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Abstract

The main purpose of this thesis is to identify and study a variety of strategies that effectively reduce end-
to-end latency in both 4G and 5G networks. This latency reduction will allow operators to provide URLLC
services to users, such as remote surgeries, the Intelligent Transport Systems and factory automation.
To verify if those services can be implemented using 4G and 5G systems, the developed model
considers several variables: MEC node deployment option, functionality splitting options, radio
techniques and network architectures. The MEC technology appears in the thesis as the solution that
allows end-to-end latency values to reach 1 ms, which is required for some of the URLLC services. The
results obtained show that the 4G system does not have the capability to allow the existence of these
upcoming services. Even with the MEC node deployment that minimises latency, the LTE network is not
able to provide the URLLC services under study. Simulations show that using the adequate latency
reduction strategies and radio techniques, the 5G system has enough capacity and sufficiently low

latencies to provide the upcoming services.
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Resumo

O objetivo principal desta tese é identificar e estudar as diferentes estratégias que reduzem
efetivamente a laténcia entre as duas extremidades das redes de telecomunicacfes 4G e 5G. Esta
reducdo na laténcia permitira as operadoras fornecer servicos URLLC, como por exemplo cirurgia
remota, sistemas inteligentes de transporte e servicos de automacéo nas fabricas. Para verificar a
possibilidade de implementacdo dos referidos servicos usando as redes 4G e 5G, o modelo
desenvolvido tem em conta as variaveis seguintes: op¢do de implementacdo do né MEC, splitting
options, técnicas de radio e as diferentes arquiteturas da rede. A tecnologia MEC aparece como sendo
a solucdo que permitird a reducdo da laténcia para valores de 1 ms entre as duas extremidades da
rede. Os resultados obtidos mostram que o sistema 4G ndo apresenta uma capacidade suficiente para
garantir a existéncia dos servigos futuros. Mesmo com a implementagdo do n6 MEC que permite
minimizar a laténcia, a rede do sistema LTE n&o consegue fornecer aos utilizadores os servicos URLLC
estudados. As simulagBes mostram que utilizando as estratégias de reducéo de laténcia e as técnicas
radio adequadas, o sistema 5G tem a capacidade necessaria e laténcias suficientemente baixas para

garantir o fornecimento dos servigos do futuro.
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5G, 4G, Arquiteturas em NUvem, Laténcia, MEC.
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Chapter 1
Introduction

This chapter gives a brief introduction to the thesis. In the beginning, an overview of the 4 and 5%
generations of mobile communications is given, as well as the importance behind this evolution, followed

by the scope and the motivation of the work. At the end of the chapter, the work structure is provided.




1.1 Overview

Approximately four decades ago, the 15t generation of mobile communications emerged. Since then,

there was a prominent evolution in this area, allowing users to perform more complex activities.

In the beginning, users were able to perform voice calls, but in the modern era of mobile communication,
they can perform videoconferences, watch high-definition videos, access the internet almost everywhere
and stay constantly connected with other people using social media, amongst other activities. All these
capabilities demand a high data traffic, being expected that the quantity of this traffic will continue to

increase. In Figure 1.1, one presents the expected evolution of the global mobile data traffic.
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Figure 1.1 — Expected global mobile data traffic evolution (extracted from [Eric20]).

The existence of these capabilities (videoconferences and high-definition videos, among many others)
became possible with the 4t generation (4G) of mobile communication systems. The popularisation of
this technology led to the increase of the data consumption every year, mainly because of video and
music streaming popularity. Consequently, the existing spectrum bands are becoming congested,
leading to breakdowns in service, particularly when lots of people in the same area try to access online
mobile services at the same time. 5G networks will be different from traditional 4G ones, allowing a
greater optimisation of network traffic and a smoother handling of usage spikes. These objectives can
be achieved by increasing the system data rate and bandwidth, otherwise congestions will continue to
occur. Another limitation of 4G is its latency, because there are many services that demand very low

delays, otherwise they cannot be performed, such as remote surgery or self-driving cars.

The 5" generation of mobile communication systems (5G) will be implemented with 3 main objectives:

increase data rates, reduce latency and increase capacity. The increase in the data rate of mobile




communication systems to about 10 Gbps [Thal20] will allow users to engage in higher demanding
activities than the ones that are presently available with the 4G system implementation, since 5G peak

data rate is 10 times higher than the previous system.

5G capacity strongly depends on the number of users and on their type of service usage, and the number
of users that can be connected to the system simultaneously is expected to be 100 times higher (per
unit of area) than the previous system [Thal20]. 5G’s lowest E2E planned latency is 1 ms [Thal20], which
is more than 10 times lower than the previous implemented system. 5G specification requirements are

represented in Figure 1.2.
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Figure 1.2 — 5G specification requirements (extracted from [Thal20]).

Latency is measured as the delay in packet transmission, propagation, queuing and processing, and it
is one of the important parameters to take into account in mobile communications. Nowadays, it is
almost a requirement to have real-time communications between the client and the server, and this
makes the problem of reducing this parameter a substantial subject. Low delays achieved by the
development of 5G mobile networks will open the way to radically new experiences and opportunities,
including mobile gaming, virtual reality experiences, factory robots, self-driving cars and other
applications. This delay can be caused by many factors such as network protocols, hardware, location
of servers, etc. Typically, network latency is measured from the device, up to the radio, down to the
baseband processor, then into the core, and further to the data centre itself. In recent years, 5G has
been tied to the Edge Computing (EC) architecture, since this technology might be the solution for the
network revolution and the unprecedented technical requirements specified in the Figure 1.2. Basically,
EC brings the service infrastructure to the edge of the network, where the “edge” can be defined as an
arbitrary location along the path between the service user and the service host (traditionally located in
a remote data centre). The main goal behind this approach is to reduce the physical and the logical

distance that separates both ends of the service path, thereby reducing the E2E latency. The need for




moving the cloud, or more precisely, extending it to the edge, is indisputable in 5G very low latency and
real time ecosystems. Furthermore, delay-sensitive critical communications and traffic safety impose
additional complexities, as they require top-level reliability and availability while ensuring very low
latencies. Edge Computing emerges as the core solution to these problems, as it minimises the delay
accumulated along the network by placing the service infrastructure at the network edge. A

representation of the location of Edge Computing nodes is represented in Figure 1.3.
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Figure 1.3 — Edge Computing (extracted from [YZWW19]).

1.2 Motivation and Contents

Mobile communication systems are evolving fast, and one of the objectives of the emerging 5G system
is to allow the existence of mobile network supported URLLC (Ultra Reliable Low Latency
Communication) services. The latency reduction will not only allow the emergence of new services but
also improve the QoS of the already existent ones. Having a real-time connection between users and
servers is almost a requirement to allow delay-sensitive activities, like factory robots, self-driving cars
and other applications for which a quick response is not optional at all but rather a strong prerequisite.
Some of the already available services that will be improved with the latency reduction are online

gaming, video chatting and web browsing.

This thesis is motivated by the need to study methods to reduce latency in 4G and 5G networks. Having
this purpose into account, a mathematical model to account for all latency contributions along the 4G
and 5G systems was developed and implemented so that the different strategies to minimise E2E

latency can be tested and evaluated. It is also important to verify if the radio techniques present in both




systems are enough to guarantee the required usage throughputs, so that latency can be kept at low
levels. The model also analyses the latency performance of the network depending on the node

positioning and the deployment options of the Edge technology.

The presented work consists of five chapters. The first one, which contains an introduction to the work,

and the motivation behind the thesis along with its contents.

The second chapter contains the fundamental concepts that are crucial for the development of the
model, such as the 5G and 4G architectures, the 5G radio interface, the Network Slicing and
Virtualisation concept, the Cloud and Edge Networks, the eMBB, URLLC and mMTCC services and the
comparison between the 4G and 5G transport networks, as well as the network latency characterisation.
In the end of the chapter, one provides the State of the Art with the references and explanations of the

important literacy and documents for the model and thesis development.

The third chapter contains the model definition and development. The input and output parameters are
defined, as well as the intermediate parameters and calculations that lead to the outputs. It is also in
this part of the document that the network architectures are detailed, along with the latency contributions
and throughput calculation expressions. At the end of the chapter, one shows the assessment tests

used to validate the model.

The fourth chapter presents the results and contains their analysis. In the beginning, it gives a
description of the simulated scenarios, and afterwards, the outputs of the program are analysed for each

simulation.

The last chapter summarises the thesis conclusions and presents some suggestions and ideas for the

future work.







Chapter 2

Fundamental Aspects

This chapter provides an overview of the 4G and 5G systems. The topics approached are the network
architecture, the radio interface, network slicing and virtualisation, cloud and edge networks, services

and applications, the latency in the network, ending with the state of the art.




2.1 5G aspects

2.1.1 Network Architecture

5G (NR) systems are being implemented in 2 versions: the Non-standalone and the Standalone ones,

2

4G

both being represented in Figure 2.1.
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Figure 2.1 — 5G Non-standalone and Standalone versions (extracted from [ARTM19]).

5G implementations are divided in two main deployment versions [ARTM19]:

e The NSA (Non-standalone) — the 5G architecture is built upon an existing 4G infrastructure. In
this version, the radio access network is not shared by 4G and 5G systems, but the architecture
uses the same Core Network from 4G (LTE). In this deployment, eNB nodes (4G base stations)
are connected to gNB nodes (5G base stations).

e The SA (Standalone) —the 5G architecture is not built upon an existing 4G infrastructure. The

radio access network and the core network use only 5G systems.

Figure 2.2 presents the Network Architecture of 4G.
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Figure 2.2 — LTE Network Architecture (extracted from [ITUT19]).

The LTE Network Architecture is divided in 2 main components [ITUT19]: the radio network Evolved-
UTRAN (E-UTRAN) and the core network EPC (Evolved Packet Core). The E-UTRAN consists of a set




of base stations, called eNodeB (eNB), which are directly connected to the UE (user equipment) via

radio interfaces. The eNBs are interconnected by the X2 interface, but also connected to the EPC,

because these nodes are responsible for sending the data traffic to the Core Network. Therefore, base

stations are connected to the MME (Mobility Management Entity) through the S1-MME interface, and to

the S-GWs (Serving Gateways) through S1-U interface.

The EPC is composed of the following nodes with their functionalities and interconnections identified:

Home Subscriber Server (HSS), which consists of the subscribers’ database that contains
information about subscription and location of the home operator's mobile users. It also contains
the necessary parameters to authenticate and communicate with users.

Mobility Management Entity (MME), which consists of the main control node in LTE responsible
for handling several control functionalities, especially security ones. The MME interacts with the
HSS to authenticate users and then handles the security concepts of each one. The MME uses
interfaces S11 and S6a to establish a connection with the SGW and HSS nodes, respectively.

Serving Gateway (S-GW) has the function of managing the user plan mobility by acting as a
router of user data between the eNB and the P-GW. The S-GW is connected to the eNB via the
S1-U interface and to the PG-W via the S5/S8 one.

Packet Data Network Gateway (P-GW) is the contact point of the EPC subsystem with the
outside packet networks in order to exchange the users’ traffic. It is connected to the PCRF via
the Gx interface and to IP Networks via the SGi interface.

Policy and Charging Rules Function (PCRF) determines the policy and charging rules for each

service data flow and decides how to handle services in terms of Quality of Service (QoS).

Figure 2.3 shows 5G standalone Network Architecture.
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Figure 2.3 — 5G Network Architecture (extracted from [3GPP19a]).

The Standalone version of the 5G system has a different Network Architecture. The UE is connected to

the core network through the NG-RAN (New Generation Radio Access Network) via gNBs (radio

network node for 5G). The 5G architecture consists of the following network functions [3GPP19a]:

Access and Mobility Management Function (AMF) manages registration, connection and

reachability. This module is responsible for the access, authentication and authorisation




processes, and it is in charge of managing handovers between gNBs, within the NG-RAN. It
also marks the termination of the RAN interface (N2).

e User Plane Function (UPF) is responsible for packet routing and forwarding, packet
inspection, QoS handling, external PDU session for interconnecting DNs (Data Networks,
e.g., operator services, Internet access or third-party services), and it is the anchor point for
Intra/Inter Radio Access Technology (RAT) in the 5G architecture.

e Authentication Server Function (AUSF) supports authentication for 3GPP access and untrusted
non-3GPP access.

e Application Function (AF) interacts with the 3GPP Core Network via the NEF in order to access
network.

e Network Exposure Function (NEF) stores information as structured data using a standardised
interface (Nudr) to the Unified Data Repository (UDR) and handles masking of network and user
sensitive information to external AFs according to the network policy.

¢ Network Slice Selection Function (NSSF) selects the set of Network Slice instances serving the
UE, and determines the AMF set to be used to serve the UE, or based on configuration, a list
of candidate AMFs, possibly by querying the NRF.

o Network Repository Function (NRF) is one of the key components of the 5G Service Based
Architecture. The NRF maintains an updated repository of all 5G elements in the network along
with the services provided by each of the elements in the 5G core. It is responsible for
maintaining the profiles of the network function instances and their supported services, and
allows network function instances to track the status of other network function instances.

e Policy Control Function (PCF) supports unified policy framework to govern network behaviour,
provides policy rules to Control Plane functions to enforce them, and accesses subscription
information relevant for policy decisions in a Unified Data Repository (UDR).

e Session Management Function (SMF) is responsible for allocating the IP addresses for the UE
and controlling the packet data unit session.

e Unified Data Management (UDM) is responsible for handling the user identification, access
authorisation based on subscription data (e.g., roaming restrictions), UEs Serving Registration
Management (e.g., storing serving AMF for UE), and also takes care of the subscription and
SMS management.

o Unified Data Repository (UDR) is responsible for storing data such as: subscription data, policy

data, structured data for exposure and application data.

2.1.2 Radio Interface

The 5G radio interface uses both duplexing modes: FDD (Frequency Division Duplexing) and TDD (Time
Division Duplexing). FDD has a lower latency in comparison with TDD, since in the former both UL and
DL are transmitting and receiving simultaneously, while in latter simultaneous transmissions are not

possible.
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5G spectrum is divided into 3 main categories: low-bands (below 2 GHz), mid-bands (from 2 GHz up to
8 GHz) and high-bands (above 24 GHz). Low FDD bands (600 MHz, 700 MHz, 800 MHz, etc.) can be
used in combination with mid-bands to provide wider and deeper indoor 5G coverage, and to improve
latency performance. Mid-bands can meet eMBB (enhanced mobile broadband) service requirements
for the initial stage of 5G, and therefore the release of these bands as the first step is essential for 5G
development and business success. They are also crucial to support most 5G usage scenarios in wide-
areas, and therefore the 1.5 GHz up to 2.1 GHz bands may be used in both FDD and TDD. The unpaired
TDD bands such as 2.4 GHz and [3.3, 4.2] GHz deliver wide-area coverage and high capacity.
Comparing with mid-bands, the high frequency bands suffer from poor radio propagation (these bands
have a very high free space attenuation) and significant outdoor to indoor penetration loss (these bands
are easily blocked by buildings), which make continuous citywide coverage not economically viable.
Thus, the mm Wave usage scenarios are limited to fixed wireless access (FWA) and hotspot coverage,
which do not require continuous national coverage [HUAW?20]. 5G uses OFDMA (Orthogonal Frequency
Division Multiple Access) as multiple access technique for DL (Downlink) and SC-FDMA (Single Carrier

Frequency Division Multiple Access) for UL (Uplink) [Corr20].

In contrast with LTE physical channels NR ones are flexible and scalable, because they were developed
to adapt to certain requirements, such as latency, data rate and reliability (which may vary depending
on the service). Therefore, the subcarrier spacing (numerology configuration bandwidth) of 5G is given
by [3GPP19b]:

Af[kHz] =2k x Afref [kHz] (21)

where:
e pis the subcarrier spacing configuration parameter (integer number), i.e., the numerology;

e Af\is the reference frequency of 15 kHz (subcarrier spacing when p is 0).

The lower- and mid-bands of the spectrum are already being used in previous systems, therefore, there
is not a wide band spectrum left in this band. This spectrum limitation requires the use of narrower

subcarrier spacing in this frequency ranges (600 MHz to 6 GHz), such as 15 kHz and 30 kHz.

When mobile communication systems use high frequency bands the Doppler Effect increases, which
causes a higher inter-carrier interference and reduces the data rates when the terminal is moving. This
motivates the use of wider subcarrier spacing in the higher frequency bands. In this case, 5G uses a
120 kHz and 240 kHz subcarrier spacing for the high frequency bands. Table 2.1 shows a list with some

of the frequency bands for 5G in Europe.

By increasing the subcarrier spacing configuration parameter, the process of sending and receiving slots
becomes faster [3GPP19b], because the frequency band available to send slots is wider, resulting in
the reduction of latency. For example, if it is required to support an URLLC (Ultra Reliable Low-Latency
Communication) application, the system can use a higher subcarrier spacing at a certain frequency
band. On the other hand, if the service to be provided does not require very low latency, the system can
use a lower subcarrier spacing. This allows 5G to support different frequency bands and heterogenous

services in a cost-effective and efficient way. In Table 2.2, one presents a list of the numerologies that
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are supported by 5G, and the relation of the subcarrier spacing configuration parameter with the number

of slots per frame and subframe.

Table 2.1 — NR Frequency Bands List (adapted from [5GOB20]).

Band Band [MHz] | Uplink [MHZz] DC[)KAVEQFk Duplex Mode Region

N1 2100 1920-1980 | 2110-2170 FDD Global

N3 1800 1710-1785 | 1805—-1880 FDD Global

N7 2 600 2500-2570 | 2620-2690 FDD EU and others

N8 900 880 - 915 925 - 960 FDD Global
N20 800 832 - 862 791 - 821 FDD EU and others
N28 700 703 - 748 758 - 803 FDD EU

N34 2000 2010-2025 TDD EU and others
N38 2 600 2570-2620 TDD EU and others
N41 2500 2496 — 2690 TDD Global
N78 3500 3300-3800 TDD Global
N257 28 000 26 500 — 29 500 TDD Global
N258 26 000 24 250 — 27 500 TDD Global
N259 41 000 37 000 — 40 000 TDD Global
N260 39 000 27 500 — 28 350 TDD Global

Table 2.2 — Supported Transmission Numerologies and Frame Structure (adapted from [3GPP19b]).

vl 2" x 15 [kHz] Cyclic prefix pNel;I rf]:grenreo(flzl?rtlz) pel;lirl?ffgr?lfes(lf tris)
0 15 Normal 10 1
1 30 Normal 20 2
2 60 Normal, Extended 40 4
3 120 Normal 80 8
4 240 Normal 160 16

In Figure 2.4, one illustrates the process described in Table 2.2. As the subcarrier spacing configuration
parameter increases by 1 unit (going from the bottom to the top of the figure) the time taken to send a

slot gets reduced by half.

The cyclic prefix protects from inter-symbol interference by acting as a guard interval between symbols.
After sending a symbol, the end part of that same symbol is retransmitted (cyclic prefix) acting as a
buffer region between both symbols. This provides robustness to the signal, since the data that is

retransmitted can be used if required, and also makes the system more reliable because of the inter-
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symbol interference reduction. Latency reductions require reductions in the length of the symbols, and
the addition of the cyclic prefix adds latency to the transmission. The cyclic prefix represents
approximately 7% of the symbol duration, and since the symbol duration changes according to the
subcarrier spacing, the cycle prefix also varies with the subcarrier spacing [AZRB17]. The relation

between subcarrier spacing and the cycle prefix is evidenced in Figure 2.5.
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Figure 2.4 — 5G Frame Structure (adapted from [GMFF20]).
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Figure 2.5 — OFDM cyclic prefix variation with subcarrier spacing (adapted from [AZRB17]).

Another important parameter related to the time structure of both 4G and 5G networks is the TTI
(Transmission Time Interval), which corresponds to the duration of a transmission in the radio link. 5G
needs to enable a scalability of latencies to lower values than the previous system, which is achieved
by using a flexible frame structure, where the TTI can scale up and down depending on the expected
service and its respective required latency [DMAG18]. With this flexibility the air interface can present
lower latencies by using a shorter TTI, since this will allow the transmission to begin as soon as the
previous transmission is completed, instead of having to wait until the next subframe. Figure 2.6 is a

representation of the TTI scalability that is present in 5G.
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Figure 2.6 — TTI scalability (extracted from [Qual16]).

2.2 Network Slicing and Virtualisation

A SDN (Software Defined Network) is a network architecture approach that enables the network to be
controlled by software applications, and it represents a key aspect in virtualisation and network slicing.
As a consequence of the SDN technology, the control of the network can reside beyond the devices
that provide physical connectivity (by decoupling the hardware from the software) and operators can
control the network to provide different services, or even individual customer services. The SDN
technology has been used to upgrade the quality of the data centres performance, because the software
applications have been evolving throughout the years, allowing these applications to define certain
network functionalities.

SDN architectures consist of 3 main layers [VGMS12]:

e The application layer, which is responsible for containing the programs and software required
to control the network. Many types of applications can be used in this layer, such as network
automation, network configuration and management, and network monitoring.

e The control/orchestration layer, which creates the connection between the application and the
infrastructure layers. It is responsible for processing the instructions and requirements created
in the application layer, and to proceed them to the networking components.

e The infrastructure layer, which consists of the network devices/elements that control the
forwarding and data processing capabilities of the network. It represents the physical layer that

handles packets based on the control layer instructions.
Figure 2.7 illustrates the layer representation of a SDN and the interconnections between layers.

The NFV (Network Function Virtualisation) is a network architecture concept that is used to bring the
network to a virtual level. The difference between SDN and NFV is that the former revolves around
automation and software to decouple the hardware from the software while the latter revolves around

the virtualisation of network components. Figure 2.8 represents the structure of an NFV architecture.
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Figure 2.7 — SDN Layers (extracted from [VGMS12]).

The NFV architecture is divided in 4 layers [HMRS16]:

e The VNF (Virtualisation Network Function) layer, which is composed of the Virtualisation
Network Function and by the EMS (Element Management System). It is the basic block of a
NFV architecture. VNFs are virtualised networking services running on open computer platforms
and can replace physical hardware.

e The NFVI (Network Function Virtualisation Infrastructure) layer, which represents the totality of
the hardware and software resources in which the VNF are deployed, managed, and executed.

e The OSS (Operation Support Subsystem) and BSS (Business Support System) layer, in which
the OSS deals with network management, fault management, configuration management and
service management and the BSS takes care of the customer management, product
management and order management, amongst other functionalities.

e The MANO (Management and Orchestration) layer, which includes 3 components: the
virtualised infrastructure manager, the orchestrator and the VNF manager. The virtualised
infrastructure manager performs the inventory of the software, computing and storage, among
others. The VNF manager is responsible for the VNF lifecycle management which includes
installation, updates, up and down scaling and termination. The orchestrator orchestrates and

manages infrastructure and software resources.

5G network slicing is based on the partition of the physical network into multiple independent virtual
slices that provide different quantity of resources to different traffic types, thereby adjusting the network
to meet the heterogenous services that NR is supposed to provide. The way to achieve a sliced network
is to transform the network into a set of logical networks on top of a shared infrastructure with the
processes that were described before. 5G has a large application range, and the specifications for each
service differ from each other. To handle this requirement, 5G needs to provide service differentiation,
flexibility, and better resource efficiency than 4G. A possible solution for this problem is network slicing
[MIIW15]. Figure 2.9 illustrates the division of 3 slices in 5G.
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Figure 2.8 — NFV Architecture (extracted from [ETSI13]).
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Figure 2.9 — 5G Network Slicing (adapted from [MIIW15]).

2.3 Cloud and Edge Networks

2.3.1 Cloud Network

The Cloud Radio Access Network (C-RAN) is a centralised cloud computing-based architecture for radio
access networks that enables large-scale deployment, collaborative radio technology support, and real-

time virtualisation capabilities.

It is also important to refer that, apart from centralising, C-RANs also take a part in the process of
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virtualising the network. In the C-RAN architecture, the traditional BSs are functionally separated into
two parts: the BBU (Base-band Unit) and the RRH (Remote Radio Head) [KMNT18]. The RRH is
responsible for the transmission and the reception of radio signals, and their filtering and amplification.
The RRHSs are grouped into clusters and assigned to one BBU through a Fronthaul link (typically an
optical fibre, since it meets both the demanding bandwidth and latency requirements). The BBUs are
responsible for the generation and processing of digitised baseband signals, and they are clustered in
a centralised data and processing centre (the BBU pool), which provides high computational and storage
capabilities.

C-RAN has the capability to reduce latency in performing various operations. For instance, the time
needed to perform handovers can be reduced (as it can be done inside a cloud instead of between BSs)
as well as the failure rate in handover and the fronthaul link that connects the RRHs with the BBUs can

be adapted in order to achieve lower latencies, while still guaranteeing the required data rates.

The BBUs and RRHSs can perform 3 main layer functions: the physical layer (radio) functions, the media
access control layer functions and the network layer (routing) functions. The distribution of these
functions must balance the advantages and disadvantages of assigning certain responsibilities to the
BBU or the RRH. Therefore, 2 types of C-RANs emerged: the Fully and the Partially Centralised ones.

The C-RANSs can be divided into 2 types [HMRS16]:

e The Fully Centralised type assigns all functionalities of the physical layer, the media access
control layer and the network layer to the BBU. Although this structure can benefit from easy
resource sharing between BBUs and easy maintenance, this solution requires a high bandwidth
connection between the BBU and the RRH. This C- type creates strict requirements in terms of
bandwidth and latency, resulting in an optical fronthaul that must be carefully planned and
dimensioned.

e The Partially Centralised type has the physical layer functions performed by the RRHs and the
media access layer and the network layer functions by the BBUs. The great disadvantages of
using this type of C-RAN are that it adds complexity to the RRH, resource sharing becomes
considerably reduced and advanced features cannot be effectively supported. On the other

hand, it reduces the burden in terms of bandwidth on the optical transport links.

Figure 2.10 represents a Cloud Radio Access Network.
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»Backhaul
Links

Fronthaul
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Figure 2.10 — Representation of a C-RAN (extracted from [KMNT18]).
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C-RANSs’ implementation has many advantages such as [SeDo19]:

e Flexibility and scaling, since BBUs are dynamically scaled according to network requirements;
if the network traffic increases, a virtual BBU can use more computing resources, and the
network is also able to solve the opposite situation by using less resources. Since there are 2
types of C-RANSs, there are also different solutions that provide flexibility according to network
requirements.

e Lower Latencies, because the general amount of signalling information sent to the core network
can be reduced in C-RANS (due to the centralisation in the BBU pools), and therefore the latency
gets reduced. The solutions found to provide this latency reduction put a lot of pressure in the
fronthaul of the network, but a well dimensioned and planned solution can reduce the impacts
of this problem.

o Energy efficiency and power cost reduction, since the process of centralising the network might
reduce the number of base station sites, also reducing the air conditioning and other on-site
power-consuming equipment.

e Convenience of operation, installation, and maintenance, since there is a centralisation of
functionalities in the BBU all these activities are performed in the same place.

¢ Increased Security, because since the operations are centralised, by protecting efficiently the
BBU pools it protects the network from cyber-attacks.

2.3.2 Edge Network

Edge Computing (EC) is a computer paradigm that provides computer and storage resources by
bringing the network closer to end users [NGKA19]. EC is a technique that proposes several
geographically distributed nodes that are located closer to the end user than data centres, reducing the
number of processing nodes and also the physical distance between the user and the network, and the
required data that is brought closer to the edge of the network. Therefore, 5G uses this type of network
in order to be able to fulfil the heavy requirements of services to be provided, namely those with ultra-
low latency requirements, making 5G Edge Networking a viable solution for the problem in hands. Cloud
and Edge Networks can be used together for a better performance of the network, and that is how
operators anticipate taking advantage of both architectures. Logically, MEC hosts are deployed in the
edge or central data network, and it is the User Plane Function (UPF) that takes care of steering the
user plane traffic towards the targeted MEC applications in the data network. Figure 2.11 is a

representation of Edge implementation in 4G and 5G.

Figure 2.12 represents the possible Edge Nodes deployment in the 4G C-RAN. There are 4 possible
Edge node deployments with different latency impacts [ASCC18]:

e With the deployment of the Edge node between the Core and the Data Centre, the latency can
be reduced due to the reduction in the traffic centralisation, meaning that the Edge technology
adds processing capacity to the network. If the Edge node is physically closer to the Core of the
Network than the Data Centre this deployment causes a reduction of the propagation delay,

culminating in a lower E2E latency.
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Figure 2.11 — 5G and 4G Edge Networking (extracted from [NGKA19]).

The scope A, with the deployment of Edge nodes between the Core and the BBU (the Core
components are virtualised and deployed in a distributed manner within the Edge node set),
both the physical and logical distance between end users and the needed resources are
reduced, since the Edge technology can aggregate the Data Centre and the Core functionalities
in a single node. This implementation represents a solution with low reductions in terms of the
latency, since the only delay contributions that are effectively eliminated are the ones associated
with the Core Network, the Data Centre itself and the propagation between both nodes. Within
this scope, from a functional viewpoint, the communication between the end user and the Edge
Node could occur without the interference of any Core entities, thereby excluding most of the
EPC/5G-Core associated delay. The Fronthaul and the Backhaul can be optimised to the
circumstances to reduce the latency and still comply with the required data rate.

The scope B, with the deployment of the Edge nodes comprising the Data Centre, the Core
Network components and the BBU. In this deployment case, the latency associated with the
Backhaul and the latency associated with the core network and the data centre interconnection
are minimised. Only the Fronthaul latency can be optimised through an efficient Edge Node
location. This scope is the most cost-effective deployment scheme regarding latency
optimisation, since it has a lower cost than the scope C and a higher latency reduction than the
scope A solution.

The scope C, with the deployment of the Edge nodes comprising the data centre, the Core
Network components, the BBU and the RRH. Since this strategy uses a pure co-location, it is
not possible to adapt any part of the network to optimise it, like in scopes A and B. This
deployment offers the best latency reduction possible from the studied deployments, but it has
high costs and does not comply with the scalability required. Therefore, this deployment is not

considered as a feasible option to implement.
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Figure 2.12 — Edge Deployment Scenarios for Latency Optimisation (extracted from [ASCC18]).

2.4 Services and Applications

5G is being developed in order to guarantee 3 main types of services, with different requirements: eMBB,
URLLC and mMTC [ITUT17]:

e Enhanced mobile broadband (eMBB), through massive MIMO and mm waves, 5G will achieve
high bit rates, offering users new services, such as Augmented and Virtual Realities.

e Ultra-reliable low-latency communications (URLLCS), which is based on services that require
very low latencies, such as factory automation, autonomous driving, industrial internet and
robotic surgeries. These services require latencies below 10 ms [Thal20].

e Massive machine-type communications (mMTCSs), which provides connection to a large number
of devices that intermittently transmit small amounts of traffic. 5G will have to support a high

density of devices (200 000 devices per km?) using services with low data rates (1-100 kbps).

The services provided can be classified according to 4 classes:

e Conversational Services, such as voice calls and real-time multimedia messaging, which
demand low latencies due to the bidirectional flow of data.

e Streaming Services, which is an alternative to the download of data, consisting of performing
activities that require data transmission in real-time, like music listening or video watching.

e Interactive Services, which are services in which the user can interact directly with the
application, such as online gaming and web browsing.

e Background Services, which are characterised as the process of sending and receiving data in
the background, not requiring an interface for the user. Some examples of this class of services

are SMS, e-mail and databases download.
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Figure 2.13 represents the 3 main directions of 5G.

Enhanced Mobile Broadband
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Communications

Ultra-reliable and Low Latency
Communications

Figure 2.13 — 3 main directions of 5G (extracted from [ITUT17]).

5G presents an enlargement of the provided services comparing with 4G. Higher data rates, lower
latencies among other characteristic improvements are essential to achieve the expected goals.
Table 2.3 represents some of the services that 5G provides to users. Applications in which latency is
critical are included in the range of the services provided by the evolution that 5G present in comparison

with the previous mobile system generations.

Table 2.3 — Expected 5G services characteristics (adapted from [3GPP19c]).

Service Use Case Service Class Latency Data Rate [Mbps] Source
Type [ms]
Vehicle Streaming 5.1-3500 (Depends
URLLC Automation Service <5 on the sensor data) [3GPP19c]
. [Quall8]
URLLC Telepresence Con\slgsgitéonal <100 25 and
[3GPP19c]
Real-Time Streamin Depends on the
URLLC Remote Servi 9 <10 quality of multimedia | [3GPP19c]
ervice .
Surgery device used
. . [Qual18]
eMBB Virtual reality Intera_cuve 10 50 (depend]ng on the and
Services quality) [3GPP19¢]
Augmented . 50 [Qual18]
. Interactive
eMBB Reality for Services 20 (Depending on the and
Gaming quality) [3GPP19c]
mMTCC | Smart Grid Streaming 5 Depends on the grid | 1555194
Service characteristics
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Table 2.4 lists some of these latency critical 0T applications.

Table 2.4 — Latency Critical 10T application list (adapted from [PSMM17]).

Latency | Update Time _ _ Communication | Mobility
Use Case Device Density
[ms] [ms] Range [m] [km/h]
Factory 0.25 to 0.33t0 3
i 0.5to 50 ] 50 to 100 <30
Automation 10 devices/m?
Process 50 to 10 000
) 100 to 5 000 ) 100 to 500 <5
Automation 100 devices/plant
2 000
Smart Grids 310 20 10-100 ) a few m to km 0
devices/km?
Intelligent 3000
310100 100 ) 2 000 <50
Transport System devices/km?
Professional Audio 2 0.01t0 0.5 up to 1/m2 100 <5

2.5 Latency in the Network

The E2E latency can be calculated by summing the contributions along the network of [VODA18]:

e The transmission delay, which is created by the process of transmitting bits to links. It is possible

to reduce the contribution caused by this delay by increasing the throughput in the system.

e The propagation delay, which is the delay added by the time that a packet takes to travel
between two points; in this case, since the problem under study in the end-to-end latency, these

points are the origin and the destination. This contribution to the latency can be reduced by

shortening the physical distance between the user and the destination.

e The processing delay, which is the time that the system takes to process the header, determine

errors and route as well as other processing requirements. This delay can be reduced by using

more adequate multiplexing techniques and algorithms to track errors and route properly.

e The queuing delay, which is characterised by the time to wait until the packets that are in the

gueue are transmitted. This contribution to the latency can be reduced by implementing network

slicing and by guaranteeing a good link throughput.

The latency contributions are represented in Figure 2.14.

In order to specify where the latency will be added along the entire network it is important to have a

general picture of the end-to-end architecture, because the end-to-end latency is obtained by summing

all its contributions along the network.

22




Contributors Typical values Cure

Transmission Push bits into link Bandwidth 1518byte 9600byte Bandwidth
(Serialization) 1Gbps 121ps  768pus
011010110001
_ ‘ b addstidy 10Gbps 121pus 7.7us
Propagation Travel from origin to destination Medium ps/km km/ms  Short distance
% % Fibre 5 200
MW 35 300
Processing Process header. determine errorsand route  10-30 us (DWDM. MW) Better HW
0..500 pus (IP-NE) Low # of NEs
_o1101¢fiT00019 ez g
Queuing Waiting until the packet gets transmitted 0.10ms No congestion !
=>»QOS, network
= s = IR slicing, bandwidth

Figure 2.14 — Contributions of the delays to the latency (extracted from [VODA18]).

The 5G C-RAN architecture defines the separation of the baseband functions into 3 main entities
(instead of just 2, as in the 4G RAN [NGOF18]): the Centralised (CU), the Distributed (DU) and the
Radio Units (RU). This split allows a more flexible deployment of the baseband functions, and an
intelligent placement of the CUs and DUs is expected to bring advantages in terms of cost, power
consumption and service blocking. The BBU functions described in previous sections split between the
CU, the DU and the RU, while the RU keeps the RRH functionalities. According to the 5G transport
network architecture, there are 2 main possible cases for the latency contributions: the case in which
the needed resources are provided by the MEC (Multi-Access Edge Computing) node, and the case
without MEC node in which the contributions for the latency are different than the previous case. This
node can be installed between every pair of network nodes, even if they are collocated (e.g., a CU+DU

architecture).

Figure 2.15 compares the 4G transport network architecture with the 5G one.

Backhaul

Backhaul +——
.
BBU 4@ Middlehaul

Fronthaul e Cu+DU

L Fronthaul

El Kl IO B &I B

Figure 2.15 — 4G vs 5G transport network architectures (adapted from [NGOF18]).

EPC

In the absence of the MEC node, the accumulated latency along the network is divided into the following
contributions [SeDo19]:

e Processing in the UE.
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e Transmission latency to the links (Air Link, Fronthaul, Middlehaul, Backhaul and Transport Link).
e Propagation latency in the links (Air Link, Fronthaul, Middlehaul, Backhaul and Transport Link).
e Queuing latency in the nodes (Radio Unit, Distributed Unit, Centralised Unit and Network Core).
e Processing latency in the nodes (Radio Unit, Distributed Unit, Centralised Unit, Network Core,

and External Data Centre).

For the case with the MEC technology, it is important to understand where the node is installed, because
according to its position in the network the number of contributions to the E2E latency may vary. The
best case possible from the latency reduction viewpoint is the deployment of the MEC node installed
logically as the DU, since the deployment of the node as the RU is not possible due to its high cost and
scalability requirements. For the case with MEC, the differences in the latency are:

e The latency accumulated between the RU and the MEC node that may vary according to its
position along the network. This technology can prevent the process of sending packets forward
in the network, reducing the queuing, processing and transmission delays of the nodes that are
installed after it.

e The MEC node processing delay, which is used to account for the time that the node processor

takes to process the received data.

The processing delay in a certain node has into account three main contributions [SeDo19]:
e The number of functionalities that are addressed in the node.
e The complexity of the functionalities that are addressed in the node.

e The processing capacity of the node.

The queuing delay of the nodes depends on [SeDo019]:
e The throughput in the output of the node.
e The traffic aggregated in the node.

e Priority level of the provided service.

The radio interface has been evolving to allow the systems to achieve ultra-low latencies, which plays
an important role in the latency reduction, namely in the reduction of the radio latency contribution. This

process is represented in Figure 2.16.

Air interface Transport Total
Evolution Evolution** latency**
m LTE | 15-20 ms 45-55ms
.

<€ 230-35ms >
31-43ms
F{efS' @ LTE Advanced|1-8 ms
11-18 ms
<10ms

11-12ms

New Radio | 1-2 ms € 3-4ms ——> 4-6ms

Oms 1-2ms

Figure 2.16 — Latency and network evolutions (extracted from [VODA18]).
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2.6 State of the Art

In this section, one presents the information given by the most current research about 5G and 4G
regarding the topic of the thesis, related to latency. This research is mainly based on academic works,

corporations involved in mobile communications (such as Qualcomm) and also other entities like 3GPP.

5G spectrum bands are divided into 3 different groups [HUAW20]: low-frequency bands (below 2 GHz),
mid-frequency bands (from 2 GHz up to 8 GHz) and high-frequency bands (above 24 GHz). This is an
improvement in relation to LTE, because by using higher frequencies 5G is able to achieve higher data
rates and lower latencies. By having frequency bands in less congested parts of the spectrum it is
possible to use higher bandwidths leading to lower transmission times, following 5G numerology and
time structure [AZRB17] and [GMFF20]. 3GPP describes numerology as a set of parameters that are
used for setting the configuration of the waveform, building a Sub-Carrier Spacing in the frequency
domain which dependent on the Cyclic Prefix and the symbol duration of the frame structure. 5G NR
numerology is characterised by its flexible frame structure, and this flexibility is implemented not only in
the frequency domain with OFDM numerology but also with Transmission Time Interval (TTI) in the time
domain [GMFF20]. By using higher values of the numerology parameter, it is possible to reduce the TTI,
and consequently the latency associated with the Radio Interface gets reduced, process that is crucial
to achieve the low values for the latency that are under study. The virtualisation process is one of the
evolutions that take responsibility for the network latency reduction since it takes an important role in
SDN and VNF. Both these virtualisation-based technologies are revolutionary because they influence
Cloud and Edge Network deployments, which are two of the studied strategies for minimising E2E
latency in both 4G and 5G networks in this thesis. The Cloud Networks centralise the network resources
into BBU pools, which will be easier to access than the Core network [KMNT18]. Since BBU pools are
not only physically but also logically closer to users than the Core the implementation of this architecture

becomes of high relevance in terms of the latency reduction.

The existence of many contributions to delay is inconvenient and makes systems unsuitable for real-
time applications. To cope with this problem, a new emerging concept, known as Multi-Access Edge
Computing (MEC), has been introduced. The Edge Network approach is a computer paradigm that
provides computer and storage resources by bringing the network closer to the end users [NHKA19].
This process reduces latency by shortening the path between the user and network resources that the
signal needs to reach, by bringing them to the edge of the network. Edge Computing resources can be
exploited also by operators and third parties for specific purposes. In the 4G architecture, it is possible
to implement MEC nodes in different parts of the network, and each one of the possible deployments
has different impacts in terms of the latency [ASCC18]. From a cost and scalability viewpoint the
replacement of radio functionalities by a MEC node is not advisable, and therefore this possible
deployment is not considered in this document, while the other possible deployments are considered
and studied. The Edge technology can be physically installed between the RRH and the BBU, between
the BBU and the Core or between the Core and the data centre. From the latency view point the first
referred deployment is the one that can minimise the latency, although the other two can also have

impact on the latency reduction.
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The offload of data to Edge nodes can be done in two regimes [PaMal7]: full and partial offloadings.
The former is implemented to minimise the execution delay and the energy consumption while fulfilling
the delay constraints, while the latter is focused on reaching the best possible trade-off between energy
consumption and execution delay. From the viewpoint of latency reduction the full offload is better to
ensure the reliability of the very low latencies.

In [YCNP18], the features of support for MEC in a 5G network are presented, and the working
mechanisms are explained for application allocation, user plain selection, traffic local routing and
steering. The UPF is the main component of the network responsible for the traffic routing and therefore
it is the node where the decision about the direction of packets is taken. An Application Function may
influence UPF selection and traffic routing to reduce the latency, and the 5G Core Network will also

select the UPF to route the user traffic to the Local Data Network where the Edge nodes are installed.

Many of the services and the applications that users expect 5G to be able to implement fall into the
URLLC category and require very low latencies, such as real-time remote surgery, self-driven vehicles
and factory automation. These are just some examples of the possible applications that this latency

reduction will provide to users [3GPP19c].

There are 4 main delay contributions to latency [VODA18]: transmission, propagation, processing and
queuing. In order to achieve low values for this parameter, it is important to understand how these delays
are distributed in the network, and consequently it is mandatory to understand how end-to-end network
architectures are designed,

The architecture of the network present in [NGOF18] is the one proposed by 3GPP, in which instead of
having the separation of the BS functions by the RRH and the BBU, the BBU functionalities are also
split by 3 nodes, to provide higher flexibility and scalability. Therefore, the nodes of the 5G-RAN
architecture and their respective functionalities are defined as follows: the RU that keeps the
functionalities of the RRH, and the BBU functionalities are split by the RU, DU and the CU. From the
latency viewpoint, the evolution of the proposed architecture is beneficial because the MEC node
deployment becomes more flexible, since the node can be installed in more positions than in the LTE

network.

There are 2 possible scenarios to account for latency regarding MEC nodes [SeDo19], in the sense that
they can be used on not. The first scenario allows MEC technology to perform the functionalities of
certain nodes of the network reducing both the physical and the logical distance between both ends of
the network, which may result in a substantial latency reduction. The second scenario has the
contributions of more nodes and distances to the latency, which does not allow a flexible latency

reduction, and does not present itself as a viable solution for the study in hands.

The radio interfaces of the mobile communication systems had a fast evolution over the last years, and
it is expected that they continue to improve to achieve ultra-low latencies. For the 5G system to achieve
E2E latencies in the order of 5 ms and lower, the radio interface cannot allow its contributions to these

delays to be higher than 1 to 2 ms. The evolution of these radio interfaces is presented in [VODA18].
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Chapter 3

Model and Simulator

Description

This chapter provides a detailed description of the model used in the thesis, namely its mathematical
expression and its implementation. In the end of the chapter, one provides the assessment of the
developed simulator.
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3.1 Model Overview

One of the objectives of this thesis is to create a model that can adapt itself to the characteristics of the
network, the profile of the users, and also the services provided to users, in order to calculate the E2E
latency and provide an analysis of several solutions to reduce this parameter in 4G and 5G networks.
The scheme of the model overview, including input parameters, intermediate calculations that occur

during the program execution, and output parameters are represented in Figure 3.1.

~ -

Network Calculation of the link

Link Throughputs
specification throughputs RU/RRH required
User specification Calculation of the RU/RRH throughputs and
Service required throughputs and capacities

specification capacities

Total Node Latency
Maximum E2E

Calculation of individual

distance

latency contributions

Calculation of the Total MEC node location
Node Latency

Calculation of the E2E

map
Grouped latency

distance contributions

MEC node map scaling

Figure 3.1 — Model Overview.

The input specification parameters of the model are divided into 3 main groups: network, user and
service. These parameters are saved into program variables and used in mathematical expressions and

calculations to produce the program outputs.

Network specification parameters consist of all definitions related to the network required to calculate
the Total Node Latency in a certain scenario, such as: network type (4G or 5G), network architecture,
MEC node deployment option and link type interconnecting nodes. There are also other parameters,
such as packets size and the priority assigned to a certain service, that are also determined by the
network.

User specification parameters consist of the user profile for the specified scenario, with variables such
as the number of users in the RU/RRHs, DUs and CU/BBUSs, and the percentages of users that are
using a certain service in a certain node, among others. It is also in this input parameter category that

the program user can define which service is tested in the simulation.

Service specification parameters consist of the characteristics of the services that can be provided by

the network to users, such as the maximum E2E latency and the data rate.

Table 3.1 represents the definition of the network specification parameters.
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Table 3.1 — Network specifications.

Network Architecture

Network architecture used in the simulation.

MEC specification

MEC node position in the network.

FH splitting options, used to define the RAN node

FH links ) N
functionalities.

MH links MH splitting option, used to define the MH throughput.

BH links BH link throughput.

Transport links

Transport link throughput.

Initial Link Type

The definition of the initial link type for each service (UL or DL).

Packet Size

The size of the packets for the services under study.

Latency Adaptation Parameter

Assignment of processing capabilities of the nodes to a certain

Specification

(P1ar) URLLC service.
Priority The priorities of the services under study.
MIMO The number of MIMO layers.
Numerology The numerology parameter is used to define the RU/RRH
parameter throughput.
) The radio node Bandwidth defines the Number of Resource
Bandwidth
Blocks.
The Channel Quality Indicator determines the Rmax and the
RU/RRH CQl

Modulation Order.

Scaling Factor

5G system parameter that scales the RU throughput.

DL Frame

Structure

Percentage of the frame that is used for DL (and consequently
UL) in the 5G TDD band.

Average Factor/
DL UL ratios

Factor that accounts the throughput losses of the theoretical
model in 5G, or DL and UL usage ratios in 4G (since the
considered 4G bands use FDD).

User specifications represent the input parameters related to the usage profile in the scenario. Some of

the defined parameters in this category are the distances between UEs and BSs, the number of users

connected to each node and the profile of the users (service mix) present in each node. Table 3.2

represents the definition of the user specification parameters.

Service specification parameters represent a list of the services that can be provided by the operators

and their specific requirements in terms of maximum E2E latency and data rate. The services under
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study are mainly real-time communication ones, and thereby, the service list used for the thesis has
latency critical services. This list is presented in Annex B. Table 3.3 represents the definition of the

service specification parameters.

Table 3.2 — User Specification.

Dist Distance between the UE and the connected RU/RRH, used to calculate the
istance
propagation latency in the air link.

Number of users Total number of users connected to each node.

RU/RRH Service | Percentage of total users in the cell that are using a certain service, including

Mix the reference user.

Percentage of total users connected to the DU (through the aggregation of
DU Service Mix the RUSs) that are using a certain service, including not just the RU to which

the reference user is connected.

] Percentage of total users connected to the CU/BBU (through the aggregation
CU/BBU Service ) . o ) .
of the DUs or RRHS) that are using a certain service, including not just the

Mix
DU/RRH to which the reference user is connected.
Table 3.3 — Service specifications.
Maximum Latency Maximum EZ2E latency for the services.
Data Rate Data rate requirements for the services.

For each architecture and positioning of the MEC node, the output parameters of the model are:

e Total Node Latency — It is the parameter that is computed to calculate the sum of all latency
contributions, except the propagation one, and it cannot exceed the maximum E2E latency.

¢ Maximum E2E Distance — The 5G network has not yet been installed and the position of the
nodes is not yet defined, as well as the lengths of the links that interconnect network nodes. In
the 4G case, the network is already installed, but it is also important to understand where the
MEC nodes and the other nodes need to be installed in order to fulfil certain latency
requirements. One of the output parameters of the model is the Maximum E2E Distance, which
is useful to create estimations of the maximum link lengths to achieve a certain required latency.

e Link throughputs — This parameter allows to understand if it is possible to dimension network
parameters in order to achieve lower latencies and to dimension the network in a more effective
way. This parameter also dictates the processing capacity of the nodes, meaning that if a link
provides a higher throughput, the following node usually has a higher processing capability.

¢ RU/RRH required throughput — After calculating the RU/RRH capacity, the program calculates
the required throughput after providing the required data rates to the users that are connected
to the RU/RRH of the simulated scenario.
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e MEC node location map — Each service in Annex B has latency requirements that need to be
achieved to guarantee Qo0S. One of the output parameters is a map that shows the maximum
distance where the MEC nodes can be installed to achieve certain latency requirements.

e Grouped Latency Contributions — The E2E latency is the sum of 4 latency contributions: the
transmission, propagation, queuing and processing ones, and one of the program outputs is the

delay in each contribution.

3.2 Network Description

3.2.1 Network Architecture

The latency in the network depends on its physical installation and the deployed architecture, and the

3GPP C-RAN architecture has several deployment options.

As a general approach, the 5G network contains a Fronthaul, a Middlehaul and a Backhaul, but the
architecture may be deployed in a different way, and therefore not every network will have the latency
contribution of these 3 links. The CU, the RU and the DU can be installed in a collocated way in different
combinations, and these approaches have different impacts in terms of the latency. For example, if the
RU and DU nodes are collocated, the Fronthaul link propagation latency is approximately 0 ms. On top
of the architecture, it is important to understand how MEC nodes can be deployed in the network
according to the type of architecture, because the implementation of this technology must be considered
in the network structure. The 4G C-RAN network has a standardised architecture, and nodes are not

collocated, since the network is already installed.

3GPP has identified 4 possible network deployment scenarios for 5G C-RAN:

e Independent RU, DU and CU deployment, which is the scenario where the Fronthaul, the
Middlehaul and the Backhaul links are present in the network. From the latency reduction
viewpoint this implementation is not recommended because it adds many contributions to the
propagation latency.

e Collocated DU and CU and independent RU deployment, in which the CU and DU are located
together, and consequently the Middlehaul link is not present in the architecture. This type of
architecture is typical of 4G, in which the BBU takes the functionalities of the DU and CU, and
the RRH is only responsible for the radio functionalities, but it can also be implemented in 5G.

e Collocated RU and DU and independent CU deployment, in which the RU and DU are located
together. In this type of architecture, the latency can reach a minimum value if the MEC node is
installed logically between the RU and the DU. In this architecture the distance between the RU
and the DU is in the order of hundreds of metres, which reduces propagation latency and cost,
since they can be connected through optical fibre and no transport equipment is needed.

e Collocated RU, DU and CU in which the 3 nodes are located together. This structure may be
used for small cell and hot-spot scenarios, and in this case the network only has a Backhaul
link.

31



Figure 3.2 illustrates the several 3GPP C-RAN architectures.
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Figure 3.2 — 3GPP C-RAN split architectures (adapted from [ITUT18]).

MEC nodes are part of the network architecture, and they can be deployed in different places along the
network links, between nodes, and their installation has a major impact in the E2E latency, since the
purpose of this technology is to guarantee that the service is provided without the packets being sent
forward in the network.

MEC node installation options studied in this thesis for the 4G architecture are represented in Figure 3.3.

The definitions of all latency contributions present in the network architectures are present in Annex C.

Option Option
RRH/BBU BBU/Core
)
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Figure 3.3 — MEC node installation options for 4G architecture.
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In this latency model, one considers that there is symmetry between links, meaning that if the path of
the packet is UE Tx — RU Tx - MEC node, to reach the UE RXx, the rest of the path is MEC node - RU
Rx - UE Rx. It is useful for the rest of the nodes in the network to share MEC nodes, although it is not
mandatory that this symmetrical installation is always present for every network branch. All MEC node

installation options studied in this thesis for the 5G architecture are represented in Figure 3.4.

Option Option
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SuE R Or R Ok R Obu_rx vy px Ocu rx Bgp pa Score R S

6EDC

Figure 3.4 — MEC node installation options for 5G architecture.

For the 4G scenario there are 2 possible MEC node deployment options:

e The installation of the MEC node between the RRH and the BBU (Option RRH/BBU) is the
optimal solution to reduce latency, since the MEC node cannot replace RRH functionalities. By
optimising the latency contributions associated with the radio link (guaranteeing data rate
requirements and reducing propagation latency in the air link), increasing the Fronthaul
throughput, and reducing the physical distance between the RRH and the MEC node, it is
possible to achieve low latency values (in the order of 10 ms).

e The installation of the MEC node between the BBU and the Core of the Network (Option
BBU/Core) presents itself as a viable solution, since the Backhaul has typically long lengths,
which increases the accumulated latency. The optimisation of both the Fronthaul and Backhaul
interfaces is important to maximise throughputs and reduce transmission latency, and the study
of the traffic generated in the RRHs and the BBUs is mandatory to understand the queuing
latency contribution. Depending on the criteria of the service to be implemented (e.g., maximum
allowed latency, reliability and data rate) this solution may be considered suitable for some

applications, but it is not the best possible implementation in terms of latency reduction.

For the 5G scenario there are 3 possible MEC node deployment options:

e The installation of the MEC node between the RU and the DU (Option RU/DU) is the optimal
solution to reduce latency, but it is not always possible to implement the node in this position,
because of the distribution of the MEC nodes, since the MEC node is installed in the network
and therefore, the node may be connected to a certain RU and to a DU or CU in another network
branch due to the chosen network deployment. By optimising radio latency and Fronthaul
throughput and reducing the physical distance between the RU and the MEC node it is possible

to achieve very low E2E latency values (below 1 ms).
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e The installation of the MEC node between the DU and the CU (Option DU/CU) presents itself
as a viable solution, since the Middlehaul has typically long lengths and the MEC technology
can be installed close to the DU, reducing the propagation latency associated with this
implementation. The optimisation of the Middlehaul and Fronthaul study is important to
maximise throughputs and reduce transmission latency, and the study of the generated traffic
in the RUs and the DUs is mandatory to understand the queuing latency contribution. Depending
on the criteria of the service to be implemented (e.g., maximum allowed latency, reliability and
data rate) this solution may be considered suitable for some applications, but it is not the best
possible implementation in terms of latency reduction.

e The installation of the MEC node between the CU and the Network Core (Option CU/Core) is
another possible deployment under study. By saving the processing delay of the Network Core
and shortening the contribution of the Backhaul length to propagation latency, it is possible to
achieve a reduction of this parameter. But this option is not optimal, because there are still 3
nodes between the UE and the MEC node, and the CU is a point of aggregation of traffic since
many DUs are connected to it. The improvements in the Backhaul capacity can reduce

transmission latency as a viable way of optimising this implementation.

One of the other possible installations of the MEC node that is not shown in Figures 3.3 and 3.4 is the
installation of the node between the Core and the External Network, which reduces latency because the
transport network has typically long lengths, causing the accumulated propagation delay to decrease.
On the other hand, the delay associated with the Core and the nodes closer to the user are still present
and keep latency in values that are not suitable for the real-time services that need to be provided.
Therefore, this option will not be the main one under study, since the other possibilities cause a higher
latency reduction, which is the topic under study. Within the scope of the most general architecture
specified by 3GPP, there are some scenarios where nodes are deployed in a collocated way. In these
scenarios, the collocated nodes are installed within a few hundred metres of each other, which reduces
the length of the link that connects the nodes. One of the possible achievements with these architectures
is the possibility to install MEC nodes between the two collocated nodes, which is a very good solution
to reduce latency, because propagation latency is reduced in that link of the network. It is possible to
deploy MEC technology between a collocated RU and DU, but also between a collocated DU and CU,
or even between the collocated RU, DU and CU. It is still important to have measures of the lengths of
the links, but typically, between the collocated nodes it is possible to neglect the distances between
them, which is the approach taken in this thesis. The 5G network has an architecture where the several
sequential network node traffic is aggregated in the next network node, for example, the DU aggregates
the traffic of the several connected RUs, and the CU aggregates the traffic of the several connected

DUs. Figure 3.5 represents the 5G node aggregation in the network.
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Figure 3.5 — 5G node aggregation in the network.
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3.2.2 Latency Contributions

There are 4 main latency contributions: transmission, propagation, queuing and processing. These
contributions have different mathematical expressions that allow to create the model that accounts for
the latency along the network. Both processing and queuing latencies occur in the nodes, transmission
latency occurs from the node to the link, and propagation latency occurs in the link [VODA18]. The

following expressions represent the delays accumulated in the network nodes:

8ue_rx = Suk_proc T SuE_Trans (3.1)
8ue rx = SuE_Proc 3.2)
Sru_tx = 8ru_rRx = ORrU_Proc + Oru_quen + OrU Trans (3.3)
8rrH_Tx = ORRH_Rx = ORRH_Proc T SRRH_Queu + 8rrH_Trans (3.4)
8pu 2 = Opu_rx = 8pu Proc T Spu_queu T 8pu Trans (3.5)
8cu x = Scu rx = Scu Proc t Ocu_queu t Scu Trans (3.6)
8pBu_Tx = 8BBU_Rx = 8BBU_Proc T 8BBU Quen t OBBU Trans (3.7)
8core.rx = Score_rx = Score_proc + Score Trans (3.8)
8epc = Sgpc_proc + 8Epc Trans (3.9)
Smec = Smec_proc + SmEc Trans (3.10)
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The transmission latency is generated by the process of transmitting the bits into a certain link, and it
depends on the throughput / data rate and the amount of data to be transmitted. The general expression
for this contribution is:

_ 8DiBytes] 1 n-6
8Trans [ms] — R(Gbits/s] 10 (3.11)

where:

*  Dpgyes) — Packet size in bytes.

*  Rigpits/s) — Data rate/throughput provided by the link.

Propagation latency is generated by the propagation of a signal through a link, which may occur in
different types of links with different velocities, and consequently different latencies, since this delay
depends mainly on the velocity of the signal in the link and the distance between the origin and the
destination of the signal. It is important to study the possible solutions for the links, because the signal
velocity in the optical fibre is different than in the air, but typically the Fronthaul, Middlehaul, Backhaul
and Transport links in the networks are implemented with optical fibre, and the Air link is the exception

with the typical velocity of 3 x 108 m/s. The general expression for this contribution is:

d{m]

(3.12)

8Prop [ms] = Vikm/s]

where:
e d|y — Distance between the origin and the destination of the signal.

*  Vmss — Velocity of the signal in the link.

The processing latency is associated with the time taken to process the header of a packet, to determine
where to route data and also to process the functionalities in the nodes, but it can also include other
contributions, such as the time required to check errors. Typically, this contribution adds low values of
delay to the E2E latency, when compared with the other latency contributions, but since the
requirements are very strict due to the low latency and reliability it is important to take this contribution
into account. The processing delay in the UE is related to the TTI, but in 5G the processing time is
considered correlated to the time that one packet takes to be transmitted to the air interface, since the
work is done at the packet level and not in a specific time frame. The increase in the data rate is related
to a higher transmission rate and a higher processing capacity assigned to the packet processing. On
the other hand, at the packet level, bigger sized packets have more bits to accommodate, making the
processing of each packet a harder process. The 4G processing and transmission delays are known
values present in the HARQ latency model in [DMAG18] (Syk rrans iS considered 1 ms for LTE). To
calculate the other processing delays, one considers that the splitting option 8 is used in 4G and all the
other options account as a possibility for 5G. In 4G deployment, the RRH keeps the radio functionalities,
which accounts as one ninth of the entire processing delay, but the processing delay in the RU depends
on the splitting option and therefore the functionalities distribution. The considered UE processing delay

ratios can be calculated using the Table 3.4.
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Table 3.4 — 4G and 5G UE processing delay ratios (extracted from [DMAG18]).

4G LTE 5G NR
Subcarrier Spacing (kHz) 15 15 30 60 120
21 2 3 4
Pue 12 12 1 1

In [SeDo19], it is possible to understand that the processing latency is not influenced by the network
architecture, which makes sense, since the nodes that are processing packets are the same and have
the same functionalities if the same functional split is considered. Unlike the network architecture, the
functional split has a direct impact on the processing delay of the nodes, because it assigns different
functions to the different nodes, which have different processing capabilities, thus resulting in a different
processing latency accumulation along the network. In the Option 8 split, the RU keeps only 1 of the 9
functionalities that are supposed to be distributed between network nodes, which are the RF
functionalities, therefore, it is considered that the processing delay on the RU is one ninth of the total
processing delay. In the other splitting options, one uses the same process to calculate the DU and CU
processing delays. The splitting options 7.1, 7.2 and 7.3 divide partially the LOW-PHY and HIGH-PHY
functionalities (which include 11 processes in total) between the RU and the DU, and the CU always
keeps the RRC (Radio Resource Control) and PDCP (Packet Data Convergence Protocol)
functionalities. By assuming that the functionalities that are distributed along the network nodes have all
equal weights in terms of complexity and processing time, it becomes possible to obtain the equations

that relate all processing delays.

The processing delay in the UE is given by [DMAG18]:

8uk_proc = Suk_rrans PuE (3.13)
The processing delay in the RRH is given by [DMAG18]:

SrrH_Proc = 1.5 8yk trans Pru (3.14)

where:

e pry —the ratio of functionalities assigned to the radio node in the splitting option 8.
The processing delay in the BBU is given by:

0pBU_Proc = ORrrH_Proc (Pcu + Pou) Prat (3.15)

where:
e ppy —the ratio of functionalities assigned to the DU.
e pcy — the ratio of functionalities assigned to the CU.

e p.: — the parameter used to adapt the processing resources to the latency.

The processing delay in the RU is given by [DMAG18]:

8ru_proc = SuE Trans PrU Plat (3.16)
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The processing delay in the DU is given by:

8DU_Proc = SUE_Trans Ppu Plat (3.17)

The processing delay in the CU is given by:

SCU_PTOC = 8UE_Trans Pcu Piat (318)

Latency adaptation parameters (for URLLC services) for each service are presented in Annex E. There
is the possibility of implementing systems where instead of having a MEC node processing the
information, there is an Edge computing layer where several MEC nodes divide the processing needs
amongst each other. This way of processing information is good for high amounts of data, but not as
good as the single MEC node approach for small data packets. Since the topic under study is the E2E
latency in a specific network, for a specific service, one considered that only one MEC node is going to
process the information. The residual data that cannot be processed in the MEC node is sent to the data
centres, and the accumulated latency in this process depends on the communication between MEC
nodes and the own computation delay of the Cloud computing layer (data centre or Cloud server). In
[OAGW138], the typical latency performance values in Vodafone’s London network are between 3 ms
and 11 ms for the 4G RAN, Core and Core Gi-LAN. Assuming that the latency is split equally among
the RAN, Core and Core Gi-LAN, the one-way Core latency is considered between 1 ms and 3.67 ms

(for the biggest and smallest packets).

The processing delay in the Core is given by [OAGW18]:

4 469
8core_proc [ms] = %D[Bytes] + 277 (3.19)

The required parameters to calculate the processing delays of the RU, DU and CU nodes are presented
in Table 3.5.

Table 3.5 — RU, DU and CU processing latency ratios (adapted from [SeD019]).

Fronthaul Splitting Option
8 7.3 7.2 7.1 6
, 1 2 19 15 3
RU 11 11 1M
6 52 8 &2 4
Ppu 11 11 11
Peu 2 2 2 2 2

The Cloud computing layer described in [GLIJW18] has 5 Cloud servers, therefore it is considered that
the computing delay in the data centre is 20% of the computing delay of the cloud computing layer, if all
5 processors are processing the same amounts of information. This causes an increase of the
computation delay from 2 s to 10 s (considering 20 GB of data). Assuming the same proportionality, the
processing capacity of a CPU is mainly dictated by the frequency of the processor, and in the paper it

is considered that the processing frequency of the cloud data centre is 10 GHz when the usual value
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tends to be around 2 GHz to 3 GHz (one considered the 3 GHz processing frequency for the data centre
processor), which required an adaptation assuming the fact that the processing latency increases
linearly with the decrease in the processor frequency. The MEC node processing frequency is usually
around 1 GHz, giving a third of the processing capacity to the node, compared with the data centre. The
processing latency of the MEC node (assuming the processing of a single functionality) and the data

centres is represented in Annex D, and the processing delays in the MEC node and the data centre are:

8MEC_Proc [ms] = 4-107° 'D[Bytes] " Prunc (320)
8epc_proc (ms) = 1.33~ 107°- Dipytes) (3.21)
where:

®  prunc — NUMber of functionalities that the MEC node needs to execute.

The queuing delay of a certain packet depends on the earlier-arriving packets that are queued and
waiting for transmission across the link, and also on the maximum throughput of the following link, since
the existence of a higher throughput is related to a faster transmission rate, resulting in queue reduction.
On the other hand, the number of services that are prioritised compared to the considered service
increase queuing latency, as well as the size of the packets of the services that are higher in the priority
list. In this model, one considers that the queuing delay is only accounted for in the RU, RRH, DU, CU,
and BBU because the processing capacity Core of the Network will be adapted to network congestion.
The queuing delay in a certain node, by accounting for the packets that arrive in the node and belong
to a service that has an equal or higher priority than the considered reference user service, is

_ 3 M 8 Dserv,p [Bytes]
6Queu [ms] — 10 Zp:iew R (3.22)
max [bps]

where:
e D¢, p — Packet size in bytes for a specific service with priority p.
e R.... —Maximum throughput offered by the following link.
e My, — Number of users connected to the node, using services with a higher or equal priority

than the studied user.

The queuing expression is useful to represent the traffic aggregation generated by the simulated users,
which allows the adaptation to the several scenarios. The simulated traffic for the scenarios is present
in Annex K, regarding the number of users connected to a network node in a specific moment, which
determines the queuing delay. The DU, the CU and the BBU traffic represent the aggregation of the
previous network nodes, e.g., the DU traffic represents the traffic from the several aggregated RUSs.

3.2.3 Network Latency

To sum up the latency contributions to calculate the E2E latency of 4G and 5G one divides the total
latency into multiple segments to simplify the complexity and number of components of the model. This

division is made by grouping the node latency contributions separated from the propagation ones. 5G
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has not yet been installed, and therefore there are no specified distances between nodes, and to
approach this problem in the model, propagation latencies are dimensioned to guarantee that the
minimum latency requirements are achieved. In this process propagation latency contributions are
considered equal to 0 ms in the expressions, and after calculating what has remained as a latency
margin between the maximum EZ2E latency allowed for a service and the total node latency, the margin
is equal to the maximum accumulated propagation latency in the network, and then the maximum

lengths of the links to achieve certain latency requirements are determined.

MEC technology is going to be implemented along 5G and 4G networks, between nodes, as one of the
strategies to minimise E2E latency. In this thesis, one considers the possibility, or not, of implementing
a MEC node. Even if a certain branch of the network has a MEC node implemented, sometimes packets
will still be sent forward, and therefore, both scenarios need to be studied and mathematically formulated
in a realistic way. After being processed in the MEC node, data packets can be sent to another user in
the network so that user information is updated in the UE receiver. A simple example of this process
can be a remote surgery: while the manipulator is sending commands to the robot that is executing the
surgery, packets need to be sent to the MEC first, processed in the node and only after that, packets
can be sent to the surgery robot. The time taken by the process of sending data packets to the MEC

and then to the receiver UE is the E2E latency.

For the 4G scenario without MEC nodes, the Total node latency is described by:

8T0t_Node [ms] = 8UE_Tx + 8AL_Tx + 8RRH_Tx + SBBU_Tx + 8Core_Tx + 8EDC + 8C0re_Rx + 8BBU_Rx + 8RRH_Rx +

8AL_Rx + 8UE_Rx (323)
Latency contributions for the 4G scenario without the MEC node are represented in Figure 3.6.
For the 4G scenario with the MEC node option BBU/Core, the Total Node latency is described by:
8Tot_Node [ms] = SUE_Tx + 8AL_Tx + 8RRH_Tx + (SBBU_Tx + 8MEC + SBBU_Rx + 8RRH_Rx + 8AL_Rx + 8UE_Rx (324)

Latency contributions for the 4G scenario with the BBU/Core MEC node option are represented in
Figure 3.7.

5AL_Tx 6FH_Tx OpH _Tx ‘STL_TJ:
>

. - P
UE RRH BBU
Tx Tx Tx
-

rb -
‘SUE_Tx RRH Tx 5BBU_Tx SCOFE_TJ:

EDC
OaL Rx Orn Rx OpH Rx Or1_rx
UE BBU Core
Rx Rx Rx
- +—> + > ¢ » - —
8 UE_Rx 5RRH _Rx 63 BU Rx 66‘ ore_Rx 10) EDC

Figure 3.6 — 4G latency contributions without the MEC node.
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Figure 3.7 — 4G latency contributions with the MEC node installed between the BBU and the Core.
For the 4G scenario with the RRH/BBU MEC node option, the Total Node latency is described by:
870t_Node [ms] = Our.tx t Oar_Tx + Orru_Tx + OMEC + ORRH_Rx t O4L_Rx + OUE RX (3.25)

Latency contributions for the 4G scenario with the RRH/BBU MEC node option are represented in
Figure 3.8.
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Figure 3.8 — 4G latency contributions with the MEC node installed between the RRH and the BBU.

For the 5G scenario without MEC nodes, the Total Node latency is described by:

870t Node [ms] = Our 1x T Oar1x + Oru T2 T Opu Tx + Scu 1x T Score rx T 8epc t Score rx T Scu rx T

8pu_rx + Orurx + 8aLrx T 8uE Rx (3.26)
Latency contributions in the 5G scenario without the MEC node are represented in Figure 3.9.

One of the possible deployment scenarios for the MEC technology in 5G is the one in which the MEC
node is installed between the CU and the Core of the Network. For this specific scenario, the Total Node
latency is described by:

870t Node [ms] = OuE 1x T Oar1x + Oru rx T Opu T + Scu rx + SmEec + Scu rx + Opu rRx T OrU Rx T OaL R T

Sup_rx (3.27)

Latency contributions in the 5G scenario with the MEC node between the CU the Core of the Network
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are represented in Figure 3.10.
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Figure 3.9 — 5G latency contributions without MEC node.

The second considered scenario is the one in which the MEC node is installed between the DU and the

CU. For this specific scenario, the Total Node latency is described by:

870t Node (ms] = Oug_rx + Sarrx + Oru_tx + 8pu_rx + 8MEc + OpU_Rx + ORU_Rx + 8aL Rx + OUE Rx (3.28)
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Figure 3.10 — 5G latency contributions with the MEC node between the CU and the Core.

Latency contributions in the scenario with the MEC node installed between the DU the CU are
represented in Figure 3.11.
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Figure 3.11 — 5G latency contributions with the MEC node between the DU and the CU.
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The E2E distance is calculated in the model by splitting the E2E latency into 2 different categories: the
sum of the transmission, queuing and processing latency, which consists of the total node latency, and
the propagation latency, which is associated with the link length and therefore with the E2E distance.

The third considered scenario is the one in which the MEC node is installed between the RU and the

DU. For this specific scenario, the Total Node latency is described by:
8Tot_N0de [ms] = 8UE_Tx + SAL_Tx + SRU_Tx + 8MEC + SRU_Rx + SAL_Rx + SUE_Rx (329)

Latency contributions in the scenario with the MEC node between the RU the DU are represented in
Figure 3.12.
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Figure 3.12 — Latency contributions in the scenario with the MEC node between the RU and the DU.

The total propagation latency for the 4G scenario is given by (not all the links have to be considered,
depending on the MEC node deployment):

8Prop_4G [ms] = 8FH_Tx + (SBH_Tx + 8TL_Tx + 8TL_Rx + SBH_Rx + 8FH_Rx (330)

The total propagation latency for the 5G scenario is given by (not all the links have to be considered,
depending on the MEC node deployment and the chosen architecture):
8prop_sG [ms] = Orm.1x + Omu.x + Opu 1x + 87115 + 871 Ry + O rx + Omu_rx T OFH Rx (3.31)

The E2E latency is calculated using:

8p2k [ms] = 6Tot_Node [ms] + EF’Prop [ms] (332)

The maximum E2E distance is a parameter that is obtained by calculating the latency margin without
accounting for the propagation latency, and it can be calculated by (the 1.67 factor exists because the

optical fibres are not installed in a straight line):

V [k —
dEZE [km] = (SApp [ms] — 8Tot_Node [ms]) ﬁ 10 3 (333)

where:
*  S4pp[ms) — Maximum latency depending on what application is chosen.

*  Vmss — Propagation speed in the link.

The contribution of the distances in the network to the maximum E2E distance is defined by:
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dg2g km] = Arrrx + Auarx + dpu e + drirx + drire + dpu rx + Ayn rxe + dru rx (3.34)

where:
®  dpy rx/dru rx xm)— Fronthaul link lengths.
®  dyy rx/Amu rx [km) — Middlehaul link lengths.
®  dpy x/dpy rx [km] — Backhaul link lengths.

®  drp rx/drL Rx [xm]— Transport link lengths.

When 2 network nodes are collocated, the length of the link between them is considered negligible. In
Figure 3.13, one represents the network architecture with a collocated RU and DU. For this specific
scenario, the E2E latency is described by:

8E2E [ms] = SUE_Tx + 8AL_Tx + 8RU_Tx + 8MEC + 8RU_Rx + 8AL_Rx + 8UE_Rx (335)
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Figure 3.13 — Latency contributions with the MEC node between collocated RU and DU.

3.2.4 Link Throughput

The calculation of the maximum throughput offered by LTE is performed using a specific expression for
the FDD mode. The calculation of the maximum throughput offered by NR is performed using a specific
expression for the FDD mode but adapting the model to TDD with the frame structure parameter. It is
important to refer that it is considered that the conditions of the link must be optimal to achieve the
maximum calculated throughput.

The maximum throughput of the 4G radio link in the FDD mode can be calculated using:

2 '103[5—1] VLayers NRB [RB] Ns [symbols/RB] @m[bits/symbol] Rcode_max (1—0)
106

Repp Mbits/s) = (3.36)

The maximum throughput of the 5G radio link in the FDD mode can be calculated using:

44



BW,u
12:N’ [symbols]
PRB
VLayers @m [bits/symbol] f Rcode_max — L E (1-0)

Repp [Mbits/s] — 106 s (3.37)

where:

®  Vigers — Number of layers (eNB/gNB transmitter streams to the UE or UE transmitter streams
to the eNB/gNB), which depends on the MIMO system implemented (maximum of 8 for the DL
and maximum of 4 for the UL in the 5G system).

. NRB/Nf,?;’” — Number of Resource Blocks that depend on the system bandwidth and the
numerology (for 5G), that be taken from Table 3.7 or 3.8 (for 4G or 5G scenarios respectively).

e N, - Number of symbols per Resource Block in 4G. This variable usually takes the value of 84,
due to the existence of 12 subcarriers and 7 symbols per subcarrier per RB.

e (Q,, —Average modulation order (the possible values are 2 for QPSK, 4 for 16-QAM, 6 for 64-
QAM for 4G and 2 for QPSK, 4 for 16-QAM, 6 for 64-QAM, 8 for 256-QAM for 5G).

® R oae max — Constant defined by 3GPP that depends on the modulation order. A higher R.s4e max
constant is correlated to a higher order of modulation and higher values of spectral efficiency,
and it is determined by the CQI (Channel Quality Indicator). The R ,4e max Parameter for 4G is

defined in Annex G, and the R y4e mqx Parameter for 5G is defined in Annex H.

u _ 1073
S 14x2H

— The average symbol duration in a subframe for numerology 1, for 5G.

e f - Scaling factor (1, 0.8, 0.75 or 0.4) that is defined per band or per band combination. This
scaling factor has higher relevance in situations of UE high or medium mobility; due to the
handover process, the required throughput of a 5G radio link may be lower or higher depending
on the traffic for a certain RU, therefore this factor is important to scale the delivered throughput
of 5G.

e 0 —The overhead for control channels is related to the bandwidth required to transmit the packet
overhead, and it depends on the frequency band and the MIMO system implemented. In 4G the
average value used for calculations is 0.25. In the 5G scenario, it is important to understand
that 3GPP divides the frequency bands of the system in 2 different categories. The first
frequency band is FR1, with a range of frequencies between 0.410 GHz and 6. GHz and the
second frequency band is FR2 with frequencies above 6 GHz. In this thesis only the FR1 band
is considered, because the simulated band is centred in the 3.5 GHz, and the Overheads for
the FR1 band are present in Table 3.6. For the 5G system it is considered an average of the DL
and UL overheads, taking into account that the URLLC services have typically transmissions in
DL and UL.

The values for the overhead for control channels are represented in the Table 3.6.

Table 3.6 — Overhead for control channels in 5G (adapted from [ETSI18c]).

5G Band UL DL Average Overhead

FR1 0.08 0.14 0.11
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The number of available RBs (Resource Blocks) for 4G is represented in Table 3.7.

Table 3.7 — Number of Resource Blocks depending on the Bandwidth (extracted from [Corr20]).

Bandwidth
1.4 3 5 10 15 20
[MHZ]
Number of
6 15 25 50 75 100
RBs, Ngp

The number of maximum available RBs (Resource Blocks) for 5G is represented in Table 3.8.

Table 3.8 — Maximum NRBs for each transmission bandwidth and subcarrier spacing (adapted from
[ETSI18b] and [3GPP18b]).

scs Bandwidth [MHz]

[kHz] 5 10 | 15 | 20 | 25 | 30 | 40 | 50 | 60 | 80 | 90 | 100 | 200 | 400

15 25 | 52 | 79 | 106 | 133 | 160 | 216 | 270 | N/A | N/A | N/A | N/A | N/A | N/A

30 11 | 24 | 38 | 51 | 65 | 78 | 106 | 133 | 162 | 217 | 245 | 273 | N/A | N/A

60 N/A| 11 | 18 | 24 | 31 | 38 | 51 | 66 | 79 | 107 | 121 | 132 | 264 | N/A

120 N/A | N/A | NJA | N/A | N/A | NJ/A | NJA| 32 | NJA | N/A|NA| 66 | 132 | 264

For the 5G TDD mode there is an adaptation of the expression that has been defined by 3GPP. In this
mode, the slot time is divided into sub-slots that can be used in UL or DL, therefore, the throughput of
5G in the TDD mode depends on the chosen format for the slot. The 5G system will also have a flexible
frame structure, and therefore one considers a 57% of framing for DL and 43% for UL. The throughputs
in DL and UL depend on the frame structure, and therefore, the result obtained by the expressions
needs to be multiplied by the fraction of the slot used in UL and DL, which depends on the format chosen
for the slot. In the 5G case, the slots are divided in UL or DL, but there is also another type of subframe
called F frame, or Flexible subframe, which can be used for DL or UL, depending on the type of link

under usage. The average throughput of the radio in 5G UL in TDD can be calculated using:
Ryppui mits/s1= Repp [its/s] Fu Af (3.38)

where:
e Fy, — The fraction of the slot that is reserved for the UL.
e A —The average factor that accounts for the throughput losses in the 5G system (because the

calculated theoretical throughput is higher than the real throughputs).

The average throughput of the radio in 5G DL in TDD can be calculated using:

R 7pp/pL [bits/s]= Repp its/s] FoL Ar (3.39)
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where:

e F,, — The fraction of the slot that is reserved for the DL.

It is important to refer that it is considered that the conditions of the link must be optimal to achieve the
maximum calculated throughput, but since link conditions are not optimal, the CQI factor (for both
systems), the Average Factor (for the 5G system) and the UL and DL usage ratios (for 4G) are used to

account for the losses that occur due to the lack of an optimal link.

The average throughput of the radio in DL in 4G can be calculated using:
Repp/pL [bits/s)1= RFpD [bits/s] Dur (3.40)

where:
*  Rppp/pi pitsys) — Average FDD capacity in the DL.

e D, — DL usage ratio.

The average throughput of the radio in UL in 4G can be calculated using:
ReppyuL pits/s1= Repp [its/s) Uur (3.41)

where:

*  RpppyuL pitsys) — Average FDD capacity in the UL.

e U, — UL usage ratio.
In order to provide viable information about the radio techniques that should be used in different URLLC
scenarios, it is necessary to calculate the RU/RRH required throughput. This value is calculated by
summing the data rates of the services provided by the RU/RRH. The following expression is used to

calculate the used throughputs of the RU/RRH in both the receiver and transmitter sides:
Ru [Mbits/s]™ Zlfu Rs [Mbits/s] (3.42)

where:
e N, — Number of users connected to the RU/RRH.

e R, — Data rates of the services offered by the RU/RRH.

After being processed in the RU node and being sent to the DU through the Fronthaul, the packet is
received and processed in the DU node, to be sent for the CU through the Middlehaul, and potentially
to the Core of the Network through the Backhaul (in the absence of a MEC node). To define the
throughputs of the nodes, the interfaces between them are defined, and this process is developed
considering the functional split of the network functionalities along nodes. The Option 8 (RF/PHY)
provides a link with a CPRI interface that is usually used for the Fronthaul link and allows a very high
throughput. In this functional split, the BBU keeps all functionalities except the ones related to radio,
working as a CU and a DU, and the RRH keeps the radio functionalities. This process creates high
constant throughputs in the order of hundreds of Gbps, because the resource element mapping is
executed in the BBU.

This Fronthaul link option is typical of the 4G architecture (traditional RRH-BBU split), and it generates
a RU throughput in the UL and DL given by:
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R8 [Mbps]: Sr[megasymbols/s] NQ[bits/symbol] NA 5 (3-43)

where:
* ST[megasymbols/s] - Sampling rate in samples per second.
®  Nobits/symbol] — Bitwidth.

e N, — Number of Antenna Ports.

The options 1, 6, 7.1, 7.2 and 7.3 are the functional splits identified by 3GPP as the possible splits that
will define the Fronthaul throughputs in the NR system. In the Option 7.1 (Low PHY) the Fast Fourier
Transform is applied locally in the DU, which causes data to be transmitted over the Fronthaul interface
to be represented by subcarriers. In this split, the Fronthaul throughput is lower than in Option 8, but it
is still constant since the resource element mapping is still executed in the CU. This Fronthaul link option

generates a RU throughput in the UL and DL given by:

R7.41_pr (Mbps)= 20005-1) Ns¢ Ngy [symbols] No[Mbits/symbol] No + Mingo Mbps] (3.44)
R71 uL Mbps)= 2000(5-1) Ns¢ Nsy [symbols] No[Mbits/symbol] Na + Mingo [Mbps] (3.45)
where:

e Ng. — Number of subcarriers used in the system.
®  Nsy [symbols) — Number of symbols.
e N, — Number of layers in the system.

®  M,s, - Information in the MAC in Mbps.

In Option 7.2 (Low PHY/High PHY) the precoding and the resource element mapper are executed by
the DU. This process requires a more complex DU and achieves a lower throughput in the Fronthaul.
This is the first considered option where the link throughput becomes variable. This Fronthaul link option

generates a RU throughput in the UL and DL given by:
R;, [Mbps]— (2000[5‘1] ’ NSC NSY [symbols] NQ[Mbits/symbol] NA) Us + Minfo [Mbps] (3-46)

where:

e . — Subcarrier utilisation (load).

In Option 7.3 (High PHY) the modulation and the layer mapper are included as DU functionalities, which
decreases the overall throughput in the Fronthaul, and data are transmitted using codewords. This

Fronthaul link option generates a RU throughput in the UL and DL given by:
R7.3 [Mbps]— (2000[5‘1] NSC NSY [symbols] NQ[Mbits/symbol] NL) Us + Minfo [Mbps] (3-47)

In Option 6 (MAC-PHY) the data link layer is separated from the physical one, and the payload is
transmitted over the Fronthaul using transport blocks, which leads to a large reduction of the Fronthaul
throughput. This option also assigns a higher percentage of the packet to the overhead from scheduling
control, synchronisation and frame carry. This Fronthaul link option generates a RU throughput in the
UL and DL given by:
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Bmuz \ ( N1\ ( loga M
Rg tMbps)= (Rp (Mbps] + Re (Mbps]) (M) <—L) (i) (3.48)

B¢ [MHz] NLc logz M¢

where:
* R, mbps) — Peak rate.
*  R:mbps;— Signalling Rate.
*  Biuuz — System Bandwidth.
* B¢ mnz — Bandwidth for control signals.
e N, .~ The number of layers for control signalling.
e M- Modulation order.

e M_.—- Modulation order for control signals.

In Option 2 (RLC-PDCP) the Packet Data Convergence Protocol (PDCP) and the Radio Link Control
(RLC) are centralised while the other functionalities are performed in a local DU. This split uses an
already standardised interface, F1, and is implemented in 5G as the interface option for the Middlehaul
link [ETSI18e]. This Middlehaul link option generates a DU throughput in UL and DL given by:

Bimuz) \ (N1, \ ( loga M
R [Mbps] = Rp [Mbps] ( MH ) <—L) (ﬁ) + R¢ (Mbps] (3.49)

B¢ [MHz] NLc log; M¢

The throughputs of the Backhaul link (interconnecting the CU and the Core) and the Transport Network
(interconnecting the Core and the External Data Centres) have typical values for the Next Generation

(NG) interfaces [ITUT18]. These throughput values are represented in the Table 3.9.

Table 3.9- Typical NG Backhaul and Transport Network throughputs (extracted from [ITUT18]).

Link Type Link Throughput [Gbps]
NG Backhaul 25
NG Transport Link >100

3.3 Model Implementation

The model for the estimation of the E2E latency used in this thesis was developed using MATLAB. The
program starts by calculating the link throughputs and the radio node capacities, followed by the used
throughputs calculations. Some of the latency contributions are common to all architectures and MEC
node deployments, and therefore these initial latency calculations are performed. After the initial
calculations, the program calculates the remaining latency contributions depending on the network

architecture and the system that were specified in the input parameters.

The 4G network is already installed and typically in C-RAN networks the BBU and the RRH are not
collocated, and therefore the scenario of the collocated RRH and BBU is not considered in the model.

If the scenario under study is 5G, there are 4 possible architectures under study: the collocated
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CU/DU/RU, the collocated DU/RU, the collocated CU/DU and the independent CU, DU and RU.

Figure 3.14 represents the Model flowchart.
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Figure 3.14 — Model Flowchart.

After defining which of the architectures is present in the studied scenario, it is important to understand
if there is a MEC node installed somewhere along the network because it is considered that the packets
will not be sent forward in the network in the cases where MEC nodes are installed, thereby reducing
latency. The possible positioning of the MEC nodes for 5G is present in Figure 3.4, and in Figure 3.13
one represents the deployment of a MEC node between 2 collocated nodes. Figure 2.12 shows the
possible implementations of the MEC node for the 4G architecture. In the 5G case, there are 3
possibilities of the MEC node deployment: Option RU/DU (between the RU and the DU), Option DU/CU
(between the DU and the CU) and Option CU/Core (between the CU and the Core of the network). In

the 4G case, there are 2 considered possibilities of MEC node installation: Option RRH/BBU (between
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the RRH and the BBU) and Option BBU/Core (between the BBU and the EPC). After the earlier
described phases, the program calculates individually each one of the remaining latency contributions.
Some of these delays depend on each other, such as the processing delay of the UE, which depends
on the packet transmission time to the Air Link. Also, the FH splitting option defines the distribution of
functionalities between the RU and the DU, having a direct impact in the processing latency on each of

the nodes and the overall E2E latency.

After calculating each of the individual latency contributions, the program computes the sum of all
contributions obtaining as result the total node latency, which does not account for the propagation
latency since the lengths of the links still have to be dimensioned. This part of the program is particularly
important, because it provides an estimation of how the network should be implemented and the
distance between the nodes (E2E distance calculation) for each service group. After obtaining the
results described above, the program is also able to print a map with the maximum distance limits of

where the MEC nodes should be implemented to provide a certain service.

All the described phases allow the program to produce output parameters, which leads to the results
and allow the program user to analyse the obtained values, as well as the MEC node location in the
map. Some input parameters for the algorithm to run properly are a service mix for the RU, the DU and
the CU in both the transmitter and the receiver sides, which allows to calculate the traffic and the queuing
delays in the nodes. The specific user under study is isolated from its priority group in the input data to
be studied particularly, and to allow the calculation of the latency contributions that are not influenced
by the traffic, such as the processing, transmission, and propagation delays. It is important to refer that
it is considered that the sum of the data rates of the services to be provided by the RU does not exceed

its throughput, since this scenario would create high delays in the node.

3.4 Model Assessment

In the model assessment phase, the validation of the developed model is performed, the input

parameters, output parameters, and results of the intermediate steps of the program are checked.

It is a crucial phase, because this evaluation provides the validation that the model is well developed
and implemented, and that it is ready to be used without incurring in any potential errors. The

assessment of the model is performed in 8 different stages, which are shown in Table 3.11.

The first phase of the model assessment is the validation of the input file. This file contains the definition
of the parameters that are needed for the program to be able to run, such as: architecture type, MEC
node existence and positioning, and input parameters that are directly used to calculate latency
contributions. Without the proper reading of the input file, the program is not able to be used for the
calculation of latency, which creates the need for the existence of this test. The first phase of the model
assessment was performed by verifying that the defined input variables of the program were correctly

saved in the program variables.
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Table 3.10 — Model Assessment Tests.

Test ID Description
1 Validation of the input file, by verifying if the values stored in the program variables
correspond to the ones in the input files.
Validation of the initial variables required to run the program properly:
e Check if throughputs, user data and functionalities vectors are properly created
2 and filled according to program inputs.
e Check if the RU/RRH used throughputs and capacities are properly calculated
and filled.
3 Validation of the initial latency contributions calculation.
Validation of the calculation of the individual latency contributions without MEC node:
4 e Check transmission latency contributions.
e Check processing latency contributions.
e Check queuing latency contributions.
5 Validation of the MEC node associated latency in MEC node scenarios.
Validation of the maximum E2E distance and total node latency, by verifying if the sum of
5 the latency contributions is being well performed by the program in each scenario,
according to the program parameters and by checking if the sum of the link lengths is
correctly calculated.
Validation of the MEC node positioning map, checking if the scaling of the distances is
7 within the correct proportions and if the map generated by the program is correctly
displayed.
8 Validation of the output file, by performing the verification of the values that are printed as
the output file variables.

The second phase of model assessment is the validation of the initial variables required to run the

program properly, which is essential for the correct calculation of all latency contributions. The

throughputs vector has a direct impact on queuing and transmission delays, and the functionalities

vector defines the processing delay in the nodes. The second phase of the model assessment was

divided in 4 main stages: check the throughput vector in the transmitter and receiver sides, check if the

functionalities vector is correctly created depending on the FH splitting option, check if the user data

vector is correctly created by the program, verify if the algorithm that calculates used throughputs and

capacities in the RU/RRH nodes is functioning correctly.

Both the third and fourth phases of the assessment of the model are based on the correct calculation of

latency contributions. The third phase is responsible for the assessment of latency contributions that are
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calculated initially, which are present in the E2E latency independently of the type of network or MEC

node deployment option.

The fourth phase is responsible for the assessment of latency contributions that depend on the network
type and the MEC node deployment in 4G and 5G scenarios with independent nodes and without MEC
node, because these scenarios allow to verify the correct calculation of all latency contributions except

the MEC node processing and transmission delays.

The third phase of the model assessment is finished by checking the correct calculation of 4 parameters:
transmission latency of the transmitter UE, UE processing latency in the transmitter side and both the
air link latencies in the transmitter and receiver sides. The transmission latency of the UE calculation
was tested by changing the reference user service, and verifying if the results were correct, and the UE
processing latency was tested by changing the system and the service type. Both tests had the expected
results compared to the theoretical results generated by the expressions in this thesis. The graphical
representation of the Air Link latency contribution when varying the distance between the end user and
the RRH/RU took a linear shape, as expected.

The fourth phase of the model assessment is based on the testing of both 4G and 5G systems without
MEC node and with the node independent architectures, because the evaluation of this specific scenario
contains all latency contributions that are present in the other scenarios, except the MEC node
contribution that was tested separately. For both the specific tests performed for the explained 4G and
5G scenarios, all latency contributions were correctly calculated. In both systems, transmission latency
contributions were correctly scaled according to the size of the packet and the throughput/data rate.
Processing latency contributions were also individually tested, and results were according to what was
expected, with the increase of the variables according to the number and complexity of the functionalities

in the node.

The fifth phase of model assessment was performed by checking if the MEC node processing and
transmission delays are calculated correctly, since in the earlier phases the rest of the latency
contributions were already verified. In this fifth phase, it was checked if the MEC node processing latency
responds correctly to the increase in the size of the packet, and if the MEC node transmission latency
is calculated according to the link that interconnects the previous node and the MEC node. Both
calculations were verified and considered correct in the model.

The sixth phase of the assessment is performed by checking the total node latency, and if its value
corresponds to the sum of the latency contributions calculated earlier, and by checking the maximum
E2E distance, which depends on the total node latency. The latency accumulated in all nodes was
calculated correctly in all tested scenarios after some minor corrections in the equations. The maximum
E2E distance was tested in a particular scenario in which the service number 4 was used. To verify the
maximum E2E distance behaviour in the model 3 scenarios were created: the RU/DU MEC node
scenario, the DU/CU MEC node scenario, and the DU/CU MEC node scenario with reduced DU traffic.
In the test, the links that connect the network nodes were considered optical fibre. The graphical
representation of the Maximum EZ2E distance as a function of the E2E latency for the testing scenario

took a linear shape, as expected. Figure 3.15 shows the RU queuing latency contribution when varying
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the splitting option (and consequently the FH throughput), for a fixed RU traffic scenario.
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Figure 3.15 — RU queuing latency plot while varying the FH throughput.

The seventh phase of the model assessment was performed by checking the scale of the map that
locates the possible location of the MEC nodes, according to the maximum E2E distance.

The last phase of the model assessment is the validation of the output file. This file contains the definition
of the parameters that are needed for the program user to analyse and extract, to study the results and
create the conclusions for the thesis. The list of the parameters needs to be coherent with the rest of
the program phases. The correct creation of the program output file was verified several times along all

previous tests, and the output file was correctly generated in all performed tests.
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Chapter 4
Results Analysis

This chapter provides a description of the simulated scenarios and the results obtained after applying

the latency model described in the previous chapter to the described scenarios.
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4.1 Scenarios

The study in this thesis is divided into five main scenarios considering 3 types of service to be provided:
Remote Surgery (inside and outside hospitals), Intelligent Transport Systems (in urban and highway
scenarios) and Factory Automation. For these case studies, data provided by NOS has been taken (e.g.,
location of Al highway sites, location of hospitals and latency between each site and the closest Core

of the Network). Table 4.1 represents the comparison among the simulated scenarios.

Table 4.1 — Scenario Comparison.

Scenario Simulated Service Max. E2E latency [ms] Data Rate [Mbps]
Santa Maria Lisbon
) Internal Remote Surgery 1 10.912
Hospital
Espirito Santo Evora
) External Remote Surgery 3 10.912
Hospital
) Network Based Sensor
Al Highway ITS ) 3 20
Sharing
Avenida da o
. Remote Driving 5 25
Liberdade Urban ITS
AutoEuropa Factory Factory Automation 0.25 1

Figure 4.1 represents the Santa Maria Hospital NOS sites location.
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Figure 4.1 — Santa Maria Hospital NOS sites.

The Santa Maria Hospital scenario studies the possibility of implementing internal remote surgeries
inside this hospital which can be performed using Control Manipulations, High-Quality Video Streaming

and Haptic Feedback. The Santa Maria Hospital has a total of 2 722 medical professionals with a total
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building area of 125 504 m?, in which is included the central surgery department, that has the capacity
to provide 14 simultaneous remote surgeries. This hospital is located in the Lisbon region, which has:
e 2821 697 inhabitants.
e an average populational density of 948 inh./km?2.
e 639 RRH nodes (in 2019, extracted from [SeDo019]).
e 55 BBU nodes (in 2019).
e 1 Network Core deployed (in 2019).

The Espirito Santo Evora Hospital scenario studies the possibility of implementing external remote
surgeries in this hospital, which can be performed using Control Manipulations, High-Quality Video

Streaming and Haptic Feedback. Figure 4.2 represents the NOS sites location in Evora.

In 2019, in Espirito Santo Evora Hospital were performed 18 530 surgeries and considering the
possibility that 10% of these surgeries could be performed as an external surgery, outside the hospital,
a plausible number of external remote surgeries per year is 1 853, which is equivalent to approximately
5 external surgeries per day (possibly simultaneously). The Evora city has:

e atotal of 56 596 inhabitants

e an average populational density of 43.3 inh./km?2.
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Figure 4.2 — Espirito Santo de Evora Hospital NOS sites.

In the Avenida da Liberdade scenario, one considered the implementation of the remote driving
service in a typical urban scenario, more specifically in Avenida da Liberdade in Lisbon. In this
scenario, there are 2 main services under study: remote driving and traffic information. Since the
latency requirements for remote driving are in the order of 5 ms in comparison with 1 000 ms of
traffic information, this is the simulated service in the program, due to its stricter latency. It is also
considered that Avenida da Liberdade is one of the Lisbon avenues with the most intense traffic
accumulation during the rush hour, thus having a high traffic density. Figure 4.4 represents Avenida

da Liberdade NOS sites location. To generate the traffic scenario for Avenida da Liberdade one
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takes into consideration the following data:
¢ Avenida da Liberdade in Lisbon has a total length of 1 000 m.
e 3lanes in both ways.
e |tis considered that Avenida da Liberdade is full of vehicles.
e The average car length is 4.5 m.
e All considered traffic is split among the 3 sites.
e One third of the car drivers are considered NOS clients.
e The RU/RRH capacity will need to accommodate approximately 20 cars.
e The Urban ITS scenario is studied for a traffic usage of 30%, 60% and 90%, being the
above-described scenario the 60% traffic scenario.
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Figure 4.3 — Avenida da Liberdade NOS sites.

The Al Highway scenario studies the possibility of implementing advanced driving (high automation
level with sensors, traffic information and intelligent routing provided by the network) along the Al
highway. It is considered that latency requirements for the highway are strict (3 ms) because the average
speed in which cars are being driven is higher than the one inside cities (increasing the data rate
requirements of sensors and route planning) and because sensor information is shared using the
network. Figure 4.3 represents the Sacavém - Sdo Jodo da Talha section NOS sites location. In the
highway scenario, one considered the coverage in a situation of fluent traffic flow (the worst-case
scenario since data rates achieve higher requirements due to the car velocity). The Al highway has a
303 km extension and its section with highest traffic is between Sacavém and S. Jo&o da Talha with a
maximum traffic of 98 021 vehicles in Feb. 2020. The required data for the scenario specification is:

e Thedistance between Sacavém and S. Jodo da Talha via Al highway is approximately 3.5 kms,

e The highway has 3 lanes in each way.

e The average car length is 4.5 m.

e All traffic is split among the 3 sites.
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e The considered safety distance between cars is 50 m on average in each of the 3 lanes.
e Only 30% of the cars are using high automation driving systems.
e One third of the car drivers are considered NOS clients.

e The RU/RRH capacity will need to accommodate approximately 10 cars.
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Figure 4.4 — Sacavém - S8o Jodo da Talha section NOS sites.

In the AutoEuropa Factory scenario, one considered the implementation of the factory automation
services in this factory, which has critical latency requirements around 0.25 ms. Figure 4.5 represents
AutoEuropa NOS sites location.
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Figure 4.5 — AutoEuropa factory NOS sites location.

The required data for the scenario specification is:
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e The number of AutoEuropa factory employees was 5 300 (in 2020).

e the number of AutoEuropa factory auxiliary robots was 430 (in 2015).

e Since it is known to be not viable to provide coverage for the entire factory with only one
RU/RRH (due to the attenuation and high user density), one considered in the scenario that

three RUs/RRHSs are installed in the facilities to guarantee a good coverage and connectivity.

4.2 Radio Characteristics Analysis

This section presents an analysis of 4G and 5G radio characteristics, the throughputs that are
achievable in each scenario, and also the comparison between the throughputs offered by the
RRHs/RUs of each scenario and the user required data rates. This study presents the DL and UL
RU/RRH capacity on both transmitter and receiver sides, as well as the required throughputs in each
link for each scenario. The reference architecture is the one with the independent RU, DU and CU for
the 5G scenario. Figure 4.6 illustrates the results obtained for the Santa Maria Hospital scenario, in
which the radio node that transmits and receives Internal Remote Surgery data packets is the same,
meaning that the Control Manipulation, Haptic Feedback and Video Streaming packets are sent in the
RU/RRH UL and then received in the same RU/RRH node but in the DL.

The radio characteristics taken for all scenarios are present in Table L.1 and L.2. As it is possible to
analyse from Figure 4.6, the 4G indoor RRH is not able to provide the required UL and DL capacity for
the Internal Remote Surgery service, because the typical UL capacity of 4G is low, even for indoor Base
Stations, with values around 15 Mbps on average (depending on the average CQI), which is insufficient
in comparison with the required 197.79 Mbps. The 4G DL capacity in the simulation is also below the
required 295.18 Mbps in the scenario, with a total capacity of 60.93 Mbps. Even if the implemented radio
characteristics maximised the achievable throughputs, 4G would not be able to provide the required
throughputs for the scenario, although it could help to offload the 5G RU. According to the obtained
results, 5G provides enough capacity in both UL and DL to allow the existence of the Internal Remote
Surgery in the hospital, even without using the radio characteristics that maximise throughputs, such as
the maximum Bandwidth or number of MIMO layers (which can go up to 400 MHz and 8 layers,
respectively). The total DL and UL capacities are 723.39 Mbps and 545.72 Mbps respectively, higher
than DL and UL required throughputs of 295.18 Mbps and 197.79 Mbps.

Figure 4.7 illustrates the results obtained for the Espirito Santo Evora Hospital scenario, in which the
radio nodes that transmit and receive the External Remote Surgery service data packets are different,
meaning that there is a radio node to which the surgeon sends the Control Manipulation data packets,
that is different from the radio node to which the robotic arm operating the patient sends the Video
Streaming and Haptic Feedback data packets. The Control Manipulation packets are sent in the UL of
the surgeon site and received in the DL of the patient site, and both the Video Streaming and Haptic
Feedback packets are sent in the UL of the patient site and received in the DL of the surgeon site. The
Espirito Santo Evora Hospital scenario RUs/RRHs are installed in environments that have different radio

channel characteristics, meaning that the radio node in the surgeon site is in an indoor environment,
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which typically has a better average CQI and higher offered throughputs than the outdoor environment,

which characterises the radio node in the patient site.
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Figure 4.6 — RRH/RU throughputs for the Santa Maria Hospital scenario.
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Figure 4.7 — RRH/RU throughputs for the Espirito Santo Evora Hospital scenario.

From the analysis of the graph present in Figure 4.7, it is possible to conclude that 4G does not provide
enough capacity in both UL and DL to guarantee the connectivity to users. On the surgeon site for 4G,
DL and UL capacities are 60.93 Mbps and 15.72 Mbps, respectively, which are below the 205.5 Mbps
and 89.12 Mbps DL and UL required throughputs. On the patient site for 4G, the DL and UL capacities
are 39.44 Mbps and 10.32 Mbps, respectively, which are below the 179.58 Mbps and 117.50 Mbps DL
and UL required throughputs. On the other hand, 5G provides enough capacity in DL and UL in both
surgeon and patient sites. On the surgeon site for 5G, the DL and UL capacities are 723.39 Mbps and
545.72 Mbps, respectively, and on the patient site the system provides 508.15 Mbps and 383.34 Mbps.

Figure 4.8 illustrates the results obtained for the Urban ITS scenario with traffic on the 60% percentile,
in which the radio nodes that transmit and receive Remote Driving data packets are different, meaning
that there is a radio node to which the remote driver sends the commands to the car, that is different

from the radio node to which the passenger sends the Video Streaming data packets.
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The commands to the car are sent in the UL of the remote driver site and received in the DL of the
passenger site, and the Video Streaming and packets are sent in the UL of the passenger site and

received in the DL of the remote driving site.
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Figure 4.8 — RRH/RU throughputs for the Urban ITS scenario with 60% of the maximum traffic.

The Urban ITS scenario RUs/RRHSs can be installed in environments that have different radio channel
characteristics, for example, one in the city centre and other in the suburbs. In this simulation it is
considered that both the radio nodes are installed in an urban environment and therefore they have
approximately the same throughput requirements and capacities. From the analysis of Figure 4.8, it is
possible to conclude that 4G does not provide enough capacity in both UL and DL to guarantee the
connectivity of all users. On the remote driver site for 4G, DL and UL average capacities are 98.6 Mbps
and 25.8 Mbps, respectively, which are below the 418.69 Mbps and 451.8 Mbps DL and UL required
throughputs. These average capacities are higher than in the other scenarios because the base station
that is deployed in Avenida da Liberdade uses three different frequency bands (according to the data
provided by NOS): 2600 MHz, 1800 MHz, and 800 MHz. On the passenger site for 4G, both capacities
and required throughputs are equal to the remote driver site because it is considered that the
environments in which the sites are installed are similar. In the simulation, 5G provides enough capacity
in DL, but not enough UL capacity in both the remote driver and passenger sites. These results are
influenced by the fact that the data rate requirements of each considered service are at the high range
of the possible interval, therefore, the required UL throughputs that would exist in a real scenario would
be lower and satisfied by 5G. On both the remote driver and passenger site, DL and UL capacities are
508.15 Mbps and 383.34 Mbps, respectively. The throughput results obtained for the Urban ITS
scenarios with 30% and 90% of the maximum traffic are presented in Annex M.

Figure 4.9 illustrates the results obtained for the A1 Highway scenario with traffic on the 60% percentile,
in which the radio nodes that transmit and receive Network Based Sensor Sharing data packets are the
same. The sender car transmits the packets in the base station UL and the receiver car receives the

packets in the same base station DL.
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Figure 4.9 — RRH/RU throughputs for the Al Highway scenario with 60% of the maximum traffic.

From the analysis of the graph present in Figure 4.9, it is possible to conclude that 4G does not provide
enough capacity in both UL and DL to guarantee the connectivity of all users. For 4G, DL and UL
average capacities are 59.16 Mbps and 15.48 Mbps, respectively, which are below the 463.56 Mbps
and 459.82 Mbps DL and UL required throughputs. These average capacities are higher than in the
other outdoor scenarios because the base stations that are deployed in the Al highway use two different
frequency bands (according to the data provided by NOS): 1800 MHz and 800 MHz. In the simulation,
5G provides enough capacity in DL with 508.15 Mbps, but not enough UL capacity (383.34 Mbps),
because the data rate requirements of each considered service are at the high range of the possible
interval, and therefore, the required UL throughputs that would exist in a real scenario would be lower
and satisfied by 5G. The throughput results obtained for the A1 Highway scenarios with 30% and 90%

of the maximum traffic are presented in Annex M.

Figure 4.10 illustrates the results obtained for the AutoEuropa factory scenario, in which the radio node
that transmits and receives Factory Automation service data packets is the same, meaning that the
Packaging Machine, Machine Tools and Printing Machine packets are sent in the RU/RRH UL and then
received in the same RU/RRH node but in the DL.

As it is possible to analyse from Figure 4.10, the 4G indoor RRH is not able to provide the required UL
and DL capacity for the Factory Automation service. The typical UL capacity of the 4G system has
values around 15 Mbps on average (depending on the average CQI), which is not enough to satisfy the
required 197.28 Mbps. The 4G DL Capacity in the simulation is also below the required 256.92 Mbps in
the scenario, with a total capacity of 60.93 Mbps. If the implemented radio characteristics maximised
the achievable throughputs, 4G would not be able to provide the required throughputs for the scenario,
because the peak UL capacity is still below the required one. According to the obtained results, 5G
provides enough capacity in both UL and DL to allow the existence of the factory automation services
in the AutoEuropa factory, even without using the radio characteristics that maximise throughputs, such
as the maximum Bandwidth or the maximum number of MIMO layers. The total DL and UL capacities
are 723.39 Mbps and 545.72 Mbps respectively.
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Figure 4.10 — RRH/RU throughputs for the AutoEuropa Factory scenario.

4.3 Total Node Latency and MEC Node Deployment Analysis

This section presents an analysis of 4G and 5G E2E latency and the MEC node deployment option
chosen in each scenario to guarantee that the maximum EZ2E latency is not exceeded. The reference
architecture is the one with the independent RU, DU and CU for 5G. This study is performed taking into
account the several splitting options, even knowing that the splitting option that will be implemented in
the 5G network is option 7.2. It is also important to refer that the viability of the MEC node deployments
presented in the previous chapters is tested for each of the simulated applications.

Figure 4.11 illustrates the total node latency results obtained for the Santa Maria Hospital scenario, in
which the maximum allowed latency value is 1 ms. There are several experiments of remote surgeries
that were performed with higher E2E latency values, but the objective is to guarantee a high availability
of the service and to make sure that the network keeps the delays in the packet transmission, queuing
and processing as low as possible. For safety and insurance purposes, one considered a margin of 10%
regarding the maximum E2E latency, meaning that any value that is higher than 90% of the maximum

E2E latency is considered above the ideal value.
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Figure 4.11 — Total node latencies for the Santa Maria Hospital scenario.
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As Figure 4.11 shows, some of the E2E latency values of the CU-Core MEC node deployment option
are above the 0.9 ms limit, which are considered too high for the required availability and QoS. The DU-
CU MEC node deployment option is also close to the line that marks the margin of the E2E latency, and
adding the information that the simulated traffic for the scenario is not considering an intense usage of
the network, the chosen MEC node deployment should be between the RU and DU. 4G does not provide
sufficiently low latency values for the service implementation, since the minimum E2E latencies of the
system are around 8 ms. The different curves are close to each other independently of the MEC node
deployment option, which happens because the queuing latency added to the E2E latency is only due

to the remote surgery packets, since this is a high priority service.

Figure 4.12 represents the individual latency contributions for each splitting option for the RU-DU MEC
node deployment. The queuing latency is almost inexistant, because the remote surgery has a very high
priority in the network. The processing latency is around 0.1 ms for every splitting option, because with
the RU-DU MEC node deployment the only nodes that are required to process data are the RU and the
MEC node. The represented transmission latency (0.625 ms) corresponds to the air transmission delay
because the FH link capacity is very high, resulting in very low latency values for the optical fibre link
transmission. The maximum propagation latency is calculated using the margin between the total node

latency and the maximum E2E one that the service requires to be performed in good conditions.
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Figure 4.12 — Individual latency contributions for the RU-DU MEC node deployment in Santa Maria.

Figure 4.13 illustrates the total node latency results obtained for the Espirito Santo Evora Hospital
scenario, in which the maximum allowed latency value is 3 ms. For safety and insurance purposes, one
considered a margin of 10% regarding the maximum E2E latency. The E2E latency is kept below the
margin in the CU-Core MEC node deployment option, with values below the 1 ms, which are significantly
below the required margin. According to this information, the RU-DU and DU-CU MEC node positioning
is not needed to achieve the latency requirements of the service, but if the Internal Remote surgery
service is installed in the hospital, like in the performed simulation, the MEC node that processes the
Internal Remote Surgeries may also be used for the External Remote Surgeries, which reduces the E2E
latency significantly. The minimum 4G E2E latency is around 8 ms which is still high in comparison with
the 3 ms requirement. The curves are also near each other independently of the MEC node deployment

option, which happens because the queuing latency added to the E2E one is only due to the remote
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surgery packets, since this is a high priority service.
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Figure 4.13 — Total node latencies for the Espirito Santo Evora scenario.

Figure 4.14 represents the individual latency contributions for each splitting option for the CU-Core MEC
node deployment.
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Figure 4.14 — Individual latency contributions for the CU-Core MEC node deployment in Espirito Santo

Evora.

The queuing latency is almost inexistent, because the external remote surgery has a very high priority
in the network. The processing latency is around 0.26 ms for every splitting option, because with the
CU-Core MEC node deployment there is a fixed number of nodes that process the packets, resulting in
a stable processing delay. The represented transmission latency (0.625 ms) corresponds to the air
transmission delay because the FH link capacity is very high, resulting in very low latency values for the
optical fibre link transmission. The maximum propagation latency is calculated using the margin between
the calculated Total Node latency and the maximum EZ2E latency that the service requires to be

performed with good conditions.

Figure 4.15 illustrates the E2E latency results obtained for the Urban ITS with 60% of the maximum

traffic scenario, in which the maximum allowed latency value is 5 ms.
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Figure 4.15 — Total node latencies for the Urban ITS scenario with 60% of the maximum traffic.

The studied service in this scenario is Remote Driving, in which the network is fully responsible for the
correct and efficient transmission and reception of packets, because this service is classified as a pure
V2N service, in contrast with Sensor Sharing that can be performed between the vehicles. For safety

and insurance purposes, one considered a margin of 10% regarding the maximum E2E latency.

It is possible to conclude that the MEC node deployment between the CU and the Core in 5G is the
most adequate deployment to keep the E2E latency below the margin, since it reduces the complexity
and processing capacity of the MEC nodes, and simultaneously keep the latency considerably below
the 4.5 ms margin. 4G has a minimum air transmission latency of 8 ms which keeps the E2E latency

above the 5 ms threshold and makes the system not suitable to provide this application.

Figure 4.16 represents the individual latency contributions for each splitting option for the CU-Core MEC
node deployment.
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Figure 4.16 — Individual latency contributions for the CU-Core MEC node deployment in the Urban ITS

scenario for 60% traffic usage.

Queuing latency oscillates between 1 ms and 0.3 ms, because traffic aggregation depends on the
chosen splitting option. The processing latency is around 0.671 ms for every splitting option, because

with the CU-Core MEC node deployment there is a fixed number of nodes that process packets,
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resulting in a stable processing delay. The represented transmission latency (1.03 ms) corresponds to

the air transmission delay accumulated along the network nodes.

Figure 4.17 presents the total node latency results for 30%, 60% and 90% of the maximum traffic load
for the splitting option 7.2. The CU-Core MEC node deployment option keeps the E2E latency below the
margin even for intense traffic loads, which makes that option of installation a viable solution to the

Remote Driving service.
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Figure 4.17 — Total node latencies for the Urban ITS scenario with increasing percentages of the

maximum traffic for the splitting option 7.2.

Figure 4.18 illustrates the total node latency results obtained for the A1 Highway with 60% of the
maximum traffic scenario, in which the maximum allowed latency value is 3 ms, since the studied service
in this scenario is the Network Based Sensor Sharing, which allows the network to participate actively
in the achievement of the High Level of Automation for ITS. For safety and insurance purposes, one

considered a margin of 10% regarding the maximum EZ2E latency.
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Figure 4.18 — Total node latencies for the A1 Highway scenario with 60% of the maximum traffic.

Figure 4.19 represents the individual latency contributions for each splitting option for the DU-CU MEC
node deployment. The queuing latency oscillates between 0.3 ms and 0.8 ms because the added delay

that occurs due to the queuing of the packets depends on the traffic aggregation, which is correlated to
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the splitting options. The processing latency is around 0.36 ms for every splitting option, because with
the DU-CU MEC node deployment there is a fixed number of nodes that process the packets, resulting
in a stable processing delay. The represented transmission latency of 0.8 ms exists mainly due to the

air transmission, because the link transmission adds very low latency values.

2.5

2

Lapen ]

wn \__—"\

-g- 1.5 = &= Transmission

=, .

] Queuing

C .

QL 1 Processing

(] heooeocajseeaemdioacsssdhoese s .

1 Max. Propagation
0.5

- Total Node

Split8  Split7.3 Split7.2 Split7.1  Split6
Splitting Option

Figure 4.19 — Individual latency contributions for the DU-CU MEC node deployment in the Highway
scenario for the 60% traffic usage.

Figure 4.20 presents the E2E latency values for 30%, 60% and 90% of the maximum traffic load for the
splitting option 7.2. It is possible to conclude that the MEC node deployment between the DU and the
CU (in 5G) is the most adequate installation to keep the E2E latency below the margin. The installation
of the MEC node between the CU and the Core keeps the latency too close to the margin for the 60%

percentile of the maximum traffic.
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Figure 4.20 — Total node latencies for the A1l Highway scenario with increasing percentages of the

maximum traffic for the splitting option 7.2.

The CU-Core MEC node deployment option is not enough to keep the E2E latency significantly below
the margin for intense traffic loads, which makes that option of installation an inviable solution for the
Network Based Sensor Sharing. On the other hand, the DU-CU deployment option responds well in

terms of keeping the latency below the margin threshold even for intense traffic scenarios, which makes
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this deployment option the most viable solution of the graph, since there is no need to increase the MEC

node load by using the RU-DU MEC node deployment.

Figure 4.21 illustrates the total node latency results obtained for the AutoEuropa factory scenario, in
which the maximum allowed latency value is 0.25 ms. This value generates very strict delay demands
on the network, and accounting for the latency margin of 90%, the E2E latency should be below
0.225 ms. It is possible to understand that the DU-CU and CU-Core MEC node deployments are not
suited to keep the latency at sufficiently low levels that allow the availability of the Machine Tools service.
Therefore, it is required the positioning of the MEC node between the RU and the DU nodes to reduce
the probability that the E2E latency is kept above the margin, and in some intense traffic scenarios the
latency may exceed the margin. 4G is not able to provide sufficiently low levels of the E2E latency to

guarantee the quality of the service, since the minimum 4G air latency is 8 ms.
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Figure 4.21 — Total node latencies for the AutoEuropa Factory scenario.

Figure 4.22 represents the individual latency contributions for each splitting option for the RU-DU MEC

node deployment in the AutoEuropa factory scenario.
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Figure 4.22 — Individual latency contributions for the RU-DU MEC node deployment in AutoEuropa.

The queuing latency takes low values, because the RU-DU MEC node deployment only adds queuing

delay in the RU and the MEC node, since the Edge technology is installed between the RU and the DU.
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The processing latency takes values between 0.05 ms and 0.08 ms, because packets for the simulated
factory automation service only have 10 bytes. The represented transmission latency of 0.16 ms exists
mainly due to the air transmission, because the link transmission adds very low packet delays, since the

links provide high throughputs.

4.4 E2E Distance Analysis

The E2E distance is calculated in the model, representing a result that indicates the maximum distance
from the user transmitter, in which the MEC node can be installed to keep the E2E latency below the
maximum value allowed for a certain service. In this section, results are presented in a graphical way in

a map, and in a numerical way through tables that show the maximum E2E distances.

Figure 4.23 represents the Maximum E2E distances in which the MEC node can be installed to

guarantee that the E2E latency is below the maximum allowed value for Santa Maria Hospital.
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Figure 4.23 — Santa Maria Hospital scenario maximum E2E distancies.

For this scenario only the Splitting Options 6, 7.2 and 8 are represented, because the circles from all
the splitting options are close to each other, since the Total Node Latency has similar values for all the

splitting options, which translates into similar maximum E2E distances.

Since the traffic that is considered is just a possible scenario, and the smallest radius of the circles is
15.0 km for the RU-DU MEC node deployment, the most viable implementation is to install the MEC
node in the hospital facilities, to reduce the probability of exceeding the maximum E2E latency. These
results are obtained due to the low maximum E2E latency limit of 1 ms, and also as consequence of the

size of the packet, since the air transmission corresponds to 62.5% of the maximum E2E latency.

Table 4.2 represents the maximum E2E distances for each MEC node deployment and splitting option
for Santa Maria Hospital, showing that when the MEC node is placed closer to the Core of the Network,
the maximum E2E distance is reduced, since the accumulated latency in the nodes due to the

processing, queuing and transmission takes higher values. The results shown in the map of the
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Figure 4.23 distance results are present in the second line of Table 4.2.

Table 4.2 — Santa Maria Hospital maximum E2E distances for each MEC node Deployment and

splitting option.

Maximum E2E distance [km]

MEC Node Deployment ) ) ) . .
) Split 8 Split 7.3 Split 7.2 Split 7.1 Split 6
Option
RU-DU 16.2 15.2 15.6 15.7 15.0
DU-CU 10.6 11.5 11.4 10.8 11.9
CU-Core 5.7 8.4 7.9 6.6 9.1

Figure 4.24 represents the Maximum E2E distance in which the MEC node can be installed to guarantee
that the E2E latency is below the maximum allowed value for the Espirito Santo Evora Hospital scenario.
For this scenario only the splitting option 7.2 is represented, which is the one that will be implemented
in 5G, because the map circles for the other splitting options are very close to the represented one,

since the E2E distance values are close to each other independently of the chosen option.

The maximum E2E distance shown in the map corresponds to 125.4 km, which exists due to the fact
that the maximum EZ2E latency for the External Remote Surgery is 3 ms, and the packet size defined for
the service is the same as the Santa Maria Hospital scenario, which keeps the transmission and

processing latencies low in comparison with the maximum allowed E2E latency.
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Figure 4.24 — Espirito Santo Evora Hospital scenario maximum E2E distance.

Table 4.3 represents the maximum E2E distances for each MEC node deployment and splitting option
for the Espirito Santo Evora Hospital scenario. As it is possible to understand from the analysis of the
table, the E2E distances increase around 10 km comparing the CU-Core with the RU-DU MEC Node
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Deployment Option, which happens due to the high priority of the service, that keeps queuing delays at

almost 0 ms and due to the small packet size, which results in a reduced packet processing time.

Table 4.3 — Espirito Santo Evora Hospital scenario maximum E2E distances for each MEC node

Deployment and splitting option.

Maximum E2E distance [km]
MEC Node Deployment ] ] ] ) )
) Split 8 Split 7.3 Split 7.2 Split 7.1 Split 6
Option
RU-DU 135.2 133.6 134.2 134.6 132.8
DU-CU 127.9 128.0 127.9 127.8 128.2
CU-Core 125.2 125.5 125.4 125.2 125.8

Figure 4.25 represents the Maximum E2E distance in which the MEC node can be installed to guarantee
that the E2E latency is below the maximum allowed value for the Urban ITS scenario with 60% of the
maximum traffic. The circles present in the map correspond to the splitting options 6, 7.2 and 8, and the
Split 6 and Split 8 correspond to the circles with the longest and shortest radius length, respectively.
The maximum E2E latency allowed for this service is 3 ms, which in the 90% of the maximum traffic

scenario results in shorter maximum E2E distances in comparison with the results shown in Figure 4.25.

———— split6
——— split 7.2
Split 8

Figure 4.25 — Urban ITS scenario (with 60% of the maximum traffic) maximum E2E distances.

Table 4.4 represents the maximum E2E distances for each MEC node deployment and splitting option
for the Urban ITS scenario (with 60% of the maximum traffic). The E2E distance gain, when comparing
the different MEC node deployment options, oscillates between 50 km (in Splitting Option 8) and 16 km
(in Splitting Option 6) because Spilit 8 is related to higher numbers of aggregated nodes, which generates
more queuing delay, in comparison with the other splitting options.
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Table 4.4 — Urban ITS scenario (with 60% of the maximum traffic) maximum E2E distances for each

MEC node Deployment and splitting option.

Maximum E2E distance [km]
MEC Node Deployment ) . ) . )
] Split 8 Split 7.3 Split 7.2 Split 7.1 Split 6
Option
RU-DU 195.3 192.0 192.7 192.7 193.1
DU-CU 164.7 181.4 179.1 172.4 185.4
CU-Core 142.1 170.9 166.6 155.8 177.0

Figure 4.26 represents the Maximum EZ2E distance in which the MEC node can be installed to guarantee
that the E2E latency is below the maximum allowed value for the A1 Highway scenario with 60% of the
maximum traffic. The maximum EZ2E latency value considered for this scenario is 3 ms. The E2E
distances presented in the map are between 62.0 km and 88.3 km for Splitting Option 8 and Splitting
Option 6, respectively. This difference exists because of the traffic aggregation, which increases the
queuing latency and reduces the maximum distance in which the MEC node can be deployed to keep

the latency below the maximum value allowed to perform the service.

[ |

Split 6
Split 7.1
Split 7.2
split 7.3
Split8

Figure 4.26 — A1 Highway scenario (with 60% of the maximum traffic) maximum E2E distances.

Table 4.5 represents the maximum E2E distances for each MEC node deployment and splitting option
for the A1 Highway scenario (with 60% of the maximum traffic). The different MEC Node deployment
options have significant maximum E2E distance differences due to the increase in the queuing and
processing time of the packets in the nodes. The differences in maximum E2E distances when
comparing the different splitting option exist due to the aggregation factor and the difference in the
number of functionalities processed in the nodes. The CU-Core deployment has an average maximum
E2E distance of approximately 60 km, which in a scenario with 90% of the maximum traffic can result in

a E2E latency that exceeds the maximum allowed value. After this observation, and the analysis of the
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latency results, the DU-CU deployment seems to be the best option in terms of achieving a balance

between the latency reduction and the MEC node complexity reduction.

Table 4.5 — A1 Highway scenario (with 60% of the maximum traffic) maximum E2E distances for each

MEC node Deployment and splitting option.

Maximum E2E distance [km]
MEC Node Deployment ) ) ) ) .
] Split 8 Split 7.3 Split 7.2 Split 7.1 Split 6
Option
RU-DU 103.9 101.2 101.8 101.7 102.4
DU-CU 62.0 81.9 77.0 71.3 88.3
CU-Core 36.2 68.7 60.7 51.9 78.3

Figure 4.27 represents the maximum EZ2E distance in which the MEC node can be installed to guarantee
that the E2E latency is below the maximum allowed value for the AutoEuropa Factory scenario. The
considered scenario has a low maximum allowed E2E latency value, in the order of 0.25 ms, delays that
can only be fulfilled with the RU-DU MEC node deployment. According to the obtained results the MEC
node should be deployed inside of the factory facilities in order to reduce the delay accumulation to fulfil

the strict service requirements.
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Figure 4.27 — AutoEuropa Factory scenario maximum E2E distances.

Table 4.6 represents the maximum E2E distances for each MEC node deployment and splitting option
for the AutoEuropa Factory scenario. The only MEC node Deployment option that can fulfil the latency
requirements of the factory automation services is the RU-DU deployment. This fact occurs mainly
because of the packet transmission, which corresponds to 64% of the maximum EZ2E latency, fact that

can be observed in Figure 4.22.
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Table 4.6 — AutoEuropa Factory scenario maximum E2E distances for each MEC node Deployment

and splitting option.

Maximum E2E distance [km]
MEC Node ] ] ) . )
. Split 8 Split 7.3 Split 7.2 Split 7.1 Split 6
Deployment Option
RU-DU 2.8 1.3 1.9 2.3 0.7
DU-CU Not Possible Not Possible Not Possible | Not Possible | Not Possible
CU-Core Not Possible Not Possible Not Possible | Not Possible | Not Possible

The obtained results show that 5G is able to provide enough capacity to guarantee URLLC services.
On the other hand, 4G results show that the system does not provide enough capacity to guarantee
URLLC services data rates, although it can be used to offload 5G in certain conditions.

To sum up the E2E distance and latency results, the best MEC node deployment option for the Santa
Maria Hospital scenario is between the RU and DU nodes, inside the hospital facilities, to reduce the
probability that the latency exceeds the maximum allowed values. The same results are shared by the
AutoEuropa factory, because the maximum E2E latency takes very low values, and therefore the MEC

node should be installed between the RU and DU inside the factory facilities.

To guarantee the Network Based Sensor Sharing service in the Al Highway scenario, one concludes
that the MEC node should be installed between the DU and the CU nodes, as close as possible to the
DU.

The Remote Driving in Avenida da Liberdade and External Remote Surgery in Espirito Santo Evora
Hospital services should be provided with latency values below the maximum allowed E2E latency if the
MEC nodes are deployed between the CU and the Core. Simulations show that this deployment is

enough to keep latency with values considerably below the margin in both scenarios.
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Chapter 5
Conclusions

This chapter finalises the thesis, compiling the main conclusions of the study.
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The main objective of this thesis was to analyse the different strategies to minimise the E2E latency in
4G and 5G networks. The strategies studied to achieve the Thesis objectives were MEC node
deployment options, different splitting options, different network architectures, and different available
radio techniques. In addition to the delays that packets from the different services suffer along the
network, it was also performed a study the throughputs that both 4G and 5G can offer to users, because

these capacities can also have an influence on E2E latency.

The first chapter contains a brief introduction to the work, by establishing a comparison between 4G and
5G in terms of capacity, availability and latency. This chapter also describes the importance of Edge
Computing technology and contains explanations about how this technology will be crucial to achieve
lower latencies than in the previous generations of mobile communication systems. After the previously

described overview, the motivation and the contents of the thesis are presented.

The second chapter of the thesis describes the fundamental aspects that are important to understand
the context in which the model was developed. It starts by differentiating the Non-standalone and
Standalone versions of 5G, because the first phase of 5G deployment focuses on eMBB, which can be
achieved using the 5G non-Standalone version, but URLLC services can only be provided to users with
the Standalone version. The radio interface is studied by giving a brief explanation of the TDD and FDD
modes and their impacts on latency, and afterwards, presenting the impacts of 5G numerologies and
frequency bands. Network Slicing and Virtualisation is a process that simultaneously reduces the
physical network resources and guarantee that the available network resources are used in a more
efficient way, which ultimately is an important tool for the evolution of the mobile communication
systems. loud Networks are described in order to understand the centralisation process and how the
4G network is installed with the RRH and the BBU located independently, and also how most of the
network functionalities are processed by the BBU, in a centralisation process. The Edge Network is a
useful technology in terms of latency reduction, since it moves network resources closer to the end user,
preventing further accumulated delays, and the several MEC node deployments along the 4G network
(which are used to create the mathematical model) are present in this chapter. After the Edge
Networking description, there is a characterisation of the NR system directions and services. The fifth
section describes latency in the network, containing a description of queuing, transmission, processing
and propagation latencies, and the comparison between 4G and 5G Transport Network architectures.
The state of the art is present in the end of the chapter, summarising the most relevant information

related to the thesis.

The third chapter of the thesis provides a detailed description of the developed model, namely its
mathematical formulation and its implementation. The assessment of the model is provided in the end
of the chapter. In the beginning, the input and output parameters of the program are identified, as well

as intermediate calculations and steps that the program performs.

The 5G network can be deployed following different architectures in which RU, DU and CU can be
collocated or independently deployed, and the MEC node can be deployed in different positions along
the network. After analysing the different network topologies, the latency is analysed from an individual

viewpoint, meaning that the text is developed to explain how each latency contribution is calculated in
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the model, and how the different contributions are aggregated to calculate E2E latency. After this
process, the document contains an explanation of the process that the program performs to calculate
the total node for each MEC node deployment option, by summing the latency contributions that are

accumulated along the network nodes and links in both 4G and 5G.

The model development also allows the radio and link throughput study, meaning that the different 4G
and 5G radio techniques and splitting options are described in this chapter and used in the simulations
to acquire realistic results. The studied 4G system frequency bands (2.6 GHz, 1.8 GHz, and 0.8 GHz)
use the FDD mode, but the studied 5G system band (3.5 GHz) uses TDD mode, which adds some

diversity to the expressions and the performed calculations.

A detailed explanation of the model implementation is given, using flowcharts to better illustrate the
program calculations and procedures, and the model assessment is performed, checking if each phase
of the program is functioning in the expect way. The model starts by reading as input parameters, the
network, the service and the user specifications and it stores the important variables to perform further
calculations. All radio throughputs and required throughputs, as well as intermediate calculations

required to obtain the final throughput and latency results are performed in the beginning of the program.

The analysed services, present in the service specifications, belong to the URRLC 5G direction in which
E2E latency requirements are stricter than in other provided services. These are the services that can
only be implemented by analysing different strategies that minimise the latency between the two

extremities of the network.

After calculating some initial latency contributions that are common to all network and MEC node
deployment options and architectures, the program proceeds to calculate all latency contributions
(depending on the MEC node deployment option and the simulated system) and after this phase it sums
all individual latency contributions (except the propagation latency), resulting in the total node latency.
The E2E distance is calculated using the Total Node Latency and the maximum E2E latency for a certain
service. This length corresponds to the maximum distance in which the MEC node can be installed
(using the transmitter site as a reference) and it is represented in a geographical map as a program
output, as well as the other variables calculated in the algorithm, such as the Total Node latency, link

throughputs, used throughputs, amongst others.

The fourth chapter presents the analysis of the results obtained as program outputs. Firstly, it defines
the scenarios under analysis, considering the RRHs location, traffic and capacity provided by NOS. The
considered scenarios are the implementation of Internal Remote Surgery inside the Santa Maria
Hospital in Lisbon, the implementation of the External Remote Surgery service for the Espirito Santo
Hospital in Evora, the implementation of Remote Driving in Avenida da Liberdade in Lisbon, the
implementation of the Network Based Sensor Sharing service in the Al Highway and the implementation

of the Factory Automation services in the AutoEuropa factory.

All the available splitting options and MEC node deployment options were tested for each scenario in
both 4G and 5G, to have a better understanding and analysis of the impact of each strategy in network

latency reduction, and to understand which techniques can be used to guarantee that each of the
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URLLC services can be implemented. The differences among each scenario are the traffic generated
in the RU/RRH and the aggregation factor, because a higher traffic density is expected in the areas with
higher mobile data usage. It is also important to mention that there are scenarios in which some of the
radio nodes are installed inside the facilities, like in the hospital and factory automation scenarios. In the
Urban ITS and Al Highway scenario, the radio nodes are installed in an outdoor environment, which
corresponds to a lower average CQI value, and consequently a lower 5G and 4G capacity, compared
with indoor radio nodes.

For indoor radio nodes, the average 5G capacity obtained in simulations is 723.39 Mbps in DL and
545.72 Mbps in UL, while in outdoor ones the average capacity is 508.15 Mbps and 383.34 Mbps,
respectively. The considered frame structure for 5G divides 57% of the frame for DL and the rest for UL,
which is important to guarantee enough capacity for the services. It is important to refer that this is not
the usual frame structure, but according to NOS, NR will have a flexible frame structure regime, which

generates the possibility of having this frame split.

For the indoor capacity, the program calculates an average DL throughput of 60.93 Mbps and an UL
one of 15.72 Mbps. The outdoor capacity provided by LTE depends on the frequency bands with which
the site works; for example, the Avenida da Liberdade site works with the 2600 MHz, 1800 MHz and
800 MHz frequency bands, while the A1 Highway site works with the 1800 MHz and 800 MHz bands.

On the other hand, one considers that the other outdoor sites work only with the 2600 MHz band, which
represents a DL capacity of 39.44 Mbps and a UL one of 10.32 Mbps. The calculated LTE capacity in
the Urban ITS scenario is 98.6 Mbps and 25.8 Mbps, for DL and UL respectively, while in the Al
Highway scenario it is 59.16 Mbps and 15.48 Mbps, for DL and UL respectively.

The obtained results show that 5G is able to provide enough capacity to guarantee URLLC services.
On the other hand, 4G results show that the system does not provide enough capacity to guarantee

URLLC services data rates, although it can be used to offload 5G.

For the hospital and factory scenarios one considered a fixed network traffic, unlike the Urban ITS and
Al Highway scenarios, in which three different usage scenarios (having also into account the increase
in the URLLC services usage along the years) were considered: 30%, 60 and 90% of the usage traffic.
For the Santa Maria Hospital scenario, the required throughputs in DL and UL are 295.18 Mbps and

197.79 Mbps, respectively, which are below the radio node capacity.

For the Espirito Santo Hospital scenario, the required throughputs in DL and UL are 205.5 Mbps and
89.12 Mbps, respectively, for the site inside the hospital, and for the site outside the hospital DL and UL
required throughputs are 179.58 Mbps and 117.50 Mbps, respectively. As it is possible to understand
by comparing the required throughputs with the 5G indoor and outdoor capacities, the NR system can

provide capacity for the remote surgery service in different scenarios.

For the Urban ITS scenario with 60% of the maximum traffic, the required throughputs in DL and UL are
418.69 Mbps and 451.8 Mbps, respectively, for both the remote driver and passenger sites since the

environments in which the RU/RRHSs are installed are similar.

For the A1 Highway scenario with 60% of the maximum traffic the required throughputs in the DL and

80



UL are 463.56 Mbps and 459.82 Mbps, respectively. Although the simulated NR capacity is not enough
to guarantee the Remote Driving and the Network Based Sensor Sharing services in the scenarios, the
considered required data rates for the services were in the highest range of the possible values, meaning
that on average the required throughputs will be lower, and therefore 5G sites are expected to be able
to provide these services. For the AutoEuropa Factory scenario, the required throughputs in DL and UL
are 256.92 Mbps and 197.28 Mbps, respectively.

After analysing the previous results, one can conclude that NR can provide capacity for the factory
automation services in different scenarios. The analysis of the radio capacities and requirements for
both systems is followed by latency studies. An E2E latency study is presented with a consequent E2E
distance analysis and a latency contribution study of the queuing, processing, transmission, and
maximum propagation latencies. It is important to refer that these studies are only performed for the

best considered MEC node deployment option, after the total node latency analysis.

The obtained results mixed with the information available in papers leads to values in the 8 ms to 20 ms
range for the RRH-BBU MEC node deployment and values in the 10 ms to 26 ms range for the BBU-
Core MEC node deployment.

For the Santa Maria scenario, it is possible to conclude that the best MEC node deployment option is
between the RU and the DU, and even with this implementation it is possible for the E2E latency to
exceed the maximum allowed latency for the service in some intense traffic scenarios. Therefore,
although there is a margin between the calculated Total Node latency and the maximum E2E latency
that generates a maximum E2E distance of approximately 15 km, it is advised that the MEC node is
installed inside the hospital, to prevent the latency increase under certain circumstances. With this MEC
node deployment, the impact of the splitting options choice is reduced, because the traffic that generates
the queuing delay is only present in the RU/RRH node.

Since the service has a high priority in the network the queuing delays are almost inexistant, and since
the considered packets are very small, the obtained processing delays are close to 0.1 ms. The

transmission delays are the ones that add more latency to the packets.

For the Espirito Santo Hospital scenario it is possible to conclude that the best MEC node deployment
option is between the CU and the Network Core, which still presents a considerable latency margin
because the calculated Total Node latency of about 0.9 ms is lower than the maximum E2E latency of
3 ms, which results in a high E2E distance length of approximately 125 km for all splitting options.
Considering that the service has a high priority in the network, queuing delays are almost inexistant, and
since the considered packets are very small, the obtained processing delays are close to 0.25 ms. The

transmission delays are the ones that add more latency to packets.

For the Urban ITS scenario, one can conclude that the best MEC node deployment option is also
between the CU and the Network Core, because even for intense network usage scenarios (90% of the
maximum traffic) the Total Node latency is considerably below the maximum allowed Remote Driving
E2E latency of 5 ms.

The processing delays are approximately 0.67 ms and the queuing delays are in the 0.34 ms to 0.93 ms
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range. Since the maximum allowed E2E latency is 5 ms, and the Total node latencies for the most
favourable MEC node deployment option are between 2.04 ms and 2.63 ms the maximum E2E
distances are between 142.1 km and 177.0 km, meaning that the MEC nodes can be installed in other

city and still provide coverage to Lisbon.

For the Al Highway scenario, one can conclude that the best MEC node deployment option is between
the DU and the CU, because even for intense network usage scenarios (90% of the maximum traffic)
the total node latency is considerably below the maximum allowed Network Based Sensor Sharing E2E
latency of 5 ms, which does not occur for the deployment between the CU and the Core. After analysing
the transmission, processing, and queuing latencies, it is possible to conclude that the transmission
latency is responsible for most of the packet delay, followed by the queuing latency with values between

0.80 ms and 0.35 ms, and the processing latency with delay values in the order of 0.36 ms.

For the AutoEuropa factory scenario, one can conclude that the best and only possible MEC node
deployment option is between the RU and the DU, since the other options exceed the maximum allowed
E2E latency. After analysing the transmission, processing and queuing latencies, it is possible to
conclude that the transmission latency is responsible for most of the packet delay with fixed values of
0.16 ms, followed by the processing latency with values between 0.05 ms and 0.07 ms, and the queuing
latency with almost inexistent delays since the only node in which the packet can be queued is the RU,
and the factory automation service has also a high priority service. The E2E distance calculated for the
best considered MEC node deployment are low, which leads to the conclusion that the MEC node needs

to be installed inside the factory facilities to guarantee the minimum delay.

Regarding future work, the performed simulations should be able to achieve better accuracy in terms of
results when the processing capacity of the 5G network nodes is known, as well as traffic profiles from
the future URLLC services, which is unpredictable based on the currently available information. The
used model is a packet-based one, in which the E2E latency studied for 5G is calculated based on a
reference packet instead of time frames. The processing delays were calculated based on the number
of functionalities in the nodes and the packet size, which is an approximation that can be improved if the
RU, DU, CU and MEC node processing capacities were known and studied. The model only allows the
implementation of one architecture, but it should be able to simulate a hybrid architecture to obtain more

realistic results and be adapted to all possible network deployments.
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Annex A

User's Manual

This Annex presents the detailed instructions on how to run a simulation and configure the

parameters.
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A.1 Run the Simulator

The simulator was developed in a Matlab environment, it was used an 2019a version with the most

common Matlab toolboxes.

To run the model simulator, first it is necessary to configure the Network_specification.xIsx,
User_specification.xlsx and Service_specification.xIsx files which contain definition of the input

parameters to run the simulator.

After configurating the specification parameters, one should be able to run the simulator by running the

script “main.m” in the Latency_Program folder.

When the simulator finish, the output variables will be in the Output_File in the Latency_Program folder.

A.2 Simulator Configuration

The input parameters allow the program user to change the characteristics of the network and the nodes
for the simulations. In this annex it is explained how these parameters can be configured to simulate

specific scenarios. Table A.1 explains the configuration of the network specification parameters of the

excel files.
Table A.1 — Network Specifications input parameters definition.
0 4G architecture with the independent RRH and BBU.
1 5G architecture with independent RU, DU and CU.
NA (Network Architecture) 2 5G architecture with collocated RU and DU.
3 5G architecture with collocated DU and CU.
4 5G architecture with collocated RU, DU and CU.
0 No MEC for both 4G and 5G systems.
MEC node between the BBU and the Core or between
1 the CU and the Core for the 4G and the 5G systems,
respectively.
MEC (MEC node Deployment
Option) MEC node between the RRH and the BBU or between
2 the DU and the CU for the 4G and the 5G systems,
respectively.
3 MEC node between the RU and the DU for the 5G
system.
0 Optical Fibre links.
NL (Network Link Type)
1 High-Capacity Microwave links.
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8 Splitting Option 8.
FH1 /FH2 7.3 Splitting Option 7.3.
(Splitting options in the 7.2 Splitting Option 7.2.
transmitter and receiver
sides) 7.1 Splitting Option 7.1.
6 Splitting Option 6.
MH1/MH2 2 Splitting Option 2 in the MH.
Backhaul link capacity (BH1 is the capacity on the transmitter
BH1/BH2 side and BH2 is the capacity on the receiver side). The used
capacity in the simulations is 25 Gbps.
Transport link capacity (TL1 is the capacity on the transmitter
TLL/TL2 side and TL2 is the capacity on the receiver side). The used
capacity in the simulations is 100 Gbps.
MM1/MM2 Number of MIMO layers in the transmitter and receiver sides.
Numerology used in the transmitter and receiver sides. The used
NP1/NP2 value in the simulations is O for the 4G system and 1 for the 5G
system.
BW1/BW2 System bandwidths in the transmitter and receiver sides.
Average channel quality indicators in the transmitter and receiver
CQ1/CQ2 sides (between 1 and 15).
Scaling factors for the 5G system in the transmitter and receiver
SF1/SF2 . . . : )
sides. The used value in the simulations is g.

FS/DUR1 or FS/DUR2

Frame structure (for the 5G TDD band) or Downlink usage ratio
(for the 4G FDD band).

AF1/UURL1 or AF2/UUR2

Average Factor (for the 5G TDD band) or Uplink usage ratio (for
the 4G FDD band).

SV List

List of the simulated services with the packet size, priority,
latency adaptation parameter and link type.

Table A.2 explains the configuration of the user specification parameters of the excel files.

Table A.2 — User specification input parameters definition.

DT1/DT2

Distances between the UEs and the radio node in the transmitter

and receiver sides.

us

Service to be simulated (between 1 and 17).

NRUU_Tx/NRUU_Rx

Number of users actively connected to the RU/RRH in the
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transmitter and receiver side.

List of RU_Tx/RU_Rx

List of the percentages of the users actively connected to the

RU/RRH in the transmitter and receiver sides.

NDUU_Tx/NDUU_Rx

Number of users actively connected to the DU in the transmitter

and receiver sides.

List of DU_Tx/DU_Rx

List of the percentages of the users actively connected to the DU

in the transmitter and receiver sides.

NCUU_Tx/NCUU_Rx

Number of users actively connected to the CU/BBU in the

transmitter side in the transmitter and receiver sides.

List of CU_Tx/CU_RXx

List of the percentages of the users actively connected to the

CU/BBU in the transmitter and receiver sides.

Table A.3 explains the configuration of the service specification parameters of the excel files.

Table A.3 — Service specification input parameters definition.

List of Services

List of services that contains the required data rates and the

maximum allowed E2E latencies for each service in the list.

86




Annex B

4G and 5G services

This Annex presents the requirements that 4G and 5G systems need to fulfil in order to provide the
URLLC services. This Annex presents the detailed instructions on how to run a simulation and

configure the parameters
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Table B.1 — Service requirements.

File . . Packet
Service Service | Size buration | Service | atency ggtg Size Priorit References
[min] ms] y
Group [MB] Class [ [Mbps] [B]
Int. Cont. | _ 30 1 0.512 20
Manip.
Vid. Str. - 30 100 10 188 [IMJLO2]
Rem_ COI"IV.
Surg Hap URLLC 1 [IAIH18]
) ) - 30 3 0.400 20
Feed. [QIGZ18]
Ext.
Cont. - 30 3 0.512 20
Manip
Traffic | 35 - 100 2 300
Info. Conv.
Rem. i URLLC [ALTI20]
ITS Driv. 0.36 5 25 1600 2
eMBB [3GPP18a]
Net. Bas.
Sen. 0.36 - 3 20 1000
Shar.
Mach. | 1g - 0.25 1 10
Tools
Fact. I\I;;Q:] 018 i Conv. 1 1 30 ) [PSMM17]
Auto. ' URLLC [IAIH18]
Pack.
0.18 - 2.5 1 15
Mach.
Stream.
- Aug. - 30 15 600 650 4 [Qual18]
Real. URLLC
- Voice - 2.0 Conv. 100 0.032 218 3 [SeDo19]
Video
- - 30 Conv. 150 2 800 5 [SeDo19]
Conf.
- o eb 1 35 : Interac. | 300 0.5 512 9 [SeDo19]
row.
- Email 0.5 - Back. 300 0.512 128 12 [SeDo19]
Soc.
- 30 - Interac. 300 2 1000 8 [SeDo19]
Net.
File
- 5.0 - Interac. 300 1 4096 10 [SeDo19]
Transfer

88




Annex C

Latency Contributions

Description

This Annex presents a description of the latency contributions accumulated along the network.
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Table C.1 — Latency contributions description.

Latency
Parameter

Description

8UE_TX' SUE_Rx

The 8y 1, represents the accumulated latency in the UE in the transmission,
which accounts for the processing and transmission delays to the Air link. The
Suk rx represents the accumulated latency in the UE in the reception, which

accounts for the processing in the terminal.

6AL_Txr 6AL_Rx

The 8,4, 1, accounts for the air link propagation latency in the transmitter side, and

the 8,4, r, accounts for the air link propagation latency in the receiver side.

8RU_Tx' SRU_Rx

or

6RRH_TX' SRRH_RX

The Sry 1x/8rrH T+ represents the accumulated latency in the RU/RRH in the
transmitter side, which accounts for the processing, queuing and transmission to
the FH link delays. The 8zy rx/Srru rx represents the accumulated latency in the

RU/RRH in the receiver side, which accounts for the processing, queuing, and

transmission to the Air Link delays.

6FH_TX' SFH_Rx

The 6¢y 7, accounts for the propagation latency in the FH at the transmitter side,
and the &y g, accounts for the propagation latency in the FH at the receiver side.
Both the 8¢y 1 and 8zy g, can be from the RU to the MEC node, or from the RU

to the DU and vice versa, depending on the considered side.

8DU_Tx' 8DU_RX

The 8py 4 represents the accumulated latency in the DU in the transmitter side,
which accounts for the processing, queuing, and transmission to the MH link
delays. The 8y g, represents the accumulated latency in the DU in the receiver
side, which accounts for the processing, queuing, and transmission to the FH Link

delays.

8MH_Tx' 8MH_Rx

The 6y 1, accounts for the propagation latency in the MH at the transmitter side,
and the &y g, accounts for the propagation latency in the MH at the receiver
side. Both the &y 1, and 8, r, can be from the DU to the MEC node, or from

the DU to the CU and vice versa, depending on the considered side.

SCU,TXl SCU,Rx

or

SBBU,TXl SBBU,Rx

The 8¢y rx/Os5u T rEPresents the accumulated latency in the CU/BBU in the
transmitter side, which accounts for the processing, queuing, and transmission to
the BH link delays. The 8.y ry/8s5u rx represents the accumulated latency in the

CU/BBU in the receiver side, which accounts for the processing, queuing, and
transmission to the MH Link delays in the CU case, and to the FH Link in the BBU

case.
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SBH_Tx' SBH_Rx

The &y r, accounts for the propagation latency in the BH at the transmitter side,
and the &gy r, accounts for the propagation latency in the BH at the receiver side.
Both the 83y 1, and Sy g, Can be from the CU to the MEC node, or from the CU

to the Core and vice versa, depending on the considered side.

SCore_Tx' SCore_Rx

The 8¢ore 7 represents the accumulated latency in the Core in the transmitter
side, which accounts for the processing and transmission to the Transport link
delays. The 8., rx represents the accumulated latency in the Core in the
receiver side, which accounts for the processing and transmission to the BH Link

delays.

8 TL_Tx» 8 TL_Rx

The 67, 1, accounts for the propagation latency in the Transport Link at the
transmitter side, and the 65, g, accounts for the propagation latency in the

Transport Link at the receiver side.

(SEDC

The &;p¢ accounts for the processing delay in the EDC and the transmission delay

to the Transport Link on the receiver side.

8MEC

The 8,5 accounts for the processing in the MEC node and the transmission

delay to the Link on the receiver side, depending on the MEC node positioning.
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Annex D

Data Centre and MEC node

processing latency

This Annex presents a graphic with the considered data centre and MEC node processing delays for a

single functionality.
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Figure D.1 — Data Centre and MEC node processing latency for a single functionality.
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Annex E

Latency Adaptation Parameter

This Annex presents a table with the considered latency adaptation parameter for each service.
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Table E.1 — Latency adaptation parameter.

Service Service Number Plat
Internal Control 1
. : 1 -
Manipulations 100
Video Streaming 2 1
. 3
Haptic Feedback 3 -
100
External Control 3
. ; 4 -
Manipulations 100
Traffic Information 5 1
L 1
Remote Driving 6 _
20
Network Based Sensor 3
. 7 -
Sharing 100
Machine Tools 8 —
10
- . 4
Printing Machines 8 —
10
Packaging Machines 10 1
Augmented Reality 11 1
Voice 12 1
Video Conference 13 1
Web Browsing 14 1
Email 15 1
Social Networking 16 1
File Transfer 17 1
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Annex F

4G and 5G Link Throughputs

This Annex presents the 4G and 5G link throughputs for the reference scenarios depending on the

splitting option.
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Table F.1 — 4G and 5G link throughputs depending on the splitting options.

Splitting Option

Link Throughput

Reference Values

Option 8 — 4G

(30 kHz of Subcarrier spacing as
reference)

DL: 157.3 Gbps

S,:30.72
Ny: 32
Ny: 32

UL: 157.3 Gbps

S,:30.72
Ny: 32
Ny: 32

Option 8 - 5G

(30 kHz of Subcarrier spacing as
reference)

DL: 157.3 Gbps

S,:30.72
Ny: 32
Ny: 32

UL: 157.3 Gbps

S,:30.72
Ny: 32
Ny: 32

7.3

Option 7

(30 kHz of

DL: 5.9 Gbps

Ng¢: 3276 (Ngg * 12 subcarriers)
Ngy: 14
Ny: 8
N.: 7
MACi s, 713.9

UL: 7.5 Gbps

Ngc: 3276
Ngy: 14
Ny: 8
N;: 10
MACiz, : 120

Subcarrier
spacing as

reference)

7.2

DL: 5.3 Gbps

Ngc: 3276 (Ngg * 12 subcarriers)
Ngy: 14
Ny: 8
N.: 7
MACy, - 121

UL: 29.4 Gbps

Ng¢: 3276 (Ngg * 12 subcarriers)
Ngy: 14
Ny: 32
Ny: 10
MACis, - 80
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7.1

DL: Same as option 7.3

Same as option 7.3

UL: Same as option 7.2

Same as option 7.2

Option 6

(250 Mbps of throughput as
reference)

DL: 6.8 Gbps

R,: 250
R:.:5
B: 100
B.: 20
N,:8
Npc:2
M: 256
M.: 64

UL: 8.4 Gbps

R,: 96
R, 44
B: 100
B.: 20
N,: 8
Npyc: 1
M: 64
M.: 16

Option 2

(250 Mbps of throughput as

reference)

DL: 6.7 Gbps

R,: 250
B: 100
B.: 20
N,: 8
Npc:2
M: 256
M,: 64

UL: 5.0 Gbps

R,:83
B:100
B.: 20
N,: 8
Npc:l
M: 64
M.: 16

98




Annex G

Target Code Rate R for the 4G

system

This Annex presents the target code rate for the 4G system.
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Table G.1 — R parameter for 4G radio throughput (extracted from [3GPP17]).

CQIl Index Modulation Order R parameter Spectral Efficiency

0 Out of Range

1 2 0.076 0.152
2 2 0.117 0.234
3 2 0.188 0.377
4 2 0.301 0.602
5 2 0.438 0.877
6 2 0.588 1.176
7 4 0.369 1.477
8 4 0.479 1.914
9 4 0.602 2.406
10 6 0.455 2.731
11 6 0.554 3.322
12 6 0.650 3.902
13 6 0.754 4523
14 6 0.853 5.115
15 6 0.926 5.555
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Annex H

Target Code Rate R for the 5G

system

This Annex presents the target code rate for the 5G system.
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Table H.1 — R parameter for 5G radio throughput (extracted from [ETSI18d]).

CQI Index Modulation Order R parameter Spectral Efficiency

0 Out of Range

1 2 0.076 0.152
2 2 0.188 0.377
3 2 0.438 0.877
4 4 0.369 1.477
5 4 0.479 1.914
6 4 0.602 2.406
7 6 0.455 2.731
8 6 0.554 3.322
9 6 0.650 3.902
10 6 0.754 4.523
11 6 0.853 5.115
12 8 0.694 5.555
13 8 0.778 6.227
14 8 0.864 6.914
15 8 0.926 7.406
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Annex |

5G TDD slot formats

This Annex presents the 5G system TDD slot formats including the configurations with the Flexible frame
F.
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Table 1.1 — 5G TDD slot formats.

0.93
0.86
0.07
0.14
0.21
0.29
0.36
0.43

0.93
0.93
0.93
0.86
0.86
0.86
0.79
0.79
0.79
0.93
0.93
0.93
0.86
0.86
0.86
0.14
0.21
0.29
0.21
0.28
0.36
0.29
0.36
0.43
0.93
0.86
0.57
0.86
0.43
0.29
0.86
0.57
0.43
0.86

Slot in the UL | Slot in the DL |

0.07
0.14
0.21
0.29
0.36

0.93
0.86
0.79
0.93
0.86
0.79
0.93
0.86
0.79
0.93
0.86
0.79
0.14
0.21
0.29
0.21
0.29
0.36
0.93
0.86
0.79
0.93
0.86
0.79
0.93
0.86
0.79
0.36
0.57
0.57
0.29
0.71
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0.43
0.71
0.86
0.86
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U
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U
U
U
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U
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D
F
D
F
F
U
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U
U
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U
U
U
F

F

F

F

D

D
D

D

ujujuju

ujujuju

F
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7
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F

F

F

F
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ujujujujujuju]lu
ujujujujujuju]lu

F

vujuvujujujujujulu

F

F

F

Uujlujujulu

F

U

U

F

E
D

D

F
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D/ D/ D|D|D|D|D|D|D]|D

D/ D/ D|D|D|D|D|D|D]|D

D/ D/ D|D|D|D|D|D|D]|D

D/ D/ D|D|D|D|D|D|D]|D
D/ D/ D|D|D|D|D|D]|D

F
F

D|D|D

D|D|D

D|D|D

D|D|D

D/ D) D|D|D|D|D|D|D]|D
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Annex J

Relevant Data for the

Scenarios

This Annex presents the relevant data to generate the input traffic for each studied scenario. This Annex

presents the simulated traffic for each studied scenario.
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Table J.1 — Link type and UE distances for the simulated scenarios.

Scenario Link Type Tx UE distance [m] Rx UE distance [m]
Sta. Maria Hospital Optical Fibre 200 200
Espirito Santo de ] .
3 . Optical Fibre 200 800
Evora Hospital
Al Highway ITS Optical Fibre 700 700
Urban ITS Optical Fibre 300 300
AutoEuropa Factory Optical Fibre 200 200
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Annex K

Reference Scenario

Configuration

This Annex presents the simulated traffic for each studied scenario. This Annex presents the simulated
radio techniques for each studied scenario.
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Table K.1 — Average number of users per node (both receiver and transmitter sides) on the Santa

Maria Hospital scenario.

Splitting Option RU/RRH DU Cu BBU
8 200 1200 6000 7000

7.3 200 700 3500 -

7.2 200 800 4000 -

7.1 200 1000 5000 -

6 200 600 3000 -

Table K.2 — Santa Maria Hospital scenario receiver and transmitter RU/RRH service mix.

NB.
. L lv. | H|E |T]|R M. | PT. | PK. | A V. | w. s. | F

Sevice | ~m |sm|FB|cM | IF | DV SS TL | mc | mc |RT | VC | crlBw | EM | nw | TF
RU

Service | 8 |10/10] 2 |o|o| o |o| o] o|ol|3|3]|15|7|11]3

mix [%)]

DU

Service | 6 | 8 | 8| 2 |12l 2| 5 |0 o] o|o|3|2]|10|6]7]|2

mix [%6]

CU/BBU

Service 5 8 8 3 10 1 4 1 1 1 0 32 2 5 4 14 1

mix [%6]

Table K.3 — Average number of users per node on the Espirito Santo de Evora Hospital scenario.

Sggg;”ng RLFJQ/%CF'QH RE?F?FSQH Rec. DU | Trans.DU | Rec. CU | Trans. CU Eg% Té%rbs'
8 200 200 800 1000 3000 3000 4000 4000
73 200 200 550 600 1800 1800 i i
72 200 200 600 650 2000 2000 i §
71 200 200 700 800 2400 2400 i §
6 200 200 350 400 1200 1200 i §
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Table K.4 — Espirito Santo de Evora Hospital scenario transmitter RU/RRH service mix.

NB.
. Llv. | H|E |T|R M. | PT. | PK. | A V. | W s. | F

Sevice oM Ism|FB|cM| IF | DV 2 TL | mc | Mc |RT|VC | ck|Bw | EM | nw | TF

Transmitter

RURRH | 5 | 5 1 5] 2 lo|lo|o|o|lo|o|o|3|3|2]|7]|15]2

Service mix

[%0]

Receiver

RU/RRH

comicore | 0 11| 1100|100 | 0|0 4|2 2|6 1|2
[%0]

Transmitter

DUService | 3 | 4 | 4| 1 |14 1|5 |0 ol o] 2|3 |5|15]|5]10]1
mix [%]

Receiver

bUsenice | 0 | 1| 1] 1 |10| 2|6 |0|0]|0]o0|3]|5|13|5]|12]|5
mix [%]

CU/BBU

Service mix 1 2 2 1 12 2 6 2 2 2 1 33 2 17 3 10 2
[%0]

Table K.5 — Average number of users per node on the Urban ITS scenario for 30 %, 60 % and 90% of

network usage.

Splitting Option RU/RRH DU Cu BBU
100 1000 3000 3500
8 200 2000 6000 7000
300 3000 9000 10500
100 400 1200 -
7.3 200 800 2400 -
300 1200 3600 -
100 500 1500 -
7.2 200 1000 3000 -
300 1500 4500 -
100 700 2100 -
7.1 200 1400 4200 -
300 2100 6300 -
100 300 900 -
6 200 600 1800 -
300 900 2700 -
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Table K.6 — Urban ITS scenario RU (both transmitter and receiver sides) service mix.

NB.

. Llv. |H|E |T|R M. | PT. | PK. | A. V. | w. s. | F
Sevice | oM | sm|FB|cMm| IF | DV 2 1L | Mc | mMc |RT|VC | cr|Bw | EM | nw | TF
RU
Service | 0 | 0|0 | o |15/ 2| 7 ol o|o|ola|1|12]5/|14]-2
mix [%6]

DU
Service 4 8 8 4 10 1 4 0 0 0 0 34 2 9 4 10 2
mix [%6]
CU/BBU
Service | 3 | 6 | 6| 3 |6 |14 |1l 1]|1]|0la|s5]|5]|3]10]1
mix [%]

Table K.7 — Average number of users per node on the A1 Highway for 30 %, 60 % and 90 % of the

network usage.

Splitting Option RU/RRH DU Cu BBU
100 800 2400 3000
8 200 1600 4800 6000
300 2400 7200 9000
100 400 1200 -
7.3 200 800 2400 -
300 1200 3600 -
100 500 1500 -
7.2 200 1000 3000 -
300 1500 4500 -
100 600 1800 -
7.1 200 1200 3600 -
300 1800 5400 -
100 300 900 -
6 200 600 1800 -
300 900 2700 -

110




Table K.8 — Al Highway scenario RU (transmitter and receiver) service mix.

NB.

. . V. H. E. T. R. M. | PT. | PK. | A. V. | W. S. F.
Semice | cm | sm |FB | CcM| IF | DV Sé TL | Mc | Mc | RT [ VC | cr|Bw | EM | nw | TF
RRH/RU
Service 0 0 0 0 9 1 9 0 0 0 0 40| O 17 | 11 | 11 2
mix [%]

DU
Service 0 1 1 1 11 2 11 0 0 0 0 41 2 11 8 9 2
mix [%]
cu/BBU
Service 2 4 4 2 17 1 6 2 2 2 1 35 2 7 5 7 1
mix [%]
Table K.9 — Average number of users per node on the AutoEuropa factory scenario.
Splitting Option RU/RRH DU CuU BBU
8 300 1200 3600 4000
7.3 300 700 2100 -
7.2 300 900 2700 -
7.1 300 1000 3000 -
6 300 600 1800 -
Table K.10 — AutoEuropa factory scenario RU (on both the transmitter and receiver side) service mix.
| \ H E T R NB. M. | PT. | PK. | A V W S F

Semice | M| sm|FB|CM| IF | DV SS 7L | Mc | Mc | RT|VC | crlBw | M | nw | TF

RU

Service 0 0 0 0 0 0 0 |20 10| 10| O |20 |10| 10| 10| 10 | O

mix [%6]

DU

Service 0 0 0 0 10 | 1 5 22| 8 8 0 |20 ]| 7 6 6 6 1

mix [%6]

cu/BBU

Service 2 4 4 2 14 | 2 7 20| 6 6 0 |20 | 3 3 3 3 1

mix [%6]
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Annex L

Radio Characteristics

Configuration

This Annex presents the simulated radio techniques for each studied scenario.
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Table L.1 — 4G Radio Characteristics for each scenario.

4G scenario MIMO Numerolo Bandwidth Average DL Usage UL Usage
layers 9y [MHz] CQl Ratio Ratio
Santa Maria Hospital 4 20 12 0.31 0.08
Aveiro Outdoor 2 20 9 0.65 0.17
Espirito Santq de Aveiro 4 20 12 0.31 0.08
Hospital
Al Highway (LTE 800) 2 10 9 0.65 0.17
Al Highway (LTE 1800) 2 20 9 0.65 0.17
Avenida da Liberdade
(LTE 800) 2 10 9 0.65 0.17
Avenida da Liberdade
(LTE 1800) 2 20 9 0.65 0.17
Avenida da Liberdade
(LTE 2600) 2 20 9 0.65 0.17
AutoEuropa factory 4 20 12 0.31 0.08
Table L.2 — 5G Radio Characteristics for each scenario.
Bandwidth
Scenario :VHMO Numerology CQl Scaling Factor DL Frame | Average
ayers [MHZ] Structure Factor
Santa Maria 4 1 100 12 1 0.57 0.7
Hospital
Espirito Santo de 4 1 100 12 1 0.57 07
Aveiro Hospital
Aveiro Outdoor 4 1 100 9 1 0.57 0.7
Al Highway 4 1 100 9 1 0.57 0.7
Avenida da
Liberdade 4 1 100 9 1 0.57 0.7
AutoEuropa 4 1 100 12 1 0.57 0.7
factory
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Annex M

Urban ITS and Al Highway

Scenarios

This Annex presents the results obtained for the Urban ITS and the Al Highway scenarios with 30%

and 90% of the maximum traffic.
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Figure M.1 — RRH/RU throughputs for the Urban ITS scenario with 30% of the maximum traffic.
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Figure M.2 — RRH/RU throughputs for the Urban ITS scenario with 90% of the maximum traffic.
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Figure M.3 — RRH/RU throughputs for the Al Highway scenario with 30% of the maximum traffic.
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Figure M.4 — RRH/RU throughputs for the A1 Highway scenario with 90% of the maximum traffic.
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Figure M.5 — Latency results for the Urban ITS scenario with 30% of the maximum traffic.
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Figure M.6 — Latency results for the Urban ITS scenario with 90% of the maximum traffic.

116



3.5

M
ha w w

Total Node Latency [ms]

RU-DU

DU-CU
MEC node deployment

CU-Core

—e—Split 8
—o—Split 7.3
Split 7.2
Split 7.1
—e— Split 6
—e— Max. E2E latency

- o —Margin

Figure M.7 — Latency results for the A1 Highway scenario with 30% of the maximum traffic.
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Figure M.8 — Latency results for the A1 Highway scenario with 90% of the maximum traffic.
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Annex N

MEC node Coverage

This Annex presents the coverage provided to other hospitals by the MEC node installed in the Santa

Maria Hospital and the coverage provided by the MEC nodes installed along the A1 Highway.
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Figure N.1 — Santa Maria scenario MEC node coverage.

Table N.1 — Santa Maria scenario MEC node coverage hospitals list.

Hospital List

Trofa Saude Loures
Hospital Beatriz Angelo
Hospital do Mar

Hospital SAMS
Hospital CUF Descobertas
Centro Hospitalar Psiquiatrico de Lisbhoa
Hospital Pulido Valente

Hospital das For¢cas Armadas

Trofa Saude Amadora
Hospital Curry Cabral
Hospital da Luz Oeiras
Hospital Professor Dr. Fernando Fonseca
Instituto de Oncologia Francisco Gentil
Hospital da Cruz Vermelha
Maternidade Alfredo da Costa
Hospital Dona Estefania
Hospital Santo Anténio dos Capuchos
Hospital Sao José
Hospital St. Louis
CUEF Infante Santo
Hospital S0 Francisco Xavier
Hospital Santa Cruz
Hospital Egas Moniz
Hospital da Ordem Terceira Chiado
Hospital da Nossa Senhora do Rosario
Hospital Garcia da Orta
Hospital de Jesus
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Figure N.2 — Al Highway MEC node coverage.
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