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a b s t r a c t 

The increasing consumption of multimedia services and the demand of high-quality services from cus- 
tomers has triggered a fundamental change in how we administer networks in terms of abstraction, sep- 
aration, and mapping of forwarding, control and management aspects of services. The industry and the 
academia are embracing 5G as the future network capable to support next generation vertical appli- 
cations with different service requirements. To realize this vision in 5G network, the physical network 
has to be sliced into multiple isolated logical networks of varying sizes and structures which are ded- 
icated to different types of services based on their requirements with different characteristics and re- 
quirements (e.g., a slice for massive IoT devices, smartphones or autonomous cars, etc.). Softwarization 
using Software-De�ned Networking (SDN) and Network Function Virtualization (NFV)in 5G networks are 
expected to �ll the void of programmable control and management of network resources. 

In this paper, we provide a comprehensive review and updated solutions related to 5G network slicing us- 
ing SDN and NFV. Firstly, we present 5G service quality and business requirements followed by a descrip- 
tion of 5G network softwarization and slicing paradigms including essential concepts, history and differ- 
ent use cases. Secondly, we provide a tutorial of 5G network slicing technology enablers including SDN, 
NFV, MEC, cloud/Fog computing, network hypervisors, virtual machines & containers. Thidly, we compre- 
hensively survey different industrial initiatives and projects that are pushing forward the adoption of SDN 
and NFV in accelerating 5G network slicing. A comparison of various 5G architectural approaches in terms 
of practical implementations, technology adoptions and deployment strategies is presented. Moreover, we 
provide a discussion on various open source orchestrators and proof of concepts representing industrial 
contribution. The work also investigates the standardization efforts in 5G networks regarding network 
slicing and softwarization. Additionally, the article presents the management and orchestration of net- 
work slices in a single domain followed by a comprehensive survey of management and orchestration 
approaches in 5G network slicing across multiple domains while supporting multiple tenants. Further- 
more, we highlight the future challenges and research directions regarding network softwarization and 
slicing using SDN and NFV in 5G networks. 

Crown Copyright ' 2019 Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The exponential growth of mobile video services (e.g., YouTube
nd Mobile TV) on smart devices and the advances in the Internet
f Things (IoT) have triggered global initiatives towards developing
he �fth-generation (5G) mobile and wireless communication sys-
� Corresponding author. 
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ems [1,2,3] . The increasing number of smart devices (e.g., tablets
nd smartphones) and the growing number of bandwidth-hungry
obile applications (e.g., live video streaming, online video gam-

ng) which demand higher spectral e�ciency than that of 4G sys-
ems are posing signi�cant challenges in 5G. The Cisco Visual Net-
orking Index (VNI) Forecast [4] predicts that IP video tra�c will
e 82% of all consumer Internet tra�c by 2022, up from 75% in
017. Mobile video tra�c alone will account for 78% of the global
obile data tra�c. While the tra�c for virtual/augmented reality
cle under the CC BY-NC-ND license. 
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(VR/AR) will increase at a Compound Annual Growth Rate (CAGR)
of 82% between 2017 and 2022, the tra�c growth rates of TVs,
tablets, smartphones, and M2M modules will be 21%, 29%, 49%, and
49%, respectively. Such a tremendous growth will be the result of
12.3 billion mobile-connected devices, which is expected to even
exceed the world�s projected population of 8 billion by 2022. A 5G
connection is expected to generate 4.7 times more data than that
of 4G [4] . 

With the increasing number of new applications beyond per-
sonal communications, mobile devices will probably reach hun-
dreds of billions till the commercial deployment of 5G networks.
The 5G network systems around 2020 and beyond will need to
deliver as much as 10 0 0 times capacity compared to the current
commercial 4G cellular systems [2,5] . The Key Performance In-
dicators (KPIs) of 5G are expected to include: better, ubiquitous
and increased coverage of almost 100% coverage for �anytime any-
where� connectivity, 10�100 times higher user data rates, above
90% energy savings, an aggregate service reliability and availability
of 99.999%, an End-to-End (E2E) over-the-air latency of less than
1 ms and lowered electro-magnetic �eld levels compared to LTE
[2,6] . The 5G has been triggered by increasing strong demand of
a well-connected society context with smart grid and smart cities,
critical infrastructure systems such as e-health and telemedicine
as well as education sectors which are surging to exploit the to-
tal bene�ts of wireless connectivity by 2020. While 5G is expected
to enable the global economic output of $12.3 trillion by 2035 [7] ,
some of the 5G market drivers include the needs for virtual reality,
rich media services such as video gaming, 4K/8K/3D video, and ap-
plications in smart cities, education and public safety [8] . Industry
and academia are embracing 5G as the future network that will
enable vertical industries with a diverse set of performance and
service requirements. The 5G �theme� has captured attention and
imaginations of researchers and engineers around the world with
preliminary discussions, debates and a variety of questions such as:
(a) What will 5G be? [3] (b) What are the potential technology-
enablers and requirements for 5G networks? [2] (c) What are the
challenges of 5G? [5] , (d) how, and to what extent can future 5G
network management be automated to ensure that different ser-
vice requirements and Experience Level Agreement (ELAs) 1 are ful-
�lled in the cloud/heterogeneous-native supported softwarized en-
vironments [10,11] ? (e) How to incorporate the driving system-
level principles (e.g., �exibility and programmability) that will al-
low implementing the vision of 5G network/infrastructure/resource
sharing/slicing across network softwarization technologies (SDN,
NFV, and MEC)? (f) How to allow and perform dynamic and �ex-
ible creation as well as operational control of both Virtual Net-
works (VNs) and its underlying 5G infrastructure resource pool?
(g) What is the disruptive network architecture that can harness
all available network technologies and new services to address the
5G challenges? 

Although the vision and targets of 5G are clear, the research
questions regarding the infrastructure of 5G networks, the en-
abling technologies, and application scenarios remain open. This
attracts global efforts and initiatives from government, organiza-
tions, academia and important industry for providing innovative
solutions and tackling the critical research questions mentioned
above. One of the disruptive concepts that could provide answers
to these questions and realize the 5G vision is network slicing (NS)
[12,13] . With NS, a single 5G physical network has to be sliced into
multiple isolated logical networks of varying sizes and structures
dedicated to different types of services. According to the Global
1 Experience Level Agreements (ELAs): Indicate a QoE-enabled counter piece to 
traditional QoS-based Service Level Agreements (SLA) that conveys the performance 
of the service in terms of QoE. The ELAs establish a common understanding of an 
end-user experience on the quality levels whiling using the service [9] . 
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ystem for Mobile Communications (GSMA) report [14] , network
licing is an integral component to unlocking the enterprise oppor-
unity amounting to $300 billion by 2025 for the 5G era. Network
licing will give operators capabilities of creating different level of
ervices for different enterprise verticals, enabling them to cus-
omize their operations [14] . However, one of the signi�cant ques-
ions is how to meet the requirements of different verticals over
G networks. This paper provides preliminary answers to some of
he above open questions by giving a comprehensive survey of 5G
etwork slicing using SDN and NFV. 

.1. Related work and open questions 

Following the conception of network slicing, different works in
he past have been proposed to identify the potential approaches,
ses cases, architectures and the huge bene�ts brought by network
licing technology in meeting the demands of vertical applications
n 5G networks [10,16,17,19,23�29] . 

Casellas et al. [26] present a control, management, and orches-
ration of optical systems. Mu � n oz et al. [25] describe an inte-
rated SDN/NFV-based management and orchestration architecture
or dynamic deployment of instances of Virtual Tenant Networks
VTN). Richart et al. [16] provide a review of resource slicing in
irtual wireless networks by analyzing SDN and NFV for network
licing. An analysis of 5G network slicing with a focus on the 3GPP
tandardization process is given in [17] . Habibi et al. [30] pro-
ide a discussion on the concept and a system architecture of
etwork slicing with particular focus on its business aspect and
ro�t modeling. The two different dimensions of pro�t modeling
re discussed including (a) Own-Slice Implementation and, (b) Re-
ource Leasing for Outsourced Slices. Foukas et al. [19] presented
 survey of network slicing in the 5G context and identify some
hallenges regarding service-oriented 5G. Yousaf et al. [10] pre-
ented the design of a �exible 5G architecture for network slic-
ng with an emphasis on techniques that ultimately provide �exi-
le service-tailored mobility, service-aware Quality of Service (QoS)
r Quality of Experience (QoE) control as well as e�cient utiliza-
ion of substrate resources for slicing. A survey of proposals that
xploits softwarization and virtualization for the network design
nd functionality implementation of 5G networks is presented by
assimo et al. [23] . 
While recent effort s in [24,28,29] provide the description of

G network slicing in the aspects of SDN/NFV, we note that,
hese works are limited in at least one of the following: (1) They
rovide limited review and standardization activities related to
G network slicing, (2) No comprehensive descriptions of ongo-
ng research projects, State-of-the-Art (SotA) efforts and challenges
s well as concrete research directions on how SDN, NFV and
loud/edge computing can accelerate and exploit the 5G network
licing transformation with embedded intelligent techniques, and
3) With regard to scope, they do not provide important aspects
f SDN and NFV for 5G network slicing such as different archi-
ectural approaches, their implementations and deployment strate-
ies. Table 1 indicates a summary of related survey papers on net-
ork softwarization and 5G network slicing. 

.2. Scope and contributions 

The major objectives of this paper are to give the reader a com-
rehensive state-of-the-art and updated solutions related to 5G
etwork slicing using SDN and NFV. We �rst provide the 5G ser-
ice quality and business requirements, the description of 5G net-
ork softwarization and slicing concepts and different use cases.
e also describe standardization activities and different industrial

nitiatives and projects pushing forward the implementation of 5G
etwork slicing. We summarize our contributions as follows: 
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Table 1 
A Summary of Related Survey Papers on Network Softwarization and 5G Network Slicing. 

Contributions and covered 
scope 

[15] -2016 [16] -2016 [17] -2016 [18] -2017 [19] -2017 [20] -2018 [21] -2018 [22] -2018 [23] -2018 Our paper-2019 

5G Service Quality 
Requirements 

� � � � � � � � � � 

5G Market Drivers & Key 
Vertical Segments 

� � � � � � � � � � 

Network Softwarization � � � � � � � � � � 
5G Networks Considerations � � � � � � � � � � 
Network Slicing concepts, 
history and principles 

� � � � � � � � � � 

Virtualization Hypervisors � � � � � � � � � � 
Placement of Virtual Resources 
and VNFs 

� � � � � � � � � � 

5G Network Slicing 
Standardization Efforts 

� � � � � � � � � � 

5G network slicing PoC � � � � � � � � � � 
5G Collaborative Projects � � � � � � � � � � 
Orchestrators for Network 
Slices 

� � � � � � � � � � 

Multi-Domain Orchestration 
and Management 

� � � � � � � � � � 

Single-Domain Orchestration 
and Management 

� � � � � � � � � � 

Network Slicing Management 
in MEC and Fog 

� � � � � � � � � � 

RAN Slicing � � � � � � � � � � 
5G Network Slicing 
Architectures and 
Implementations 

� � � � � � � � � � 

�� Proof of Concepts = PoC. 
�� � indicates that the attributes are provided or applicable in the research work. 
�� � indicates that the attributes are unspeci�ed or non applicable in the research work ��
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Fig. 1. Structure and organization of the paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. 5G service quality & business requirements [1,3,5] . 
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€ We describe the prominent service and business requirements
for the upcoming 5G network of 2020 and beyond. 

€ We provide an in-depth discussion on network softwarization
along with use cases and scenarios for 5G network slicing. 

€ We provide a detailed comparison of different SDN/NFV-based
architectural approaches and their deployment strategies for 5G
network slicing. 

€ We provide a detailed discussion of standardization activities,
research projects and results in network and cloud slicing. 

€ We further provide a landscape of 5G network slicing or-
chestration and management in 5G single-domain and multi-
domain softwarized infrastructures. 

€ We further discuss 5G network slicing challenges and explore
key research areas in SDN and NFV for future research. 

1.3. Paper structure and organization 

The rest of this paper is organized as follows: we start our dis-
cussion with an introduction to the 5G quality of service and busi-
ness requirements in Section 2 . Section 3 introduces the 5G net-
work softwarization and slicing concept, its history and use cases.
In Section 4 we present the cutting-edge technologies for enabling
the concept of slicing on future 5G networks. In Section 5 , we ex-
plore different architectures and the state-of-the-art on 5G net-
work slicing from different academic and industry projects. Then
in Section 6 we present the open-source orchestrators, proof of
concepts (PoC) and standardization activities for 5G network slic-
ing as realized today by the industry and different standard bod-
ies. We provide the convergence and the �rst realization of SDN
and NFV for orchestration and management of 5G network slices in
Section 7 in both single-domain and multi-domain environments.
We summarize our main �ndings in Section 8 in the form of future
challenges and possible research opportunities before concluding
our remarks in Section 9 . For a better understanding of the struc-
ture and organization of this paper, we refer the reader to Fig. 1 .
Table 2 provides a list of commonly used acronyms in this paper. 

2. 5G service quality and business requirements 

2.1. 5G Service quality requirements 

New 5G applications are foreseen to facilitate domains such as
M2M, health (e.g., e-health, telemedicine) and education sector.
Different 5G applications will need different requirements for their
performance. New ways with enhanced capacity (e.g., small cells
deployment), intelligent tra�c and o�oad schemes will have to be
developed and implemented in order to meet these performance
requirements. Moreover, the complexity and high degree of hetero-
geneity towards 5G also impose the requirements for autonomous
etwork management [31] . Although there are no detailed speci�-
ations and general requirements of 5G, exploring 5G requirements
e.g., from users & network perspective) as shown in Fig. 2 that de-
ne user�s satisfaction in the delivered services is of crucial impor-
ance. 

.2. Data rate and ultra low-latency 

The 5G network is expected to provide 1�10 Gbs data rates
hich are almost ten times of 4G LTE network�s theoretical peak
ata rate of 150 Mbps [1] . With this data rates, 5G will be able to
rovide a high level of services with guaranteed end-users service
uality and a genuinely ubiquitous unlimited mobile broadband
xperiences even in crowded areas (e.g., stadiums, cars, trains, con-
erts or shopping malls) through terminals enhanced with Arti�-
ial Intelligence (AI) capabilities [32] . 

5G networks are also envisaged to provide almost 100% cov-
rage for �anytime anywhere� connectivity and a 1ms round trip
atency for tactile Internet [33] . In particular, peak data rates in
he order of 10 Gb/s will be required to support services such
s 3D gaming and mobile telepresence with 3D rendering capa-
ilities [3] . The 5G networks will need to support a higher data
ate and deliver higher resolution videos with better QoE to con-
umers. The reduced latency and high data rate in 5G will easily
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Table 2 
A list of commonly used acronyms in this paper. 

Abb. De�nition Abb. De�nition Abb. De�nition 

5G Fifth Generation LSDC Lightweight Slice 
De�ned Cloud 

RLC Radio Link Control 

ACTN Abstraction and 
Control of Tra�c 
Engineered Networks 

M2M Machine to Machine RRM Radio Resource 
Management 

B2B Business-to-Business MANO Management and 
Orchestration 

SaaS Software as a Service 

B2C Business-to-Customer MdO Multi-domain 
Orchestrator 

SDMC Software De�ned Mobile 
Network Control 

BSS Business Support 
System 

MDSO Multi-Domain Slice 
Orchestrator 

SDMO Software-De�ned Mobile 
network Orchestration 

BSSO Business Service Slice 
Orchestrator 

MEC Multi-Access Edge 
Computing 

SFC Service Function Chaining 

CAPEX Capital Expenditure MIoTs Massive Internet of 
Things 

SGW Service Gateway 

CC Cloud 
Computing 

MO Management 
and 
Orchestration 

SLAs Service Level 
Agreements 

CDNs CDNs Content 
Distribution 
Networks 

MTC Machine Type 
Communica- 
tions 

SRO Slice Resource 
Orchestrator 

C-RAN Cloud RAN MTCP Mobile Transport and 
Computing Platform 

SBS Service Broker Stratum 

D2D Device to Device NAT Network Address 
Translation 

SDO Standard 
Developing 
Organisations 

DHCP Dynamic Host 
Con�guration Protocol 

NFs Network Functions TN Transport Networks 

DSSO Domain -Speci�c slice 
Orchestration 

NFV Network Function 
Virtualization 

TOSCA Topology and 
Orchestration Speci�cation 
for Cloud Applications 

EC2 Elastic 
Compute Cloud 

NFVIPoP NFVI Point of Presence USDL 
Universal Service 
De�nition Language 

ELA Experience Level 
Agreement 

NFVO Network Functions 
Virtualisation 
Orchestrator 

VMN Virtual Mobile Networks 

ETSI European 
Telecommunication 
Standard Institute 

NGN Next Generation 
Networks 

VMS Virtual Machines 

FoC Fog Computing ONF Open Network 
Foundation 

VNF-FGs VNF Forwarding Graphs 

IRTF Internet Research Task 
Force 

OPEX operational 
expenditure 

VNFs Virtual Network Functions 

ISPs Internet Service 
Providers 

OSS Operations Support 
Systems 

VPN Virtual Private Networks 

ITU International 
Telecommunication 
Union 

PGW Packet Data Network 
Gateway 

VR/AR Virtual/Augmented Reality 

KPR Key Performance 
Requirements 

PoP Point of Presence WWRF Wireless World Research 
Forum 

KQIs Key Quality Indicators QoBiz Quality of Business XCI Xhaul Control 
Infrastructure 

LAN Local Area Network RAN Radio Access Network ZOOM Zero-time Orchestration, 
Operations and 
Management 
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upport high-de�nition streaming from cloud-based technologies
nd enhanced VR devices such as Google Glass and other wear-
ble computing devices. It will also provide faster web downloads
nd enable premium user experience when delivering services, for
xample, YouTube videos with high-resolution regardless of access
ethod. 

.3. Enhanced service availability, security and mobility 

The 5G needs to be robust enough reliable and resilient net-
ork to support timely communications for emergency and public
afety. M2M/D2D communicating devices such as smart grid ter-
inals, cars, health monitoring devices, and household appliances
ill be dominant in 5G network. These devices will need an en-
anced service availability with a high-speed connection to the
nternet. While today�s mobility management protocols are highly
entralized and hierarchical [34] , 5G network has to cope signi�-
antly with such extreme situations by providing mobility on de-
and based on each device and service�s requirements. However,

or the full mobility support, enhancements to the current mobil-
ty management procedures are needed. For example the handover
rocedures and a topology-aware gateway selection and relocation
lgorithm [35] . The new introduced distributed mobility manage-
ent (DMM) [34,36] proposals for 5G seems to be a solution to
vercome the current mobility management limitations. 
In terms of security, the current 4G network has limited protec-

ion needs on users (e.g., data encryption) and network (e.g., strong
uthentication for billing). This is different in 5G network which
eeds to support new business and trust models, new service
elivery models with increased privacy concerns and an evolved








































































