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ARTICLE INFO ABSTRACT

Keywords: This paper analyzes current standardization situation of 5G and the role network softwarization plays in order to
5G address the challenges the new generation of mobile networks must face. This paper surveys recent
NFV documentation from the main stakeholders to pick out the use cases, scenarios and emerging vertical sectors
SDN that will be enabled by 5G technologies, and to identify future high-level service requirements. Driven by those
gaE:dar dization service requirements 5G systems will support diverse radio access technology scenarios, meet end-to-end user

experienced requirements and provide capability of flexible network deployment and efficient operations. Then,
based on the identified requirements, the paper overviews the main 5G technology trends and design principles
to address them. In particular, the paper emphasizes the role played by three main technologies, namely SDN,
NFV and MEC, and analyzes the main open issues of these technologies in relation to 5G.

1. Introduction

The evolution of mobile communications and its integration in the
daily life of the whole society has an obvious influence over the
economic and social development in the last years. This influence has
turned the design of 5G architecture into one of the pillars of the future
2020 society, as it is intended to support a very wide range of
innovative services. 5G will create an ecosystem for technical and
business innovation involving vertical markets such as automotive,
energy or healthcare and will enable competitive advantages for
industry. In consequence, 5G must face up to new demands such as
growing traffic volume and service complexity, higher quality of user
experience, increasing number and heterogeneity of devices and better
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affordability by further cost reduction. At the same time, there is the
requirement to access those services ubiquitously, while the demand
for integration and convergence is intensifying.

In this context, new design paradigms of the 5G network architec-
ture are expected to make the difference in relation to previous
generations, introducing major changes not only at air interface, but
also from a flexible network management perspective. In particular, 5G
will leverage Software Defined Networking (SDN), Network Function
Virtualization (NFV) and Mobile Edge Computing (MEC) principles for
scalable and flexible network management to deal with short-service
life-cycles.

This paper analyzes current standardization situation of 5G and the
role SDN/NFV/MEC play in order to address the challenges the new
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generation of mobile networks must face. The paper is organized as
follows: Section 2 analyzes the possible directions for standardization
from the main Standards Developing Organizations (SDO), regional
initiatives and industrial alliances related to 5G architecture definition
and to SDN/NFV/MEC technologies. Next, Section 3 reviews recent
documentation from those relevant institutions to pick out the
expected and emerging use cases that will be enabled by 5G technol-
ogies. The objective is to classify these use cases and identify the
potential scenarios and vertical sectors that will configure future
service requirements. Eventually, this section also offers a brief analysis
of the related high-level potential requirements which can be derived
from the use cases. Section 4 makes a brief overview of 5G technology
trends and design principles to address the aforementioned require-
ments. Finally, Section 5 provides an analysis of the open issues on the
convergence of SDN, NFV and MEC and Section 6 summarizes the
main conclusions of the paper.

2. Identification of SDOs and main stakeholders

In the last years, regulatory bodies and other stakeholders, such as
research institutions, mobile operators, network equipment bodies and
international organizations, have launched the new wave of research
efforts that will lead to 5G technology by 2020.

This section introduces an overview of the standardization roadmap
related to 5G considering international working groups that we classify
in three categories: Standardization bodies, regional initiatives and
industrial alliances.

2.1. Standardization bodies

Fig. 1 depicts the expected high-level timeline showing current
activities and next steps in standardization that are detailed next.

ITU: The International Telecommunications Union is working on
the definition of the framework and overall objectives of the future 5G
systems, denoted as IMT-2020 systems in ITU terminology [1]. ITU-R
also describes in detail a broad variety of capabilities associated with
envisaged usage scenarios, potential user and application trends,
growth in traffic, technological trends and spectrum implications.

On the other hand, the focus group on IMT-2020 of ITU-T is
developing a report on standards gap analysis [2] that studies several
key technical topics related to networking aspects of IMT-2020. This
analysis includes high-level network architecture, end-to-end QoS
framework, emerging network technologies, mobile front haul and
back haul, and network softwarization.
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3GPP: The 3rd Generation Partnership Project is planning to split
the 5G work into three phases or releases. Release 14 includes a series
of Study Items (SI) related to 5G Mobile Network for Advanced
Communications. These studies will lead to normative work in the
scope of Release 15, addressing a subset of requirements that are
important for current commercial needs. Release 16 will look at more
features, use cases, detailed requirements, etc.

In this scope, Technical Specification Group (TSG) Radio Access
Network (RAN) is working on the scenarios and requirements for next
generation access technologies [3] (Release 14). TSG SA (Service and
System Aspects), specifies the service requirements and the overall
architecture of the 3GPP system. SA is composed of six working groups.
SA1 (Services) is accomplishing a feasibility study on new services and
markets technology enablers [4]. SA2 (Architecture) studies the
architecture for next generation mobile systems [5], which shall
support the new RAT(s), the evolved LTE, non-3GPP accesses, mini-
mize access dependencies and consider scenarios of migration to the
new architecture. SA5 (Telecom Management) is working on the
management concepts, the management requirements and use cases
from operators perspective for mobile networks that include virtualized
network functions and introduces the management architecture that
provides a mapping between 3GPP and the ETSI NFV-MANO frame-
work for these mobile networks [6]. This working group also analyzes
different proposed solutions to coordinate the NFV management
architecture and the 3GPP management framework [7], which identi-
fies the management of mobile networks in the aspects of Fault
management, Configuration management, Performance management,
and Core network lifecycle management.

ETSI: European Telecommunication Standards Institute has de-
fined several Industry Specification Groups (ISG) to develop standards
in fields such as SDN, NFV and autonomic network management.

NFV ISG is developing an open and interoperable NFV ecosystem
to leverage rapid service innovation for network operators and service
suppliers. It is now in its second phase of specification development
and focused on technology adoption and areas such as testing-valida-
tion, performance/assurance, security, stability, interoperability, relia-
bility, availability and maintainability. As a part of this ISG, Evolution
and Ecosystem Work Group (EVE WG) is developing feasibility studies
and requirements in relation to new NFV use cases and associated
technical features, new technologies for NFV and relationship of NFV
with other technologies. NFV Interfaces and Architectures (IFA) WG is
responsible for delivering a set of information models and information
flows to support interoperability at reference points. At the same time,
this WG performs the refinement of the architecture and interfaces
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Fig. 1. Standardization timeline.
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leading to the production of the set of detailed specifications. NFV
Testing, Experimentation and Open Source (TST) WG maintains and
evolves the PoC framework and extends testing activities to cover
interoperability based on ISG NFV specifications. Besides, ETSI's Open
Source Mano (OSM) group, is developing an open source NFV
Management and Orchestration stack, OpenMANO [8], which follows
strictly the evolution of ETSI NFV standards. Its aim is to be a regularly
updated implementation reference of the ETSI NFV. Some of the
members of the project are hardware and software vendors (Intel, Red
Hat, Canonical), and telecom operators (Telefonica, Telenor). Thus,
ETSI OSM promotes the cooperation between standardization and
open source approaches by accessing a more diverse set of contributors
and developers than would normally be possible.

Additionally, ETSI MEC (Multi-access Edge Computing, former
Mobile Edge Computing) ISG provides a new value chain offering
application developers and content providers cloud-computing cap-
abilities and an IT service environment at the edge of the mobile
network, within the Radio Access Network (RAN) and in close
proximity to mobile subscribers. The objective is to take advantage
from the existing NFV infrastructure to enable new vertical business
segments and services for consumers and enterprise customers [9].

On the other hand, ETSI NGP (Next Generation Protocols) ISG is
working on the identification of the requirements for next generation
protocols and network architectures, from all interested user and
industry groups. This ISG is seen as a vehicle for the 5G community
(and others of interest) to first gather their thoughts and prepare the
case for the Internet community's engagement in a complementary and
synchronized modernization effort.

IEEE: The Institute of Electrical and Electronics Engineers has just
started the standardization work on future 5G systems. Among others,
it has launched pre-standardization Research Group on Cloud-based
Mobile Core to analyze SDN/NFV concepts applied to 5G.

ONF: Open Networking Foundation is a user-driven organization
dedicated to the promotion and adoption of SDN through open
standards development. ONF emphasizes on an open, collaborative
development process that is driven from the end-user perspective. The
Specification Area of ONF comprises six subgroups, including Mobile
Networks. This subgroup defines extensions to OpenFlow to support
abstractions necessary in mobile networks and, in particular, works to
identify opportunities in 5G networks in support of standards devel-
opment (e.g., NGMN, 3GPP) related to SDN.

The main outcome of ONF is the OpenFlow Standard [10],
considered as the first SDN standard [11], which enables remote
programming of the forwarding plane from a centralized control plane
element. ONF encourages conformity certification for devices support-
ing OpenFlow. A number of hardware vendors like Cisco, Juniper, Dell,
HP, BigSwitch Networks, Brocade Communications and Alcatel-Lucent
have OpenFlow implementation in some of their products.

2.2. Regional initiatives

FP-7 (Europe): The RAS (Radio Access and Spectrum) is a cluster
activity that comprises the research effort on radio access and spectrum
in the area of future networks of the Seventh Framework Programme of
the EU. This cluster is analyzing architecture aspects of 5G mobile and
wireless communication systems [12], considering both wireless and
wired parts targeting a fully integrated solution.

5G-PPP (Europe): 5G Public Private Partnership Program has been
initiated by the EU Commission and industry manufacturers, tele-
communications operators, service providers, SMEs and researchers.
5G-PPP is working to develop the next generation of network technol-
ogies taking into account key societal challenges and their networking
requirements [13]. This initiative comprehends several work groups,
including 5G Architecture WG, to serve as common platform and
facilitate consensus building on the 5G architecture, and SDN/NFV
WG, with the purpose of analyzing and addressing unification and
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application of key research topics to software networking.

5G Forum (Korea): 5G Forum is leading the development of key
candidate next-generation communications technologies in Korea
through full-scale research and exchange among all interested parties
of the new mobile communications infrastructure, including those in
the IoT/Cloud/Big Data/Mobile fields, industry-academic-research
institutions, as well as the manufacturers and service providers [14].

5G Promotion Group (China): IMT2020 (5G) Promotion Group is
working in the analysis of the main technical scenarios, challenges, and
key enabling technologies for 5G [15]. The objective is to define the 5G
new network architecture, infrastructure platform and network key
technologies, define the network design principles and technology
roadmap and form the consensus on the 5G network technology
framework, in order to guide 5G international standardization and
promote industrial development [16].

5GMF (Japan): The Fifth Generation Mobile Communications
Promotion Group was created to conduct research and development
concerning the 5G Mobile Communications Systems and research and
study pertaining to standardization thereof. The objective is the study
of the overall network architecture for 5G mobile and the analysis of
the requirements and technologies for network infrastructure [17].

5G America's: 5G Americas is an industry trade organization
composed of leading telecommunications service providers and man-
ufacturers. Its mission is to foster the advancement and full capabilities
of LTE wireless technology and its evolution beyond to 5G.
Furthermore, this organization is examining the 5G market drivers,
use cases, requirements, regulatory considerations and technology
elements for the purpose of being considered for the further develop-
ment of the end-to-end 5G system [18].

2.3. Industry alliances

NGMN: Next Generation Mobile Networks alliance has developed
the requirements for 5G mobile broadband technologies. Particular
focus during this process has been on the needs of mobile network
operators [19] to establish clear functionality and performance targets
as well as fundamental requirements for deployment scenarios and
network operations, and leading to the implementation of a cost-
effective network evolution.

SCF: Small Cell Forum is aimed to drive the wide-scale adoption of
small cells and to influence and deliver technical inputs that inform and
enhance the standards process [20]. The priorities of SCF include the
understanding and enablement of future network transformations with
a particular focus on virtualization of small cell layer and the prepara-
tion of small cell technology for mass deployment in heterogeneous
networks exploiting self organizing capabilities.

3. Identification of use case categories, scenarios, vertical
sectors and requirements

Communications beyond 2020 will comprise a combination of
current and emerging systems. In consequence, the definition of 5G
will be marked, to a great extent, by the collection of components and
systems needed to handle the requirements of existing and future use
cases. At the same time, these use cases will operate in scenarios that
exhibit a collection of characteristics that limit the service provision.
On the other hand, operators will support vertical industries to
contribute to the creation of new business models and update industry
processes.

From the documentation released by the SDOs and main stake-
holders of Section 2, this section identifies a collection of use cases
expected for 5G that will probably be the driver for the technology.
Then, these use cases are classified into four main scenarios and also
are assorted according to envisioned vertical sectors.

This identification of prospective use cases, scenarios and vertical
sectors is useful to clarify and organize system requirements of the
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Fig. 2. Application use cases.

services that will be deployed and scaled on demand in an agile and
cost efficient manner.

3.1. Use cases

5G will be a complete communication ecosystem to enable a fully
mobile and connected society that will create value through new
business models. Future mobile broadband will have significantly
increased traffic volumes and data transmissions rates, but also many
more use cases. In addition to reinforcing the evolution of the
established prominent mobile broadband use cases, 5G will also
support countless emerging services with a high variety of applications.
In consequence, 5G will allow to cover use cases ranging from
applications with very low bandwidth requirements to use cases with
a very high demand on data rate and latency.

Fig. 2 (based on [21]) summarizes and compiles the use cases
identified by the organizations mentioned in Section 2, indicating the
institutions that consider each use case in their public documentation.
This compilation is not meant to be exhaustive, but rather a measure of
the level of flexibility required. 5G will include not only traffic between
humans, but also between humans, sensors, and actuators in their
environment, as well as between sensors and actuators themselves.
Among the listed use cases, there are classic examples, such as smart
office and pervasive video, which are mentioned by almost all the

consulted organizations. But 5G technologies are also envisioned to
promote emerging use cases like machine-to-machine communica-
tions, augmented/virtual/assisted reality or eHealth, which are focus-
ing significative attention, as well as promising fields such as industrial
control.

Focusing in the final user perspective, Fig. 3 proposes a classifica-
tion of the use cases listed in Fig. 2 into eight large families: broadband
access in dense areas, broadband access everywhere, high user
mobility, massive internet of things, extreme real-time communication,
lifeline communication, ultra-reliable communication and broadcast-
like services. This classification serves as input for stipulating require-
ments and defining the building blocks of the 5G architecture, which
will be analyzed in the next sections. The eight families have been
further divided into related categories based on similar requirements.
In this process some use cases have been identified as being relevant to
more than one category and/or family.

Finally, in addition to the application use cases, which are described
from a final user point of view, there is a new group of use cases that
are particularly related to network operation in order to address the
emerging application services and their requirements. Unlike previous
mobile networking systems that offered 'one size fits all’ solutions, 5G is
expected to be able to simultaneously provide optimized support for
different configurations through various means. In addition, the mobile
network must be able to dynamically control and allocate network
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Fig. 3. Classification of application use cases based on [19].

resources to provide flexibly adjustable capacity based on the variation
in demand. Mobility management and efficient content delivery
procedures must be enhanced as well. An, in addition to the new
services derived from the use cases listed in Fig. 2, there are already a
large number of services in the cellular networks of the current

generations.

The network operation use cases attempt to address the mentioned
issues related to flexible system functions and capabilities, new value
creation, migration and internetworking, network optimization and
security. Fig. 4 collects this category of use cases identified in the
documentation released by the aforementioned organizations.
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3.2. Scenarios and vertical sectors

As a consequence of the variety of the expected use cases introduced
in the previous section, 5G is envisaged to support diverse usage
scenarios and applications that will continue beyond 2020. The
capabilities needed to serve all those use cases are tightly coupled with
the characteristics of the environment and thus, the identification of
the scenarios becomes relevant in order to demarcate the constraints.
Therefore, this subsection briefly introduces four main usage scenarios,
to later classify the use cases identified in 3.1 into these four categories.

Residential: Residential scenario [22] is a mature market target
that covers home and small office spaces, typically indoor.

Enterprise: Enterprise scenarios [23] are an evolution of home
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Fig. 4. Network operation use cases.
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office. Described as generally indoor, may involve large geographic
areas and high numbers of users. The key characteristics of this
deployment scenario are high capacity, high user density and consis-
tent user experience indoor [3].

Urban: Urban scenarios [24] comprise fully accessible public dense
environments such as city center hot-zones, transportation hubs, retail
and any other public space both indoor and outdoor. The key
characteristics of this deployment scenario are high traffic loads,
outdoor and outdoor-to-indoor coverage with continuous and ubiqui-
tous coverage in urban areas [3].

Rural and remote: Rural and remote scenarios [25] include
underserved communities beyond the range of normal service. This is
the case of remote industrial facilities, rapid reinstatement of coverage
after extensive damage to mobile infrastructure and support for
emergency services, first responders and humanitarian efforts or
services for temporary planned gatherings. The key characteristics of
this scenario are continuous wide area coverage supporting high speed
vehicles [3].

Fig. 5 (left) depicts the classification of the application use cases
listed in Fig. 2 into the four detailed scenarios. Some use cases may fit
in more than one scenario, so the groups are not exclusive and the
areas appear overlapped. The interpretation of the resulting grouping is
twofold. On the one hand, the result of the grouping is a sign of how the
operation of future use cases may be constrained by the particularities
of the scenarios they run on. On the other hand this grouping is also a
measure of the variety of requirements that will be demanded in each
scenario according to the use cases they are supposed to support. As a
consequence of the latter interpretation, this figure also shows the
requirements that will apply to some or all the scenarios and the
relevance of the requirements that are specific in each scenario.

Changing the point of view of the requirements identification, 5G
network infrastructure is envisaged as a key enabler to make society
and economy more efficient and to increase global competitiveness,
providing new value chains and business models. In this context, the
most relevant vertical sectors at the moment are: Manufacturing,
Automotive, eHealth, Energy and Media & Entertainment.

Fig. 5 (right) shows a classification of the use cases listed in Fig. 2
into the five specified vertical sectors. Again, this classification helps
the identification of commonalities in the definition of requirements for
future 5G systems, in this case according to the industrial sector that
will host each use case. Unlike the previous scenario classification, this
figure shows a greater dispersion of the use cases through the
considered vertical sectors. This means that each vertical sector will
exhibit more specific requirements.

3.3. Requirements

As previously discussed, 5G technologies will demand a broad
variety of capabilities, tightly coupled with intended usage scenarios
and applications. Different usage scenarios along with the current and
future trends will result in a great diversity/variety of requirements.
One of the main challenges of 5G is to support such variety of use cases
in a flexible, reliable and cost-effective way. This section provides a
brief analysis of the requirements of vertical industries analyzed in
Section 3.2 on seven dimensions shown in Fig. 6: data rate, mobility
(speed), (low) latency, density, reliability, positioning accuracy and
coverage. This figure analyzes the commonality of requirements in
support of a vertical sector, represented by several relevant use cases.

ITU-R and 3GPP are starting already to define requirements for
IMT-2020/5G based on the classes of use cases and verticals described
in the previous section. Some use cases may require to optimize
multiple dimensions while others focus only on one key performance
indicator (KPI). The spider diagram of Fig. 6 illustrates the main
differences between verticals, and thus, the need for a 5G system to be
able to support optimized configurations for a diverse set of require-
ments, which may be in opposition. For example, eHealth applications
require support for high reliability, low latency and low device density
while media and entertainment sector also requires support for low
latency but lower reliability and higher device density.

Unlike previous 3GPP systems, which tried to provide a universal
system fitting all use cases, the 5G technologies are expected to be able
to simultaneously provide optimized support for these different con-
figurations using, among others, NFV, SDN, and network slicing. This
flexibility and adaptability is a key distinguishing feature of a 5G
system.

4. 5G technology trends and design principles

As anticipated already in the previous sections, flexibility for a wide
range of use cases and services, and scalability to provide these services
in a cost-efficient way, will be one of the key design principles for the
5G communication system. With this objective, network programma-
bility, or softwarization, represents one key trend for designing,
implementing, deploying, managing and maintaining network equip-
ment and components whereby software programming.

The concept of network softwarization, introduced in the first IEEE
Conference on Network Softwarization (NetSoft 2015) [26], involves
wider interest on SDN, NFV, MEC, Cloud and IoT technologies,
allowing the exploitation of the characteristics of software such as
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Fig. 6. Technical requirements of vertical sectors.

flexibility and rapidity of design, development and deployment
throughout the lifecycle of network equipment and components. This
creates the conditions that enable the redesign of the network
architecture and services, it allows optimization of costs and processes
and enables automated network management.

4.1. Technology trends

Standardization work on 5G technology has recently started. ITU
identifies the following technology trends in its overall vision of future
5G systems [1,2]: 1) Technologies to enhance the radio interface, 2)
network technologies such as NFV, SDN and C-RAN, 3) technologies to
provide mobile broadband communications, 4) technologies to lever-
age massive machine-type communications, 5) technologies to estab-
lish ultra-reliable and low latency communications, 6) technologies to
improve network energy efficiency, 7) advanced mobile terminal
technologies, 8) technologies to enhance privacy and security, and 9)
technologies enabling higher data rates.

It is expected that standardization efforts will focus on the main
areas of enhanced radio technologies and novel system architectures.
The former will support new wireless technologies with increased
capacity and centralized operation, while the latter will enable an
increased efficiency of resources through network softwarization
principles. ITU will continue with the specification process during
2016, while the different candidate solutions are expected to be
available at the involved standardization organisms by 2018-2019. As
already mentioned in Section 2, 3GPP is working on different aspects
related to 5G Mobile Network for Advanced Communications that will
lead to normative work in the scope of the Release 15 (expected in June
to December 2018) [2].

4.2. High level architecture

Although the work on the future 5G system in ITU and 3GPP is still
in its embryonic phase, the first outcomes of the involved workgroups
allow a glimpse of the main working assumptions for the future mobile
broadband networks. The work in [1] provides a high-level network
architecture (Fig. 7) based on the analysis of the requirements, which
will be more elaborated or changed in upcoming standardization
phases.
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In [4], 3GPP SA1 identifies the list of potential requirements for
future mobile networks. Together with the different use cases, the
Network Operation (NEO) building block includes issues related to
system flexibility, scalability, mobility support, efficient content deliv-
ery, self-backhauling and interworking with 4G [?].

One of the key challenges of [5] (developed by the 3GPP SA2) in the
definition of the next generation mobile networks is the concept of
network slicing. NGMN defines the concept of network slicing as a set
of network functions, and resources to run these network functions,
forming a complete instantiated logical network to meet certain net-
work characteristics required by the end-user service [27]. Nowadays,
resource slicing inside the Core Network is in a more mature stage, and
it is already under specification in the 3GPP SA5 working group under
the work item OAM14-MAMO-VNF. In this sense, the relationships
with ETSI NFV and ETSI MANO standards are of great relevance for
the virtualization of the network functions.

Regarding RAN virtualization, the 3GPP RAN TSG proposes
different functional splits of the RAN, which are proposed as potential
solutions for the Radio Transmission Points (R-TP) [3], which can
coexist under a unified management system. Additionally, the pro-
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posed architecture splits the user plane and control plane as shown in
Fig. 8. Taking into account the different potential RAN functional
splits, the extension of the virtual network slices up to the UE is yet
unclear. In this sense, [5] provides an analysis of the implications
arising from network slicing, without including the RAN (Fig. 9). In
that case, the RAN remains as a common network segment that
includes a new element for “slice identification and selection” (similar
to the NAS Node Selection Function in 4G).

4.3. Network virtualization

The NFV ISG is the network operator-led working group with open
membership created under the umbrella of ETSI to work through the
technical challenges of NFV. It is worth mentioning that this ISG does
not produce standards, but rather it produces documents that contain
guidelines in the form of Group Specifications, which are not in the
form of European Norms (EN) or Technical Standards (TS). The
outputs are openly published and shared with relevant standards
bodies, industry Fora and Consortia to foster a wider collaborative
effort. In case of possible mismatches the ETSI ISG NFV will
collaborate with other SDOs in order to meet the requirements.

The NFV ISG also provides an environment for industry to
collaborate on Proof of Concept (PoC) platforms in order to demon-
strate solutions, which address the technical challenges for NFV
implementation and to encourage growth of an open ecosystem. The
NFV concept envisages the implementation of Network Functions
(NFs) as software-only entities that run over the NFV Infrastructure
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(NFVI). Fig. 10 illustrates the high-level NFV framework, as published
in October 2013 by the ETSI ISG NFV in its document on global
architecture, in which three main working domains can be identified:
e Virtual Network Function (VNF), as the software implementation of
a network function which is capable of running over the NFVI.
NFV Infrastructure (NFVI), which includes the diversity of physical
resources and how they can be virtualized. NFVI supports the
execution of the VNFs.

NFV Management and Orchestration (NFV MANO), which covers
the orchestration and lifecycle management of physical and/or
software resources that support the infrastructure virtualization,
and the lifecycle management of VNFs. NFV MANO focuses on all
virtualization-specific management tasks necessary in the NFV
framework.

The NFV architectural framework handles the expected changes
that will probably occur in an operator's network due to the network
function virtualization process. Fig. 10 shows this global architecture,
depicting the functional blocks and reference points in the NFV
framework. This architectural framework focuses on the functionalities
that are necessary to support virtualisation but it does not specify
which network functions should be virtualized, since that is solely a
decision of the owner of the network.

4.3.1. Integration of NFV into mobile networks management systems
Different working groups are studying the integration of NFV

management framework with the traditional OSS/BSS management

systems. Fig. 11 shows a general overview of this integration effort.

The 3GPP SA5 study item [7] identified the following aspects
regarding the management of mobile networks that include virtualized
functions (FCAPS): 1) fault, 2) configuration, 3) accounting, 4)
performance, and 5) security.

The work in [6] presents the management concept, architecture and
requirements for mobile networks with virtualized network functions.
The management requirements are organized according to the four
management categories extracted from the study item. It also presents
a management architecture that provides a mapping between 3GPP
and the ETSI NFV-MANO framework (Fig. 11). The management
architecture was designed for mobile networks composed of both
physical and virtualized network elements.

The Small Cell Forum (SCF) carried out several studies analyzing
the introduction of virtualization technologies in small cell networks
[28,29]. As a result of these studies, the small cell is separated into two
components: a remote small cell, where functions are non-virtualized,
i.e. they are Physical Network Functions (PNFs) which are implemen-



B. Blanco et al.

N
J

NFV MANO

NMS

DM
PNF/VNF EM

3GPP / SCF
MANAGEMENT
SYSTEM

i PNF EM V

[ VNF EMS }—H

cell, (H)eNB
BBU

cell, (H)eNB
:1:10)

Remote
cell,
complete
eNB

Remote
cell,
complete
eNB

NFVI

Fig. 11. The mobile network management architecture mapping relationship between
3GPP and NFV-MANO architectural framework based on [6,28].

ted via a tightly coupled software and hardware, and a central small
cell, where functions are virtualized, i.e. they are VNFs which are
implemented by abstracting the hardware from the software, so that
they are executed on a pool of shared computation, storage and
networking resources. One central small cell can serve multiple remote
small cells. The central and remote small cells are physically connected
through the fronthaul link.

According to this virtualization approach, SCF has studied the
functional split between VNF and PNFs, i.e. which small cell functions
should reside at the remote small cell and which ones at the central
small cell [30]. Considering different layers of the user/control plane
protocol stacks, namely Radio Resource Control (RRC), Packet Data
Convergence Protocol (PDCP), Radio Link Control (RLC), Medium
Access Control (MAC) and Physical (PHY) layers, the study follows a
top-down approach, in which gradually more layers are virtualized by
moving them from the remote to the central small cell, yielding the
possible functional splits shown in Fig. 12. For each functional split the
study determines the fronthaul latency and bandwidth requirements.
Fig. 13.

The impact of small cell virtualization on the management archi-
tecture is analyzed in [31], using ETSI-NFV and 3GPP architectures
that support a combination of PNF and VNF systems. In particular,
Fig. 11 presents one of the options identified in [31] for managing
small cells, which include the mentioned PNFs and VNFs. The
architecture is aligned with the ETSI-MANO framework of [32] and
its adaptation of 3GPP addressed in [7]. In the approach illustrated in
Fig. 11, the Element Management System (EMS) is split in two
components: the PNF EMS and the VNF EMS, which are in charge
of managing the PNF and the VNF, respectively. Besides, Fig. 11 also
shows the need to connect the PNF EMS and VNF EMS for coordina-
tion purposes, which can be done through the 3GPP defined Itf-P2P
interface. Another option identified in [31] for carrying out this
coordination is through the Network Management System (NMS)
and the Itf-N interface.

§

Split  Split MAC-

Centralized  Split RRC-
Services PDCP

split PDCP-
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Split RLC-
MAC

Split

MAC PHY PHY

Fig. 12. Functional split between VNF and PNFs.
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4.4. Mobile Edge Computing (MEC)

The idea of a computing platform located at the mobile network
edge is not new and is carried out inside ETSI by the Mobile-Edge
Computing (MEC) ISG [9], whose activity started in December 2014. It
follows the current trends towards cloud-based architectures operating
in an IT environment but with the peculiarity of being located at the
edge of the mobile network, within the RAN and in close proximity of
the mobile subscribers. MEC platform wants to take advantage from
the existing NFV infrastructure - that provides a virtualization platform
to network functions enhancing it with new computing/storage re-
sources and creating a virtualization environment for a wide range of
applications running at the mobile network edge. Distinctive features
of the MEC architecture are low latency, proximity, location awareness,
high bandwidth, and real-time insight into radio network information.
This facilitates accelerated content delivery services and applications at
the edge of the mobile network, closer to the end-users. The mobile
subscriber's experience can be significantly improved through more
efficient network and service operations, enhanced service quality,
minimized data transit costs and reduced network congestion.

The MEC servers provide computing, storage and bandwidth
capacity that is shared by multiple virtual machines installed on top
of them; being owned and managed by the infrastructure provider, they
are directly attached to the base stations. Traditionally, all data traffic
originated in data centers is forwarded to the mobile core network. The
traffic is then routed to a base station which delivers the content to the
mobile devices. In the mobile edge computing scenario, MEC servers
take over some or even all of the tasks originally performed in a data
centre. Being located at the mobile edge, this eliminates the need of
routing data through the core network, leading to lower communica-
tion latency.

4.5. Software Defined Networks (SDN)

SDN introduces support for dynamic programmability of network
nodes in the process of data forwarding. For this aim, SDN proposes to
separate the control and data planes, enabling centralized control of all
the data flows and data paths in the network domain. Apart from
traditional routing functions, in SDN the central control element, or
SDN Controller, carries out the networking decisions and sends the
resulting forwarding rules to the data plane nodes. As a result, the data
plane of network nodes is less complex, which implements fast
forwarding mechanisms leading to enhanced data plane performance
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and enabling the use of programmable general-purpose hardware as
well.

Although SDN has been traditionally associated with the OpenFlow
protocol, Open Flow is just one candidate protocol to implement the
communication between the SDN Controller and data plane nodes. The
main attempt to provide a standardized architecture for SDN is
performed by the ONF in the form of Technical Recommendations.
The first version of the SDN architecture was released in June 2014
[33] and has been updated in February 2016 to the SDN Architecture
1.1 [34]. The latest ONF SDN Architecture is aimed to provide a
knowledge synthesis of the discussions across the ONF working groups,
standard development organizations (SDOs), and open-source com-
munities. In particular, this document is further extended and elabo-
rated in the following three ONF technical papers: TR-522: SDN
Architecture for Transport Networks, TR-518: Relationship of SDN
and NFV and TR-523: Intent NBI - Definition and Principles.

Fig. 14 depicts the basic model proposed by the ONF. It consists of
two main entities: (1) a Service consumer in charge of controlling the
data and management plane service by exchanging operations with (2)
the SDN controller and invoking actions on a set of owned virtual
resources (Green). The user data is processed by the set of resources
(Blue) owned by the SDN controller. The SDN controller is the main
instigator in orchestrating virtual resources and services on the top of
own processing resources. This architecture illustrates the coexistence
of Consumer and Control roles in separate business domains to stress
the importance of segregation in a scenario where traffic isolation,
information hiding, security and policy enforcing on the interface
points are essential Service Level Agreements (SLAs) clearly defined in
the contract specification.

The SDN controller is a central independent component within the
SDN architecture, (Fig. 15). SDN exemplifies the client-server relation-
ship between SDN controller and other entities/SDN controllers. There
is a dual perspective of the entity SDN controller, represented through
the role of SDN-server - as an element that offers services to clients,
and the SDN-client - an element that can request service invocation
from other services, including the SDN-server. The idea behind
providing complementary SDN components from both, customer-
provider and resource owner/administrator viewpoint, is to grant an
overview of the different resource types. Fig. 15, the SDN controller
offers services to Green, Red and its own Blue clients. Moreover, the
boxes separate the associated Client contexts from the Resource groups
with respect to ownership and isolation enforcement policies. For
instance, an administrator in the Blue organization could have unrest-
ricted view and privilege over the SDN controller including all client
and server contexts.
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As a collaborative organization, ONF has sent the aforementioned
SDN architecture for consideration to multiple SDOs, including 5G-
related activities and liaison statements. For example, ETSI NFV and
ONF are in the process of drafting a comprehensive collaboration
agreement with several liaisons across various areas of each organiza-
tion, including both the Migration and Market Education work groups.
Besides, ONF is working with IEEE on their 802.16r proposed protocol
efforts within ONF's wireless and mobility working and discussion
groups. Additionally, ONF has created formal liaisons with various
subgroups of ITU and is also currently discussing with IETF regarding
mobile and wireless standards and SDN.

5. Convergence of NFV, MEC and SDN in 5G systems

As mentioned above, operation and management of the network
infrastructure have evolved with the introduction of SDN controllers.
SDN helps virtualization of the network infrastructure, since it paves
the way for isolation, abstraction and sharing of network resources.
Another outstanding advancement which has significantly changed
networking and service provisioning is NFV. The idea is to migrate
network functions, such as gateways, proxies, firewalls, and transco-
ders traditionally deployed over specialized hardware (i.e. middle-
boxes) to software-based applications, implemented and executed over
standard high volume servers. Such migration provides several benefits
such as: 1) efficient management of hardware resources, 2) rapid
introduction of new functions and services to the market, 3) ease to
upgrade and maintenance, 4) exploitation of existing virtualization and
cloud management technologies for VNF deployment, 5) reduction of
CAPEX and OPEX, 6) enabling a more diverse ecosystem, and 7)
encouraging openness.

Despite the abovementioned benefits of NFV, the interconnection of
VNFs (or traffic steering) is a challenging task, especially under the
MEC environment, where VNFs are deployed in the C-RAN with ultra-
low latency and high bandwidth requirements. In this context, SDN has
been considered as a complementary technology to improve the
flexibility and simplicity on delivering the network service (NS). This
vision triggered a huge effort to evolve the NFV architecture from SDN-
agnostic to fully SDN-enabled [35,36]. The ultimate goal is to build up
a system in which NFV technology focuses on the creation, configura-
tion and management of VNFs used in the NS instances. Furthermore,
SDN helps VNFs interconnection and NS organization. To fully realize
SDN-enabled NFV architectures, the main integration approach is to
include the SDN controller in the Virtualized Infrastructure Manager
(VIM) and let the NVF Orchestrator (NFVO) to orchestrate/manage the
SDN operation [37,38]. In a service chain procedure, the NVFO first
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Fig. 16. Service instantiation from the VIM perspective.

tries to logically combine different NSs, considering their interdepen-
dencies. That is upon receiving a NS request, the NFVO is free to chain
the functions in the best possible way to fulfill the requirements of the
end users while optimizing resource utilization. Such an optimal
resource allocation may include VNF sharing and reuse among NSs.
After the service chaining, the second challenge is to find the best
placement for the VNFs, considering: 1) available resources, 2)
requirements of the requested NS, and 3) possible impact on the other
running NSs. These challenges can be modeled whereby NP-hard
optimization problems, such as Location-Routing Problems (LRP)
[39] and Virtual Network Embedding (VNE) [40]. The solution to this
problem will be passed to the embedded SDN controller in the VIM to
instantiate the NS.

To better understand what mentioned above, let's focus on the
service instantiation process from the VIM (OpenStack) perspective on
an example presented in Fig. 16. To deploy a service with on the
presented MEC environment, one needs to take two main steps: 1)
create a network, i.e. a specific and isolated VLAN (assuming that all
required plugins are available on OpenStack) for the network service -
NS, and 2) launch instances, i.e. virtual machines (VM) with appro-
priate images on them, i.e. VNF. Let's take a closer look at each; in the
first step, some items like the network name, access permission, subnet
name, network address (range of available IPs), version of IP protocol
(IP4/1P6), subnet Gateway IP, Enable/disable DHCP server, etc. are
determined. In the second step, instances will be launched, i.e. we will
determine the name of instance, its availability zone, flavor, its boot
source (image to run on it - which turns a VM to VNF), instance count,
security and access to it, network which it belongs, etc.

Let's name the abovementioned steps the network service creation.
The role on NFVO in this phase is to make it automated. It means that
instead of doing all these steps one by one and manually (as one does in
OpenStack) an orchestrator sits between the end user (human being)
and VIM and make the process user friendly and automated. That is, it
generates a complete network descriptors (NSD) from the virtual
network operator (VNO) high level inputs, e.g. on a GUI, and then
translate the NSD to a complete and understandable template for the
OpenStack (i.e. heat template) with all required information mentioned
above (e.g. range of available IPs, etc.). This is useful especially for wide
deployments where many services needs to be instantiated and keeping
track of all records manually is difficult. To guarantee the isolation
between instantiated NS and multi-tenancy, a separate VLAN is
dedicated to each NS and the access permission is passed to the right
VNO. It means that if a VNO requests two NSs, NFVO ask for the
creation of two separate VLANSs each for one NS and passes the access
permission to VSCVO. Remember, it is a logical VLAN (in other words
a range of IPs or ports) which can be hosted over a single vSwitch
instance.

In addition to what explained above as the network service creation,
there is another important missing point to change the instantiated
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network into a complete network function chain. This important step is
the network configuration. In this process which happens in the same
time as the network service instantiation (though via a different logical
path), NFVO configures the network, i.e. dictates the data flow between
VNFs and identifies how data packet will travel from one VNF to
another. Based on the received NSD (which contains VNFFGD and
VNFFPD), NFVO generates a template (heat template) which will be
communicated to a SDN controller (inside or on the same level as VIM)
who makes decisions for data packets. It helps SDN controller to
determine the destination of data packet on run time. In simple words,
before departing from a port the data packet asks the SDN controller
about the destination and the controller determines it (southbound
interaction of SDN controller). To do the configuration correctly, based
on our previous experience, a set of extra APIs and software (e.g. the
software kit developed by ZHAW - Netfloc) is needed on top of a
conventional SDN controller (e.g. OpenDayLight - ODL). NFVO with
the help of Netfloc communicants with the ODL and configures the
service network in an automated manner. It means that the end user
(i.e. VNO) does not need to be worried about the details of such
configuration because NFVO will take care of it based on the extracted
data from the NSD. In addition to the benefits on the instantiation
process, NFVO plays an important role on the automated service
monitoring, scaling and reconfiguration, etc.

After all, Telecom operators need to guarantee end-to-end QoS and
adequate user experience over a network that belongs to various
operators, which encompass different technologies [41]. An SDN-
enabled NFV architecture in this scenario needs to take care of the
composition of network slices and services over multiple domains. The
other challenge is to extend NFV and SDN capabilities to support more
layers of the RAN protocol suite, e.g. to support new control plane
mechanisms such as RRC or Information-Centric Network (ICN).
Introducing protocol agnostic forwarding methods such as Protocol
Oblivious Forwarding (POF) is another important progress towards a
network untied to specific implementations.

6. Conclusions

Numerous groups of industry stakeholders, vendors, researchers,
standard developing organizations, certification bodies and other
institutions are currently involved in the development of the 5G
ecosystem. This paper has provided extensive overview of the expected
role and activities undertaken by 5G stakeholders, since this is
fundamental for the success of the next generation of communication
technologies. This paper showed several use cases, scenarios and
emerging vertical sectors foreseen to have a role in the 5G ecosystem.
In addition, system requirements have been identified and the key
design principles highlighted. Driven by service requirements and
innovative technological trends applied to the mobile network, such
as SDN, NFV and mobile edge computing, the 5G communication
system will be capable of accommodating multiple radio access
technologies, meet end-to-end user requirements and provide compel-
ling solutions for flexible network deployment and timely network
operations.

Acknowledgements

This research received funding from the European Union's H2020
Research and Innovation Action under Grant Agreement no. 671596
(SESAME project).

References

[1] ITU-R, Recommendation ITU-R M.2083-0. IMT Vision: Framework and Overall
Objectives of the Future Development of IMT for 2020 and Beyond, 2015.

[2] ITU-T, FG IMT 2020: Report on Standards Gap Analysis, 2015.

[3] 3GPP, TR 38.913: Study on Scenarios and Requirements for next Generation



B. Blanco et al.

[4]
[5]
[6]

[7]
[8]

[9]
[10]

[11]

[12]
[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]

[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]

[36]

[37]
[38]
[39]

[40]

[41]

Access Technologies, 2016.

3GPP, TR22.891: Feasibility Study on New Services and Market Enablers, 2016.
3GPP, TR 23.799: Study on Architecture for next Generation System, 2016.
3GPP, TR 28.500: Management Concept, Architecture and Requirements for
Mobile Networks That Include Virtualized Network Functions, 2016.

3GPP, TR 32.842: Study on Network Management of Virtualized Networks, 2015.
Openmano open source project, (http://github.com/nfvlabs/openmano), 2016
(accessed 10.10.16).

ETSI, ETSI GS MEC 002: Technical Requirements, 2016.

OpenFlow Standard Communications Interface. (http://www.opennetworking.org/
sdn-resources/openflow), 2016 (accessed 10.10.16).

ONF, Software-Defined Networking: The New Norm for Networks. (http://www.
opennetworking.org/images/stories/downloads/sdn-resources/white-papers/wp-
sdn-newnorm.pdf), 2012 (accessed 10.10.16).

RAS Cluster, White Paper on 5G Radio Network Architecture, 2014.

5G-PPP, 5G Vision: the Next Generation of Communication Networks and Services,
2015.

5G-Forum, 5G Vision, Requirements, and Enabling Technologies, 2015.
IMT-2020 Promotion Group, White paper on 5G Concepts, 2015.

5G Promotion Group, White Paper on 5G Network Technology Architecture, 2015.
5GMF, White Paper on Network Technology Concept for 5G, 2015.

5G Americas, 5G Technology Evolution Recommendations, 2015.

NGMN, 5G White Paper, 2015.

Small Cell Forum, SCF 046: Small Cell Services White Paper, 2014.

SESAME Project, Deliverable D.2.1: System Use Cases and Requirements. (http://
www.sesame-h2020-5g-ppp.eu/Deliverables.aspx), 2016 (accessed 10.10.16).
Small Cell Forum, SCF 101: Home Overview, 2014.

Small Cell Forum, SCF 102: Enterprise Overview, 2014.

Small Cell Forum, SCF 104: Urban Small Cells Overview, 2014.

Small Cell Forum, SCF 105: Rural and Remote Overview, 2015.

P. Chemouil, G. Pavlou, R. Boutaba, A. Galis, Foreword, in: Proceedings of IEEE
Conference on Network Softwarization (NetSoft), London, U.K., 2015.

NGMN, Description of Network Slicing Concept, 2015.

Small Cell Forum, SCF 106: Virtualization for Small Cells: Overview, 2015.
Small Cell Forum, SCF 160: Small Cells Services in Rural and Remote
Environments, 2015.

Small Cell Forum, SCF 159: Small Cell Virtualization: Functional Splits and Use
Cases, 2015.

Small Cell Forum, SCF 161: Small Cells Services in Rural and Remote
Environments, 2015.

ETSI, ETSI GS NFV-MAN 001: Network Function Virtualisation (NFV):
Management and Orchestration, 2014.

ONF, TR-502: SDN Architecture 1.0, 2014.

ONF, TR-521: SDN Architecture 1.1, 2014.

J. Matias, J. Garay, N. Toledo, J. Unzilla, E. Jacob, Toward an sdn-enabled nfv
architecture, IEEE Commun. Mag. 33 (4) (2015) 187-193.

T. Wood, K.K. Ramakrishnan, J. Hwang, G. Liu, W. Zhang, Toward a software-
based network: integrating software defined networking and network function
virtualization, IEEE Netw. 29 (3) (2015) 36-41.

A. Hakiri, P. Berthou, Leveraging sdn for the 5g networks: Trends, prospects and
challenges, J. Mob. Wirel. Commun.

S. Sun, M. Kadoch, L. Gong, B. Rong, Integrating network function virtualization
with sdr and sdn for 4g 5g networks, IEEE Netw. 29 (3) (2015) 54-59.

C. Prodhon, C. Prons, A survey of recent research on location-routing problems,
Eur. J. Oper. Res. 238 (1) (2014) 1-17.

A. Fischer, J.F. Botero, M.T. Beck, H. de Meer, X. Hesselbach, Virtual network
embedding: a survey, IEEE Commun. Surveys Tutor. 15 (4) (2013) 1888-1906.
R. Trivisonno, R. Guerzoni, I. Vaishnavi, D. Soldani, Sdn-based 5g mobile
networks: architecture, functions, procedures and backward compatibility, Trans.
Emerg. Telecommun. Technol. 26 (1) (2015) 82-92.

Dr. Bego Blanco received her BS and MS in
Telecommunications Engineering from the University of
the Basque Country, Spain, in 2000, and her PhD in
Telecommunications Engineering in 2014 from the same
university for her work in the performance optimization in
ad hoc networks. She currently works as a lecturer and
researcher in the Faculty of Engineering of Bilbao. Her
research interests include PQoS/QoE/QoS assessment as
well as multicriteria optimization in NGNs.

227

Computer Standards & Interfaces 54 (2017) 216—228

Dr. Jose Oscar Fajardo works as research fellow in the
Department of Communications Engineering of the
University of the Basque Country (UPV/EHU), at the
Faculty of Engineering in Bilbao. He received his PhD
degree in 2016. He works in adaptive management of
mobile multimedia services in 4G and 5G networks and
under the framework of IMS. He has co-authored more
than 25 journal and conference papers since 2005, mainly
in areas of QoS/PQoS/QoE and service performance as-
sessment, and QoS-aware networking.

Dr. Ioannis Giannoulakis received his B.Sc. degree in
Physics from the University of Ioannina, Greece, and his
Ph.D. from the National Technical University of Athens,
Greece in the area of Networking and Applied
Mathematics. Starting from 2002, he was with the
National Centre for Scientific Research “Demokritos”, in-
itially under a full scholarship and later as an Associate
Researcher. Currently, he is the Technical Coordinator of
H2020 5GPPP SESAME Project. He has served as a
reviewer in well-respected conferences and journals and
has been engaged in national and European research
programs. His current research interests include Resource

Management Algorithms, Performance Optimization,

Network Virtualization, Cloud Computing and Wireless Networking Architectures.

Dr. Emmanouil Kafetzakis is the CEO of ORION
Innovations P.C. He received his B.Sc. degree in

Informatics and Telecommunications from the University

of Athens, Greece, in 2002, and his M.Sc. and Ph.D.

degrees from the same university, in 2004 and 2011.

Before joining ORION, he was Senior Researcher in the
O

Institute of Informatics and Telecommunications of the
National Centre for Scientific Research “Demokritos” and
in the Department of Informatics and Telecommunications

\ vvvvv of University of Athens. His research interests are on
3 resource allocation protocols and management for com-
L\ munication networks, with recent emphasis on Future

Internet Architectures. He has more than 15 publications
and more than 50 citations. He serves as reviewer in leading IEEE/ACM Journals and
conferences. He holds Ericsson Award of Excellence in Telecommunications and he is a
biographee in several lists.

Dr. Shuping Peng is working as a Senior Researcher at
the Fujitsu Laboratories of Europe - Fujitsu UK. She has
been involved in multiple national (UK) and international
proposals and projects such as 5GPPP Horizon2020
SESAME. Her research interests are 5G, Mobile Edge
Computing/Fog Computing, NFV, Network Virtualisation,
and Data Centres. She has published over 90 technical
papers and served as a TPC member and Session Chair for
IEEE/ACM/OSA conferences.

Dr. Jordi Pérez-Romero is associate professor at the
Dept. of Signal Theory and Communications of the
Universitat Politécnica de Catalunya (UPC) in Barcelona,
Spain. He received the Telecommunication Engineering
degree and the Ph.D. from UPC in 1997 and 2001,
respectively. He has been actively working in the field of
mobile and wireless communication systems, with parti-
cular focus on radio resource and QoS management,
heterogeneous wireless networks, cognitive radio networks,
self-organized networks and network optimization. He has
participated in different European Projects and projects for
private companies. He has published more than 200 papers
in journals and conferences and co-authored three books.

[
;
=
-


http://github.com/nfvlabs/openmano
http://www.opennetworking.org/sdn-resources/openflow
http://www.opennetworking.org/sdn-resources/openflow
http://www.opennetworking.org/images/stories/downloads/sdn-resources/white-papers/wp-sdn-newnorm.pdf
http://www.opennetworking.org/images/stories/downloads/sdn-resources/white-papers/wp-sdn-newnorm.pdf
http://www.opennetworking.org/images/stories/downloads/sdn-resources/white-papers/wp-sdn-newnorm.pdf
http://www.sesame-h2020-5g-ppp.eu/Deliverables.aspx
http://www.sesame-h2020-5g-ppp.eu/Deliverables.aspx
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref1
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref1
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref2
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref2
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref2
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref3
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref3
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref4
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref4
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref5
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref5
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref6
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref6
http://refhub.elsevier.com/S0920-5489(16)30244-6/sbref6

B. Blanco et al.

PhD research program.

Irena Trajkovska is a research assistant in the ICCLab
at ZHAW University. She is working in SDN with a
particular focus on architectures and use-case solutions
for cloud-based datacenters. Currently she is involved
in the EU projects T-Nova and Sesame developing
SDN tools and libraries that facilitate the creation of
value-added networking applications such as: optimized
tenant isolation in datacenter networks, resilience
(on-demand configuration of physical OpenFlow switches),
Service Function Chaining, etc. Irena received her
Masters degree in Networks Engineering and Telematic
Services at the Telecommunication faculty at Universidad
Politécnica de Madrid where she is currently enrolled in a

Dr. Pouria Sayyad Khodashenas finished the
Electronics Engineering B.Sc. in University of Guilan,
Iran. He received the M.Sc. degrees in Optoelectronics
from University of Tabriz, Iran. He defended his Ph.D. in
Optical Telecommunications in the Universitat Politecnica
de Catalunya, Barcelona, Spain. He joined Athens
Information Technology (AIT), Greece in 2014 where he
collaborated on the EU funded projects: FP7 FOX-C, FP7
INSPACE and H2020 ACINO. Since October 2015, he is
with i2Cat Foundation, Spain, collaborating on the 5GPPP
H2020 SESAME, FP7 DOLFIN and national project
ONOFRE. He is author/co-author of 30+ peer-reviewed
articles in the international journals and major conferences.

Dr. Leonardo Goratti received his PhD degree in
Wireless Communications in 2011 from the University of
Oulu-Finland and his M.Sc. in Telecommunications engi-
neering in 2002 from the University of Firenze-Italy. From
2003 until 2010, he worked at the Centre for Wireless
Communications (CWC) Oulu-Finland. His research inter-
ests cover Medium Access Control (MAC) protocols for
wireless personal/body area networks and wireless sensor
networks, routing protocols for sensor networks, UWB
transmission technology and 60 GHz communications.
From 2010 until 2013 he worked on MAC protocols for
cognitive radios and spectrum sharing techniques at the
Joint Research Centre (JRC) of Ispra, Italy. Recently he

joined the Research Centre CREATE-NET Trento-Italy where he is currently working in
the European project ABSOLUTE on LTE-based device-to-device communications in the
context of public safety scenarios.

228

Computer Standards & Interfaces 54 (2017) 216—228

Michele Paolino is a virtualization architect at Virtual
Open Systems. He holds a Master degree in Computer
Engineering from the Alma Mater Studiorum University of
Bologna with a thesis about virtualization solutions for
linux-based heterogeneous SoCs and programmable man-
ycore accelerators. He actively participated to different
FP7/H2020 European projects. His experience includes
OpenStack development and Continuous Integration (CI),
security, Hardware Software Modules, Linux kernel dri-
vers, KVM hypervisor, QEMU programming, libvirt,
GPGPU, API remoting, and TrustZone. He has two patents
pending at the European Patent Office and actively con-
tributed to the OPNFV architecture definition and

OpenStack Nomad specification.

Evangelos Sfakianakis Evangelos Sfakianakis received
his diploma degree in Electronic Engineering from the
Technological Education Institute of Athens in 2002 and
his M.Sc. in Telecommunications & DSP from the
University of Newcastle upon Tyne, in 2003. He has
worked at the R & D Division of INTRACOM S.A. for three
years focusing on Network/telecommunication protocols
and is currently employed within the Hellenic
Telecommunications Organization (OTE), as telecommu-
nications engineer in the R& D Department. From both
positions participated in various national and international
R&D projects. He also served as part time technical
associate for Human-Machine Interaction from 2007 to

2011 at Informatics Department of T.E.I. Athens.

Dr. Fidel Liberal received his PhD from the UPV/EHU in
2005. He has been the project coordinator in FP7-SEC-
GERYON (2012-2014) www.sec-geryon.eu dealing with
public safety interoperability problems. He currently
works as a Lecturer and researcher in the Faculty of
Engineering of Bilbao and cooperates in different
international projects. His research interests include next
generation emergency networks and 5G and has co-
authored more than 35 conferences and journal papers.


http://www.sec-geryon.eu

	Technology pillars in the architecture of future 5G mobile networks: NFV, MEC and SDN
	Introduction
	Identification of SDOs and main stakeholders
	Standardization bodies
	Regional initiatives
	Industry alliances

	Identification of use case categories, scenarios, vertical sectors and requirements
	Use cases
	Scenarios and vertical sectors
	Requirements

	5G technology trends and design principles
	Technology trends
	High level architecture
	Network virtualization
	Integration of NFV into mobile networks management systems

	Mobile Edge Computing (MEC)
	Software Defined Networks (SDN)

	Convergence of NFV, MEC and SDN in 5G systems
	Conclusions
	Acknowledgements
	References




