (i)Z/m,izl}/'
6 | P=mUT,;
7 | 2 g=Lforallme P,m' € ;MY = MO yP;
s | Q=0Q\P;

In addition:
C= {Z,]} such as Yi (])?1,] =0 (4.13)

i.e, 7and j are not linked. Then, the best reordering ;« ;+ is evaluated as:

{i*,j*} = argmax B ( ;) (4.14)
{ijreC

Finally,if B ( ;) = B( i,) thesearchis stopped, otherwiseset o=
and run another iteration for a maximum of I; iterations. Note that the com-
plexity of the PRI scheme is upper bounded by O (IM(M —1)/2), ie., it
increases with M2,

To assess the effectiveness of the proposed heuristics, it is carried out the
simulation of a cellular network in which M users are randomly deployed
over a cluster of 7 three-sectors cells with radius R. Each user m is associated
with a serving sector (m) based on its position. The distance of user m from
the center of the serving sector is denoted by d(m). Hence, each tram m is
associated to an interference area .A,, surrounding the serving sector such as
Zy = 1if m" € Ay, and z,,, .,y = 0 otherwise. In particular, A,, is given by
an arc of the circumference with radius R, = a;d(m) and angle 20; centered
in the serving sector, where a; and ©; are two design parameters.

An illustrative example is shown in Figure 4.16. Note that in the case of
ideal cell sectorization, it would be sufficient to set ©; = 71/3 since no inter-
ference can be received outside this angle. However, some degree of overlap
among sectors cannot be avoided in practice, and hence a precautionary ap-
proach can be recommendable, as shown in the next Section.

As for Y, two sets of sectors which may potentially create interference to sec-
tor b are considered. The first set is denoted by S;, and is given by the two
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FIGURE 4.16: An illustrative example with ®; = 77/2 and aj = 2.

sectors of the same cell to which sector b belongs. As an example, in Figure
4.16 there is S = {2,3}, Sy = {5,6}, etc. The second set is denoted by N,
and it is composed by the 4 adjacent sectors to sector b lying in the region
delimited by its sector beam. As an example, in Figure 4.16, N7 = {5,6,8,9},
Ng = {2,1,8,7}, etc.

To elaborate, it is worth noting that the positions of potentially interfering
users of different slices are not known, and, hence, they could be located ev-
erywhere in the interference area of user m. Accordingly, y,,;, = 1 for all
b € S (). As for the interference from adjacent sectors, it is reasonable to
assume that its effect depends on d(m). As a case in point, if user m is very
close to its gNB, i.e., d(m) Ry, the interference from adjacent sectors can
be neglected. Accordingly, for all b € N (), yup = 1if d(m) > arRo, and
Ymp = 0 otherwise, where 0 < ar < 11is a design parameter.

Figures 4.17 and 4.18, report the performance metric as a function of M
obtained through the proposed PRI scheme with I; = 5 in the RS-NOISP and
RS-ISP cases, respectively. More specifically, Figure 4.17 reports the num-
ber of Linked Resources (LR), while Figure 4.18 reports the total number of
allocated resources normalized to the number of sectors (TR). The results
have been obtained considering a; = 2, ®; = 7/2 and ar = 0.5. The
PRI approach is compared with three alternatives, namely, a single itera-
tion approach in which the allocation is performed based on the initial or-
der (No-PRI), a single-shot random-ordering mechanism (Random), and a
Monte Carlo (MC) approach with N, = 100000 independent random orders.
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FIGURE 4.17: RS-NOISP case: Linked Resources for the four consid-
ered schemes vs the number of ATs M.

When the number of possible orders M! is comparable to or lower than N,
the MC is expected to reasonably approach the optimum exhaustive search.
Figures 4.17 and 4.18 also report the results obtained by the optimal exhaus-
tive search (Opt) in the M = 9 case, which confirm this expectation. Unfortu-
nately, owing to complexity, it is impossible to get a comparison for higher M
values. From Figures 4.17 and 4.18, it is evidenced that the proposed mecha-
nism allows to noticeably outperform the Random and the No-PRI schemes
for all the considered M values and to outperform the MC approach for high
M values with a remarkable complexity reduction. Indeed, for example, if
M = 45 the complexity O (I:M(M 1)/2) of the PRI is of few thousands of
operations which is almost two orders of magnitude lower than Nj.

4.54 Experimental Results
4.54.1 5G-air-simulator Development

In pursuance of obtaining an effective enforcement strategy for the proposed
RAN slicing mechanism, 5G-air-simulator has been properly extended.

First of all, a realistic uplink interference model has been implemented,
which was completely absent originally. Then, mMIMO with MRC features
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FIGURE 4.18: RS-ISP case: TR for the four considered schemes vs
the number of users M.

has been brought to the uplink, in order to fully exploit 5G NR features for
UE transmissions. Thanks to the MRC filtering and the new interference
model, the actual SINR is measured for each RB. The final vector of SINRs is
used to detect eventual physical errors in the uplink, similarly to the down-
link procedure. Following the same BLER rationale in the downlink, the re-
transmission mechanism (i.e., ARQ at the RLC layer) has been implemented
in the uplink as well.

Moreover, since multi-connectivity has the potential to enable reliable
handovers without handover interruptions for user plane data, providing a
form of RRC diversity [255], a DC handover module has been implemented
in the form of a Twin Model handover shown in Figure 4.19, which is able to
mimic a DC transmission mode where the user is connected to two different
gNBs at the same time.

In particular, a Twin UE is created for each UE with the same mobility as
the original UE, i.e., the twin node will always be located at the very same
position as the original UE. The proposed approach is sketched in Figure
4.19. When the handover event is triggered for the UE, the Twin UE is cre-
ated and a twin radio bearer for this node is created in the Target gNodeB
(T-gNB). This twin radio bearer is used to transmit a replica of the original
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FIGURE 4.19: Schematic diagram of DC handover module in
the 5G-air-simulator

packet flow towards the T-gNB, whereas the UE continues its transmissions
towards the Serving gNodeB (S-gNB). Hence, there is a dual transmission
until the handover is completed, when the Twin UE is deactivated. The de-
tection and discarding of eventual duplicates are carried out at the S-gNB
assuming an ideal Xn interface allowing the T-gNB to forward the service
data units received from the twin nodes towards the S-gNB. Following the
bearer split on PDCP level with data duplication mode proposed for 5G/5G DC
[127], the packet is tagged as dropped only if both versions are lost at the
PDCP, thus achieving a link-layer diversity of order two. It is essential to
highlight that during dual transmissions the original UE and its Twin coun-
terpart transmit with half power to model a realistic DC. Finally, the possi-
bility of implementing DC handover is facilitated by the RS-ISP reservation
mechanism described previously. Indeed, in this case, the same RBP reserved
for transmission in the S-gNB is also reserved in the adjacent T-gNB. Accord-
ingly, the DC handover can be operated on the same RBPs without requiring
a timely new reservation of resources, as it would be necessary for the RS-
NOISP case.

It is worth highlighting that the implementation of handover strategies
(Hard/DC) is not considered as a part of the RAN slicing policy described
in previous Sections. In particular, TNT is in charge of allocating virtual re-
sources to users in the slice and it does not have any knowledge about the
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handover (either DC or Hard) algorithm adopted by the IP. The implemen-
tation of DC handover is a choice of the IP and it is important to determine
the most proper mapping of virtual to physical resources, as shown in the
following.

Finally, the proposed resource allocation mechanism for slicing en-
forcement has been integrated into the simulator. To this aim, a specific
Autonomous Tram - Network Slice Selection Assistance Information (AT-
NSSAI) is used to identify the AT slice and is associated with the radio bear-
ers of each AT user. Hence, at every predefined time interval of 100 ms, the
RAN controller running on the MEC evaluates the new reservation policy
based on the TNT’s directives. To this aim, a physical bandwidth of W Hz is
associated with each non-overlapping RBP. This information is handled by
the Service Data Application Protocol at each gNB which associates to each
uplink AT-NSSAI radio bearer an indicator of the physical RBs reserved for it.
Finally, a dedicated MAC instance is considered for AT users which performs
MAC scheduling based on the reserved resources, while the free spectrum is

shared among non-Autonomous Tram (NAT) users.

4.5.4.2 Test Scenario

The test scenario is built upon the ITU Urban Macro - URLLC scenario[109].
However, a larger network is simulated to encompass a more realistic AT
scenario. In particular, the service area is composed of 21 cells (63 sectors)
with a radius of 500 m. As for the number of UEs belonging to the AT slice
type (denoted by AT UEs), a worst-case scenario with a tram for each site
is taken into account. Indeed, it is reasonable to assume unlikely to have a
higher density of AT UEs in urban environments. Hence, 21 AT UEs are ran-
domly deployed over the service area, moving in a rectilinear direction with
a speed of 30 km/h. Such users are assigned RBPs according to the allocation
mechanism for slicing enforcement described previously. To provide a real-
istic scenario including extra-slice interference, 63 always active NAT users
are deployed in the same service area. Such users are allocated the whole
free spectrum, i.e, the spectrum not reserved for the AT slice.

According to [256], the maximum output power for Class 1, Class 1.5,
Class 2, and Class 3 5G UEs operating in NR FR1 are 31 dBm, 29 dBm, 26
dBm, and 23 dBm respectively without taking into account the tolerance. In
particular, the maximum power class for the UL MIMO in the closed-loop
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spatial multiplexing scheme is 29 dBm which is achieved via dual transmis-
sion. Therefore, the power of AT users is set to 28 dBm to model a realis-
tic scenario. Moreover, this assumption is quite reasonable due to the fact
that trams are huge and can accommodate large power supply compared to
normal UEs like cell phones which have limited energy resources and need
frequent battery recharge. As for the power settings for NATs, they are taken
from the references [109], [256].

Finally, as for the three-sector coverage, the fan-beam antenna system re-
ported in [257] is considered, which is compliant with the ETSI EN 301 215-2
Class CS 2 requirements.

Table 4.7 summarizes the simulation parameters considered for the fol-
lowing discussions. Note that the other simulation parameters have been
taken from the ones already shown in Chapter 2.
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TABLE 4.7: Simulation Parameters for Considered Scenario

Parameter Value
Operating frequency 3.7 GHz (channel model [109])
Number of sites 21
Cell radius 500 m [109]
Number of sectors per site 3[109]
Simulation time 60 s
Number of transmitting beams 2
Number of receiving beams 32
bandwidth 200 MHz
Sub-carrier spacing 30 kHz
AT UEs transmitting power 28 dBm
NAT UEs transmitting power 23 dBm [109]
MIMO Transmission Layers 2
gNB height 25 m [109]
Number of AT UEs 21
Number of NAT UEs 63
UL Scheduler Max Throughput
Traffic model (AT UEs): Video streaming at 15.1 Mbps
Traffic model (NAT UEs): Full-Buffer
AT UEs’ Speed 30 km/h [109]
NAT UEs’ Speed 3 km/h [109]
AT UEs Antenna Height 3.5m
NAT UEs Antenna Height 1.5 m [109]
Reservation Periodicity 100 ms
handover Threshold 3dB
Number of simulation seeds 250
RLC Re-transmission (AT UEs) 5 ms
Max delay (AT UEs) 10 ms
Re-transmission threshold (AT UEs) 16

4.5.4.3 Numerical Results

As for the virtual to physical resource mapping, simulations are run for

different values of W to experimentally assess the best slice enforcement

strategy. Hence, the reliability

of AT UEs is evaluated, intended as the

fraction of network layer packets successfully delivered within the time

constraint required by the targeted service, that is 10 ms in the considered
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scenario (i.e., rail safety-critical video communication, see Table 4.5). For a
fair comparison between RS-NOISP and RS-ISP, let the required bandwidth
per sector be W, intended as the total bandwidth needed to implement the
AT slice divided by the number of sectors. To clarify, in the RS-NOISP case,
the total bandwidth is simply W multiplied by the number of AT UE;s, i.e.,
Wy, = 21W/63 = W/3 in the considered setting. On the other hand, owing
to additional spectrum reservation, in the RS-ISP case the total bandwidth
is increased and W; will depend on the adopted reservation strategy, which
is in turn determined by the values of |, a;, and at. The following Figures
report Wy, versus for different slicing strategies. To reduce the set of
possible parameters combinations, the interference area has a radius that
is two times the distance from the serving gNB (i.e., a; = 2). Moreover,
4 possible values of | are considered, namely, | = ©/3, | = 7m/2,
1 = 2n/3 and | = 7 for both RS-NOISP and RS-ISP cases, and two
possible values of a1, namely, a7 = 0 and a7 = 0.5 for the RS-ISP case.
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FIGURE 4.20: Performance of RS-NOISP

Figure 4.20 reports the performance of the RS-NOISP strategy for four
considered values of ;. For comparison purposes, it also reports as a
benchmark the results obtained through the approach proposed in [182]. As
already discussed, indeed, [182] is the most closely paper to this work. In
particular, it proposes a slicing mechanism aimed at maximizing the linked
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bandwidth without considering the locations of the involved users. Hence,
a comparison with [182] allows highlighting the importance of the location
information in devising the slicing mechanisms proposed here. These results
are obtained considering hard handover. The curves reveal a clear trade-off
between intra- and extra-slice interference. To better understand, | = /3
represents the worst case in terms of intra-slice interference since in this
case the same RBPs can be always allocated to AT UEs located in different
sectors of the same cell. For the same reason, there is the maximum possible
linked bandwidth for AT UEs, and, hence, this is the best case in terms
of inter-slice interference. On the opposite, there is the | = 7 case. It
is possible to observe that the best trade-off between the four situations
is given by the two intermediate cases, and in particular, | = /2 is
the best solution. It is also shown that the proposed approach allows
outperforming the benchmark despite that, due to the residual inter-slice
interference that is present in all cases, the reliability cannot be increased
above a given threshold of 99.7 %. This reliability factor can be achieved at
the expense of consuming 1/6 of the total available bandwidth. To sum up,
the RS-NOISP case does not allow to fulfill the QoS requirements reported in
Table 4.5. These results confirm that if the QoS constraints are strict, there is

aneed for an additional mechanism to protect against inter-slice interference.

Figure 4.21 reports the performance of the RS-ISP strategy for the 6
combinations of  and ar. These results have been obtained considering
DC handover. For comparison purposes, Figure 4.21 also reports the perfor-
mance of the best RS-NOISP case. It is shown that the best performance is
obtained in the case | = 7t/2and at = 0.5, at least in achieving a reliability
value higher than 99%. In particular, such a combination allows achieving
the required reliability of 99.9 % reported in Table 4.5 with a spectrum usage
of nearly 1/12 of the total available bandwidth.

Lastly, to put in evidence the effect of DC-handover with respect to hard
handover, Figure 4.22 reports the performance of the best RS-ISP and RS-
NOISP cases with hard handover and compare them with the DC handover
case. It is shown that DC-handover allows to clearly outperform hard han-
dover. On the other hand, for high-reliability values, the RS-ISP scheme with
hard handover performs clearly better than RS-NOISP, and, in particular,
it allows to achieve the required 99.9% reliability with a spectrum usage of
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FIGURE 4.21: Performance of RS-ISP

nearly 1/10 of the total available bandwidth. In other words, the DC han-
dover further helps in reaching the target reliability values while requiring
less bandwidth.

To sum up, the simulator allowed the establishment of the best system
dimensioning for guaranteeing the required QoS with the minimum amount
of resources required to enforce the AT slice, aiming at providing guidelines
in enforcing the considered AT scenario.

4.6 Slice Management for Pervasive In-Home
Healthcare using Cascaded WLAN-FWA

Pervasive healthcare envisages continuous and ubiquitous monitoring of phys-
iological signals and vital parameters while improving the living conditions
of patients at their homes. Especially for patients in the most critical con-
ditions, e.g., patients suffering from severe epilepsy, continuous monitoring
is crucial for effective life-saving interventions in case of emergency, and to
prolong life expectancy. For example, up to a third of all premature deaths
worldwide are either directly or indirectly attributed to epilepsy [258]. Par-
ticularly, Sudden Unexpected Death in EPilepsy (SUDEP) is a direct cause
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of death occurring for 1 2 every 1000 severe epileptic patients per year,
and it is estimated to occur in one every 2000 5000 Generalized Tonic-
Clonic (GTC) seizures, a particular kind of severe convulsive seizure [258].
It has already been shown that continuous daily and overnight monitoring
of patients can reduce the frequency of seizures and provide immediate pro-
tective mechanisms, thus reducing the risk of SUDEP. The state of the art
in clinical monitoring of epileptic patients is performed by specialized care-
givers, with the help of a 3D video camera and an ElectroEncephaloGraph
(EEG) that measures brain activity. However, the cost of such continuous
supervised monitoring has been estimated in the order of thousands of dol-
lars per seizure [258]. Therefore, autonomous decision-support systems for
epilepsy management in smart homes represent promising assisted-living
solutions for the near future. Thus, in this work, a healthcare solution is en-
visaged for both continuous monitoring and emergency handling in severe
epilepsy. However, the proposed system could be applied also to patients
sharing a similar need for pervasive healthcare, e.g., affected by cardiovas-
cular or chronic diseases, or doing rehabilitation at home.

Current cutting-edge communication technologies, including IEEE
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802.11ax WLAN and 5G Fixed Wireless Access (FWA) solution, offer a broad-
band backhaul connectivity even in suburban areas and can support perva-
sive healthcare at large scale, otherwise not available with networks of the
previous generations. Unfortunately, baseline implementations do not pro-
vide any priority to healthcare messages over other applications in case of
life-threatening events. Network slicing, as applied to WLAN [259] and to
heterogeneous architectures exploiting WLAN technology at the radio in-
terface, and to 5G components in the core network [260], fulfills QoS con-
straints through traffic isolation (e.g., by assigning virtual resources under a
common communication infrastructure). This approach, however, has been
scarcely investigated in the healthcare context so far, especially to tackle life-
threatening events.

In this Section, a new network solution for indoor healthcare monitor-
ing is proposed, in particular for epileptic patients. The novel architecture
is composed of various elements. First, a WLAN and a cellular network are
cascaded, where IEEE 802.11ax is used in-home and 5G-enabled FWA links
transfer them to a remote hospital: this solution is flexible and particularly
suitable to serve remote areas, where a fiber link is not available. Second,
in order to support both regular monitoring and emergency handling, two
new slice types are introduced and the network slicing concept is extended
to WLAN. Third, it is proposed to use an enhanced router with local com-
puting capabilities, which is still controlled by the cellular network. The
latter, integrated with mobile edge computing resources, makes the result-
ing architecture more flexible and powerful. Indeed, the local computation
capabilities can be exploited to trigger health-related alarms and dynamic
network slicing in case of emergency and to provide resource scheduling of
both healthcare traffic and other promiscuous everyday communication ser-
vices. Lastly, the performance of the resulting architecture is demonstrated
and compared to baseline solutions.

4.6.1 State of the Art on Epilepsy Management

Recently, other architectures have been presented for continuously man-
aging patients in critical conditions, e.g., severe epileptic patients, at their
homes. Most of them employ wearables and portable devices to collect vitals

and brain signals, as well as context information, i.e., the patient’s location.
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The most common solution includes also a MEC server for data analysis us-
ing Al algorithms: e.g., in [261], the authors propose an architecture based on
LTE and SDN, where an edge gateway is assisted by Al in the localization of
the epileptic foci in the brain and delivers effective real-time brain stimulus
regulating the epileptic activity while mitigating symptoms. DL algorithms
running on a MEC server have been advocated to support the early predic-
tion of epileptic seizures. Although promising, these solutions still lack a
realistic in-field deployment (e.g., multiple users, longer distances).

In [262] a two-hop monitoring architecture is proposed, which collects 3D
accelerometer traces and the heart rate through a smart bracelet. The latter
sends data via Bluetooth low energy (BLE) to a smartphone, which acts as a
local gateway to the Internet via WLAN. The minimum E2E latency is 175 ms
when serving a single user.

In [263], the authors propose a cloud-based seizure prediction architec-
ture including a Wireless Body Area Network (WBAN), a GPS-based local-
ization, and a localization software hosted in an Amazon elastic compute
cloud instance. Several Al-based algorithms have been tested in this study
to detect and predict seizures from a low-cost wireless EEG headset. How-
ever, the architecture covers a short-range area that can not be considered
as a realistic scenario. In [264], edge computing is also proposed to deliver
real-time alarms and improve user interaction during emergencies in other
IoT-healthcare scenarios, e.g., for preventing falls of elderly people and in
mobile healthcare units.

Interestingly, the HealthEdge project [265] suggests to prioritize two differ-
ent types of traffic, i.e., human behaviour and health emergency, and to decide
whether to pre-process data in a MEC server or to send them directly to the
cloud. Task scheduling in [265] has been implemented at the edge worksta-
tion with benefits on both the bandwidth utilization and the total task pro-
cessing time. In that case, the edge scheduler directs traffic to either the MEC
or the cloud, solely based on the patient’s physiological data and no other
context information, e.g., current network traffic, is taken into account. At
the same time, no strategy for dynamic switching between the two types of
traffic has been investigated.

Overall, the literature has not yet investigated the use of slice types specif-
ically designed for e-health applications, and solutions for epilepsy manage-
ment (or similar scenarios as considered in this Section) are not available.
Still, network slicing resource management, admission control, and traffic

prioritization in the RAN are relevant problems [66].
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4.6.2 Requirements Definition

The case targeted in this Section encompasses, at the same time, two health-
care services: regular monitoring with mild communication requirements
in terms of latency, packet drop, and data rate, and emergency handling
with strict requirements, activated during life-threatening events. Figure 4.23

shows the data collection setup of this particular use case.

Emergency
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FIGURE 4.23: Data collection setup in case of severe epilepsy
management, both during regular monitoring and emergency
handling.

In reqular monitoring, the state-of-art EEG-video acquisition setup [258] is
considered, with recording from a 3D camera and 30 EEG channels. Dur-
ing an emergency, it is assumed that an alarm has been triggered based on
abnormal EEG-video data and the interaction with the patient is extended
by adding a 3D camera, a speaker, 3-leads ECG, 2 bipolar electromyography
(EMG) channels, a pulse oximeter to measure peripheral oxygen saturation
(Sp0O3), and a system to acquire the most important vital parameters. This
provides the remote specialized clinicians with a better understanding of the
situation which, in turn, highly improves the accuracy in detecting SUDEP
for a more effective and early intervention.

Table 4.8 summarizes the service requirements, taking into account QoS
metrics typically used in the design of 5G systems [232], [266]. It is impor-
tant to highlight that the values reported in Table 4.8 refer to the communica-
tion delays expected during the run-time phase of a network slice instance.
Moreover, the additional latency related to the activation and configuration

of a new slice is experienced only once. Also, the latter is not correlated to
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TABLE 4.8: Communication Requirements of Monitoring De-
vices

Data type Sub-type End-to-end | Jitter | Survival | Data rate

(no. channels) latency Time (aggregated)
ms ms ms

Regular Monitoring (standard video EEG)

Multimedia 3D camera 1 150 30 180 10 Mbps

Electrophysiology || EEG (30) 250 25 175 1 Mbps

Emergency Monitoring (additional data)

Multimedia 3D camera 2 150 30 180 10 Mbps
Speaker 150 25 175 220 kbps

Electrophysiology || ECG (3) 250 25 275 0.5 Mbps
EMG (4) 250 25 275 0.5 Mbps

Optics SpO, 250 25 275 0.5 Mbps

Vitals Temperature 250 25 275 100 kbps
Blood pressure | 250 25 275 100 kbps
Heart rate 250 25 275 100 kbps
Respiration rate | 250 25 275 100 kbps

the survival time in the run-time phase (see Table 4.8) and it is expected to be
much smaller than that.

Beyond a high data rate, healthcare monitoring also needs robustness (in-
dicated by the survival time), which is specifically targeted by 5G networks.

4.6.3 Reference Architecture and

Proposed Slice Management

In the considered scenario, patients” smart homes are covered by an IEEE
802.11ax WLAN connected to the Internet by an FWA over a 5G cellular net-
work. As a matter of fact, 5G FWA is the most promising alternative, from
the techno-economic point of view, to close the digital divide, for urban and
suburban areas as well. For healthcare purposes, IEEE 802.11ax devices col-
lect physiological and environmental data in the patient’s home while 5G-
enabled FWA links transfer them to the remote hospital’s cloud servers.

Figure 4.24 depicts the proposed connectivity architecture.
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As both WLAN and FWA networks are also used for other communica-
tion purposes in the smart home, no dedicated network deployment is nec-
essary. Still, in order to protect the new services, they are mapped into two
new slice types: a reqular monitoring slice-type when the patient’s conditions
are stable and an emergency slice type for communications during the emer-
gency. The two slices are defined for the cascaded WLAN-FWA networks:
therefore, the WLAN router must support the in-home network slicing and
should be equipped with a Gateway Computing Server (GCS).

Since network slice types are different in their nature and in their use of a
subset of resources available at the radio interface, it is possible to tailor, for
each of them, a customized radio resource management scheme that meets
their specific requirements. The architecture proposed in our work fully ex-
ploits this key capability and natively assumes to implement customized ra-

dio resource management schemes for each network slice type.

4.6.3.1 Cellular Network

The cellular network consists of a 3GPP 5G system and an orchestrator en-
tity, which handles the configuration of the 5G network, e.g., it controls the
slice life cycle, instantiates slice resources, and assigns traffic routing policy
and flow priorities. The MEC server at the edge of the network implements
advanced applications for monitoring, classifying, and predicting patients’
behaviors, and it supports the orchestrator in the real-time management and
configuration of slices and resources.

Among UEs, there are some Residential Gateways (RGs) providing
broadband connectivity to smart homes through FWA links. In particular, an
RG acts as a gateway between each wireless connected device in the house
and the external 5G network. In other words, the RG includes a 3GPP 5G
UE and an IEEE 802.11 Access Point (AP). Besides, our architecture includes
a novel GCS in the RG, in order to both offload computing task for the STA-
tions (STAs) and manage the interaction at the 5G-802.11 interface. The GCS
plays the role of MEC at an even more local level, providing computational
capabilities even closer to the end-user applications, still remaining under
the full control of the operator and the service provider. Being at the border
between the WLAN and the cellular network, it both responds quicker to in-
home events and has privileged access to both WLAN and cellular network
resources, including MEC, e.g., for computations on larger databases. MEC
and GCS can also share the workload needed to detect anomalies in the EEG

monitoring, and to trigger the activation of the emergency slice.
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4.6.3.2 Wireless Local Area Network

IEEE 802.11ax is chosen as the WLAN standard since, among other interest-
ing features, it provides centralized scheduling [267]. Furthermore, this work
aims at extending the concept of network slicing also in the IEEE 802.11ax
network. Indeed, the proposed architecture enables the creation and the dy-
namic control of network slices spanning from the 5G network to WLANSs.
A slice-oriented approach provides isolated and independent resources (e.g.,
radio resources in both WLAN and 5G radio networks, computing resources
at the edge, dedicated network functions in 5GC) to each network slice. This
significantly extends the possibilities of legacy cellular technologies for re-
alizing QoS differentiation. On one hand, as previously mentioned, each
network slice type can benefit from a tailored management scheme of its re-
sources, which may efficiently increase the performance with respect to a
one-size-fits-all mechanism. On the other hand, applications requiring Al-
based heavy computations with stringent time constraints, e.g., advanced
healthcare services, can be offloaded to GCS and MEC.

In addition to the slice management in the cascaded networks, this work
proposes an elastic radio resource scheduling which operates on both radio
technologies, in a distributed and coordinated manner.

4.6.4 Network Slicing Solution

Under stable patient conditions, data collected by the biometric sensors in-
side the smart home reach the nearest MEC server through the regular mon-
itoring slice. The patient’s health-related data are analyzed and processed in
the MEC server. When an emergency occurs, the RG should be enabled to
transmit and receive data on the emergency slice. In this case, not only emer-
gency data is massively collected to better formulate a diagnosis, but also
control data could be sent from the MEC to the patient’s home, e.g., to alert

local caregivers.

4.6.4.1 Dynamic Slicing

As the emergency slice type, i.e., a high-priority slice type, is rarely instanti-
ated, it may be inefficient to leave it active, thus penalizing the lower-priority
traffic and wasting computing resources on the MEC server. Instead, a dy-
namic slicing approach is considered, wherein a slice can change its type in
correspondence of certain events. In this context, a reqular monitoring slice
type is instantiated to carry physiological patient data and environmental
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measurements. However, upon a relevant event, e.g., a significant change
of any vital parameter or any other life-critical event, the existing slice is
promoted to the emergency type. This change can be triggered either by the
device or by the network. In this latter case, for instance, a certain slice’s
application, which is virtualized on MEC, may detect an anomaly in regu-
larly monitored vital parameters exploiting Al algorithms. Then, when crit-
ical events occur, the MEC server should reach the orchestrator to force the
change of slice type to emergency. Indeed, for resource management, the pro-
posed architecture still relies on the orchestrator of the 5G network (shown
also in Figure 4.24), as from the standard. Note that letting the network
change the slice type allows for the use of legacy equipment not directly
capable of requesting the setup of new slices, as the slice type is set by the
network. Interestingly, dynamic slicing provides efficient management not
only for slice activation but also for its deactivation, when an emergency is
solved. Finally, it is important to highlight that the existing literature on dy-
namic network slicing considers the dynamic creation of new slices as limited
to the current 3GPP paradigm, i.e., for slowly reactive systems (as extensively
discussed in the very first Sections of this Chapter).

4.6.4.2 Elastic Resource Scheduling

In order to meet the QoS requirements on an E2E basis, the RG is envisioned
to control the scheduling of the WLAN, thus enforcing the slice requirements
inside the smart home, too. As a matter of fact, the WLAN component is typ-
ically unaware of the 5G network slicing. Indeed, both AP and STAs’ knowl-
edge of the network is limited to the WLAN, hence ignoring how different
slices are configured in the 5G segment. It is thus necessary that the GCS
implements a mapping function that translates the requirements of a specific
slice/service type into a WLAN service class and efficiently schedules and
manages the traffic flows within the smart home. For instance, packets of the
emergency slice are assigned a higher priority, in order to ensure reliable and
low-latency services in critical situations. In this way, the network slicing
should be enforced for the cascaded IEEE 802.11ax and 5G networks.

The slice QoS requirements are satisfied by a novel elastic radio resource
scheduling policy. Thanks to the GCS, the radio resource management policy
handles different queues within the RG, one for each slice. Moreover, the ra-
dio resource allocation must satisfy the requirements on both the maximum
E2E latency and the survival time (see Table 4.8). For this reason, within both
the IEEE 802.11ax and 5G networks, the scheduling algorithm distributes the
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radio resources taking also into account the queuing delay across the cas-
caded network. Therefore, the proposed solution requires the devices to
communicate the experienced queuing delay, along with their buffer status
report.

In the uplink, as soon as a packet is correctly received by the AP and
the GCS pushes it in the related queue of the RG, its accumulated delay is
tracked. Each queue is sorted according to the packet delay and expired
queued packets are dropped. As a result, the accumulated delay in the two-
tier segment is taken into account in scheduling resources.

Furthermore, the envisioned scheduler determines the number of radio
resources requested by each flow, hence by each slice, in a given time win-
dow T. This evaluation is based on the agreed QoS parameters (e.g., av-
erage transmission rate), as well as on the channel conditions experienced
by the users, and it is conducted in both networks, i.e., in the RAN and in
the WLAN. When the number of requested radio resources can be satisfied
in T, the scheduling follows the Modified-Largest Weighted Delay First (M-
LWDF) approach. Since the delay of each packet is tracked by the RGs, the
M-LWDF scheduler aims at satisfying the QoS requirements on an E2E ba-
sis. Conversely, when the number of available radio resources in T does not
match the requests, an elastic resource scaling is first applied. The elastic
scaling proportionally reduces the number of available radio resources for
each active slice instance in T, according to the resources surplus requested
by each slice. After scaling, slices are grouped into two sets, i.e., with prior-
ity and without priority. Then, in each scheduling interval, radio resources
are assigned first to packets of slices with priority, and then to those with no
priority.

4.6.5 A Case Study

A European suburb is modeled according to the reference FWA scenario
of [268], including 1000 households per km? and a grid of three-sector macro
sites with an average inter-site distance of about 1 km. The network is de-
signed to connect simultaneously up to 30% of the covered households, thus
each sector serves approximately 88 households. Each sector is equipped
with 64 transmit/receive antennas, working in the sub-6 GHz band and each
RG has 2 transmit and 4 receive antennas. Therefore, up to 16 different spa-
tial layers may be multiplexed on a single RB. All households also generate
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uplink traffic for a generic eMBB slice according to the models in [269].

As about 1.8 million people in Europe with epilepsy are at risk of SUDEP,
there are 2 patients per sector, on average, to manage. In the worst-case sce-
nario, it is assumed one epileptic patient at high risk of SUDEP and another
epileptic patient with no risk of SUDEP to be monitored at the very same
time in a single sector. Healthcare traffic flows are generated according to the
specifics of Table 4.8.

In each household, single-user MIMO is considered for IEEE 802.11ax,
with a single spatial stream per STA. Legacy STAs are not explicitly mod-
eled, although it is assumed that the AP reserves 30% of the time for legacy
transmissions and extra signal processing delay. Based on the channel con-
ditions, the APs and the RG select the appropriate MCS, in order to guar-
antee a target maximum BLER through link adaptation. Moreover, both the
transport block size for 5G and the data rate for 802.11ax networks are set ac-
cordingly, following the standards. It is assumed a higher BLER value for the
IEEE 802.11ax link, in order to take into account the interference and possibly
busy channels, as each STA performs carrier sensing and the transmission is
canceled whenever the medium is busy, resulting in transmission delays.

The proposed scheduling solution (reported in the following as Elastic)
has been compared with:

* a solution performing no slicing at all (reported in the following as Ba-
sic), without any proper resource scheduling policy, i.e., proportional

fair scheduling is used at all nodes;

* a network slicing solution (reported in the following as E2E), includ-
ing slicing within the WLAN and the use of the M-LWDF scheduler for
each slice, although without the elastic resource scheduling, i.e., nei-
ther traffic prioritization, expired packets management, nor resource
scaling.

By comparing these solutions, it is possible to appreciate the advantages
of using network slicing and the introduced elastic resource scheduling.

The impact of scheduling strategies over the E2E latency, the communica-
tion service availability, and the number of emergency slice packets meeting
the required QoS, has been investigated by computer simulations. In the fol-
lowing, « and p are weights to further manage priorities associated with the
eMBB slice and the healthcare slices, respectively: a higher value of these
parameters means a higher priority of the corresponding slice.
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4.6.5.1 End-to-End Latency

First, it is considered the average E2E latency (from the in-home device to the
gNB), taking into account the delay introduced by the radio interfaces of the
two networks for the considered slice types.

Figure 4.25 shows the average E2E latency for the various slice types, the
different scheduling techniques, and two traffic loads (30% and 50% active
RGs).

‘-Elastic (=0.2, $=0.8) @Elastic (a=£=0.5) BME2E B Basic

Active RGs 50%
el
Active RGs Active RGs
Active RGs Active RG 50% 30%
) 50% ctive S r_/H
_ Actg\z)i/?Gs 0 30% —
W
£10° —— —
)
Q
c s
&
<
—
- -
(=]
"
Q
2 10? 1
el
[=)
10! - - I

eMBB Regular Monitoring Emergency

FIGURE 4.25: Average E2E latency when 30% of the RGs (low
traffic load) and 50% of the RGs (high traffic load) are active.

It is noticeable that both the basic and the E2E scheduling yield a higher
latency when the emergency slices are active since these scheduling ap-
proaches do not distinguish among the different traffic types and the penalty
incurred by having higher loads is shared equally among all applications.
Moreover, as eMBB traffic is higher than healthcare traffic, the proportional
fair scheduling penalizes the regular monitoring and emergency slices. This
effect is just slightly mitigated in the E2E approach that uses M-LWDF
scheduling, being more sensitive to the packet latency. When elastic schedul-
ing is considered, instead, regular monitoring and emergency traffics are
served with much lower latency, as required by their specifics. In fact, the
proposed approach guarantees a smaller delay than with other strategies,
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by dropping expired packets. At the same time, it is also important to note
that the elastic scheduling slightly reduces the latency of the eMBB slice type.
Moreover, by adjusting the values of « and S, it is possible to further control
the priority of the healthcare slices with respect to the eMBB slice. When con-
sidering different loads (30% and 50% active RGs), note that latency grows
with the load for all slice types, when the basic and the E2E schemes are
used. Instead, when the elastic solution is adopted, the latency changes only
slightly for the emergency slice type, thus ensuring the required QoS any-
way. This confirms the robustness of the proposed solution to the traffic load

(i.e., the percentage of active RGs).

4.6.5.2 Communication Service Availability

As already reported, the communication service availability is the ratio be-
tween the time wherein the service is delivered according to an agreed QoS
and the time expected to deliver it. In this scenario, the system is considered
unavailable whenever a message is not received within the survival time (the
sum of the E2E latency and the jitter), which is considered as the maximum
acceptable delay.

Figure 4.26 shows the probability that the service availability, namely A,
is larger than 0.99, thus matching the requirements of Table 4.8.
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FIGURE 4.26: Probability that the communication service avail-
ability (A) is larger than 0.99 when 30% and 50% of the RGs are
active (low and high traffic loads, respectively).

First, note that the availability dramatically decreases for both regular
and emergency slices when the basic solution is used since the proportional
fair scheduling penalizes the healthcare slices under a heavier load (50% of
RGs). The E2E solution clearly provides higher availability for both health-
care slices, since the wireless networks are sliced and the M-LWDF is adopted
to schedule the traffic, but it fails to provide decent performance for higher
loads (50% of RGs). The proposed elastic approach, instead, ensures high
availability for both healthcare slices in all load conditions (both 30% and
50% of active RGs), at the cost of reduced availability of the eMBB slice un-
der a high load (50% of RGs), due to the limited resources of the network. It is
important to highlight that the difference, in terms of performance, between
the elastic and the E2E strategies, is due to, on one hand, the elastic scaling
of resources, and, on the other, the expired packets dropping.

4.6.5.3 Packets meeting the QoS

To provide further insight, the percentage of the emergency slice packets meet-
ing the required QoS is considered, as shown in Figure 4.27.
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FIGURE 4.27: Percentage of the emergency slice packets meeting
the required QoS.

Note that, when the basic scheme is used, the percentage of packets meet-
ing the QoS requirements decreases linearly with the percentage of active
RGs, being thus inadequate to support the healthcare traffic. The E2E solu-
tion yields a performance improvement, but it still has a linear decay for a
small percentage of active RGs, with the percentage of packets meeting the
QoS quickly dropping below 80%. Hence, also E2E is not a scalable solution.
The elastic scheduling technique instead keeps the percentage of emergency
packets meeting the QoS above 90% up to 75% of active RGs, with an overall
slow decay. Even when all RGs are active, the elastic solution ensures that
80% of emergency packets meet the QoS requirement, while E2E scheme sup-
ports less than half of the emergency packets and the basic approach properly
serves only 11% of the packets.

In conclusion, the proposed solution, based on new slice types and elastic
scheduling, is robust to the traffic load, ensuring the required QoS for health-

care services.
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Conclusions and Future Research

Directions

The 5G and B5G of mobile technology have begun to revolutionize the ex-
isting wireless network, driven by the increasing demand for mobile data
traffic and the tremendous growth in connectivity. These networks are char-
acterized by embedded flexibility to optimize the network usage in order
to accommodate a wide range of advanced use cases in an agile and cost-
efficient manner, and for boosting the performance in terms of throughput,
latency, reliability, density, and mobility. New research directions led to fun-
damental changes in the design of 5G and B5G cellular networks.

To this end, this work pursued the goal of presenting several cutting-edge
management techniques and simulation models for 5G & Beyond RANSs. Par-
ticularly, Chapter 1 described a wide range of advanced 5G services and use
cases, while providing several details on both the 3GPP NR interface and the
enabling technologies.

Then, Chapter 2 deeply presented an open-source simulation framework
for the 5G air interface, 5G-air-simulator, as an instrument to study a num-
ber of technical components already standardized by the 3GPP, under in-
vestigation by other standardization entities, or discussed in the scientific
literature. Furthermore, given both the open-source nature of the tool and
its modularity, any new technical components may be integrated in order
to pave the way for different research directions. As part of future research
directions, technical components to be included in the 5G-air-simulator are
listed (but not limited to) below. URLLC will facilitate several new services
and verticals, but these applications rise tricky challenges in terms of latency,
reliability, availability, and security [12], [270], hence requiring further inves-
tigations. It is important to consider the different time structures of radio
resources for supporting these new services. Moreover, the introduction of
pre-emption based puncturing in Schedulers is foreseen. In addition, UAVs
play an important role in 5G wireless technologies [271]. On the one hand,
UAVs may be leveraged in intelligent heterogeneous architecture for enhanc-

ing cells” capacity or providing network service recovery [272]. On the other
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hand, thanks to the capabilities offered by the NR, it is possible to realize
large-scale UAVs deployment, hence presenting new research challenges as
well as opportunities [60]. For the support of UAVs in the 5G-air-simulator,
it is essential to develop new 3D mobility and radio channel models [273],
as well as new network deployments for the envisioned heterogeneous ar-
chitectures. D2D communication also emerged as a key technical component
to offload the traffic from cellular networks exploiting direct links. Sidelink
communication indeed reduces the computational complexity at the base sta-
tion and enhances the cell’s capacity. Even though few basic D2D features
have been standardized for 4G, they are currently under discussion in 3GPP,
specifically for enhanced-V2X services [274]. However, a number of chal-
lenges and research directions are still open [61]. The main modifications
should be made for carrying out autonomously the operations normally con-
trolled by the base station, such as resource allocation and subsequent data
transmissions. Finally, mmWave communications, which are currently un-
der investigation of the 3GPP [25], have become increasingly important for
their ability to provide high-throughput and low-latency. They extensively
exploit large antenna arrays and adaptive beamforming to achieve highly
directional transmissions. However, this approach has a disruptive impact
not only on the physical layer but also on the other layers of the protocol
stack, hence affecting several features, such as cell search, broadcast signal-
ing, random access, etc. [62]. For this reason, the design of mmWave 5G
systems still requires considerable research efforts [77]. For the support of
mmWave communications, it is important to properly integrate new channel
models, as well as to add extended-bandwidth features. In parallel, future
work includes a number of new supporting models in order to enhance the
present technical components and enable future ones. Several enhancements
may include Bandwidth Parts, a FrameManager extension to support differ-
ent numerologies in different subframes, HARQ activation/deactivation per
flow, new handover procedures, an extension of the NB-IoT module with
downlink transmission and in-band coexistence with 5G, as well as Supple-
mentary Uplink, and the introduction of the new 5G Service Data Adaptation
Protocol (SDAP).

Chapter 3 presented the implementation of NB-IoT in 5G-air-simulator,
for both traditional and NTNs, as well as a preliminary analytical model de-
scribing the random access procedure. Regarding this latter aspect, future
activities could involve, on the one hand, the formulation of a complete ana-

lytical model to estimate the number of users performing the random access



Conclusions and Future Research Directions 191

procedure. On the other, either entirely new random access mechanisms or
major enhancements to the current random access protocol could be imple-
mented in the proposed simulation tool, in order to assess their performance
with respect to the standard procedure. As for the integration of the NB-
IoT technologies in 5G-air-simulator, future activities intend to extend the
developed tool with additional features, like the support of simultaneous
Single-Tone and Multi-Tone transmission schemes, more accurate channel
and interference models for all the standardized NB-IoT operation modes.
Moreover, future work may also extend the investigation in the context of
SatCom, in order to evaluate the impact of the satellite constellation configu-
ration on more complex network topologies, the performance of a multi-tone
uplink and downlink channel configuration, as well as the analysis of the en-
ergy consumption. Finally, the proposed simulation platform could be used
for conducting the performance evaluation of different application scenarios,
hence embracing the huge extent of Internet of Things use cases.

Chapter 4 investigated the issues related to RAN Slicing, which notably
improves the E2E performance, thanks to the flexibility introduced in NR and
the virtualization of the network. Moreover, it gave the basis for the design
of a comprehensive architecture enabling RAN slicing for Latency Sensitive
Services, while posing particular attention to design criteria, system com-
ponents, and their baseline interactions. The identification of the readiness
level of the underlying technologies paves the way towards future research
activities on the reference themes. The most relevant issues that affect RAN
slicing for latency-sensitive services, as well as interesting research activities
to address in the future, are listed in what follows. Given the 5G and B5G
heterogeneous context, the architecture should take into account different
time scales for slice generation. At the same time, granularity constraints in
spectrum- and radio-level resource sharing are a primary concern. Appropri-
ate APIs between IP and TNT are a key feature for boosting the performance
and achieving extreme flexibility. Moreover, it is of the utmost importance
to properly dimension the performance reporting between the IP and TNTs
(e.g., periodical, triggered by events, or both). Indeed, too much information
may produce undesirable control overhead. Security threats should be ut-
terly reduced in the entire architecture, and specifically in the MEC servers.
Finally, Net Neutrality should always be guaranteed, especially in RAN slic-
ing contexts, which tend to prefer the most involved TNTs in a rich-get-richer
fashion.
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Overall, it should be noted that this thesis has attempted to explore only
a fraction of the 5G and B5G world. Nonetheless, in conclusion, it is of
paramount importance to underline the two main lessons learned. First,
starting from 5G, any new communication technology needs to have suffi-
cient flexibility in its design to be able to adapt to needs that were not antic-
ipated at the time it was designed, and sufficient potential to enable innova-
tion beyond the imagination of today. Second, it is important to reconsider
the traditional notion of a “generational” change driven solely by advance-
ments in radio and core technologies. Since mobile networks are expected to
become even more critical as the role of communication networks expands
in every aspect of society, the actual impact of future communications tech-
nologies would be far broader in scope and larger in scale, limited only by
human imagination and creativity in applying these technologies for the ben-
efit of all. Therefore, the focus of future standards and technology develop-
ment should become broader in scope, but also more incremental and agile
in detail. History all too eloquently teaches us that this will lead again to the

urgent necessity of a brand new generation of mobile communication: 6G.
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