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Preface
5G, the fifth-generation technology for wireless cellular networks, takes a significant technological 
leap beyond the capabilities of the 4G networks that currently dominate available cellular network 
services. 5G delivers a substantial increase in peak and average speeds and capacity. A significant 
increase in download and upload speeds will enhance many existing use cases, including cloud-based 
storage, augmented reality, and artificial intelligence. 5G will also enable cell sites to communicate 
with a greater number of devices. Reduced latency and enhanced use of edge computing will transform 
Internet of Things (IoT) capabilities and application breadth.

This book provides comprehensive coverage of 5G networks, including the technology and the appli-
cation areas for enterprises, government, and consumers. This is a technical book, intended for readers 
with some technical background, but it is sufficiently self-contained to be a valuable resource for 
managers responsible for procuring or offering 5G services, IT managers, and product marketing 
personnel, in addition to system engineers, network maintenance personnel, and network and protocol 
designers.

The book is designed to provide:

■ Understanding of the overall 5G ecosystem and individual building blocks

■ Awareness of the 5G research, development, and standardization roadmaps

■ Insights into the specification and standardization process

■ Knowledge of 5G applicability in the variety of use cases

■ Understanding of the underlying core network technologies

■ Understanding of the underlying wireless access and radio transport network technologies

Specifications and Standards
The development of 5G technology and its implementation and deployment depend heavily on inter-
national specifications and standards that are universally accepted and that enable the interoperation of 
equipment from many different sources. Because an understanding of 5G depends on an understanding 
of the process by which the standards are developed and the content of those standards, this book deals 
in depth with this subject. Two organizations are responsible for the development of 5G standards. The 
International Telecommunication Union (ITU) has issued standards, called Recommendations, and 
other documents, call Reports, that define the overall idea of 5G as well as the technical, performance, 
and service requirements for 5G. Based on these documents, the misleadingly named 3rd Generation 
Partnership Project (3GPP), which is a consortium of national standards organizations and government 
and industry participants, has developed and continues to develop a detailed set of technical specifi-
cations for the implementation of 5G. In turn, ITU transforms stable specifications into international 
standards. In describing the technology and application areas of 5G, this book relies on and explains 
the work of ITU and 3GPP.

A01_Stallings_FM_pi-pxxviii.indd   24 13/05/21   4:26 pm



xxv

How This Book Is Organized
The book consists of four parts, each of which includes a number of chapters.

Part I, “Overview”: This part provides a concise history of the development of cellular networks 
through 4G. It also introduces 5G, discussing the motivation for its development and its characteristics, 
and covers 5G technologies.

■ Chapter 1, “Cellular Networks: Concepts and Evolution”: This chapter begins with an
overview of basic concepts of cellular networks and cellular data transmission. It also provides
summaries of the architecture and functionality of the first four generations of cellular
networks. This overview will enable you to better grasp the complexities of 5G networks.

■ Chapter 2, “5G Standards and Specifications”: This chapter goes into some detail, although
at a high level, on the requirements, objectives, specifications, and standards for 5G. It provides
a useful overview of 5G.

■ Chapter 3, “Overview of 5G Use Cases and Architecture”: This chapter presents a high-
level view of the concepts underlying 5G. It begins with a discussion of usage scenarios and
use cases that require 5G. It also provides a detailed overview of the 5G architecture, which
includes the core network and the radio access network.

Part II, “Use Cases and Applications”: ITU defines three broad service areas for 5G, called usage 
scenarios. A usage scenario dictates various performance and technical requirements for a network. 
A wide but nevertheless constrained variety of use cases are encompassed by each usage scenario.  
Part II provides a broad survey of the usage scenarios and use cases for 5G. This part includes a look at 
the impact of 5G on IoT, cloud computing, and fog computing.

■ Chapter 4, “Enhanced Mobile Broadband”: Of the three usage scenarios defined by ITU,
eMBB is the only general-purpose case, and it is the one that is most familiar to current 4G
users. In essence, eMBB is an enhanced version of 4G, providing improved performance and
an increasingly seamless user experience. Chapter 4 discusses various deployment scenarios for
eMBB as well as performance requirements. It then examines three important use cases: smart
office, dense urban communications, and communication between train and trackside.

■ Chapter 5, “Massive Machine Type Communications”: The mMTC usage scenario is
characterized by a very large number of connected devices, typically transmitting a relatively
low volume of non-delay-sensitive data. Devices are required to be low cost and have a very
long battery life. This chapter looks at performance requirements and provides an overview of
the Internet of Things (IoT). The chapter also discusses smart agriculture and smart cities.

■ Chapter 6, “Ultra-Reliable and Low-Latency Communications”: URLCC has stringent
requirements for capabilities such as throughput, latency, and availability. This chapter begins
with a discussion of performance requirements and then highlights many use cases categorized
by mission criticality and performance requirements. The chapter then surveys Industry 4.0 and
unmanned aircraft system traffic management.
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Part III, “5G NextGen Core Network”: The core network of a cellular network system, also called 
the backbone network, provides networking services and long-distance interconnection for the wireless 
access networks through which user devices connect to the cellular network system. Part III provides a 
detailed survey of the underlying technology and the architecture of 5G core networks.

■ Chapter 7, “Software-Defined Networking”: The two technology underpinnings for the 5G
NextGen core network are SDN and NFV. SDN is an approach to designing, building, and
operating large-scale networks based on programming the forwarding decisions in routers and
switches via software from a central server. This chapter provides detailed treatment of the
major aspects of SDN.

■ Chapter 8, “Network Functions Virtualization”: NFV is the virtualization of compute,
storage, and network functions by implementing these functions in software and running them
on virtual machines. Chapter 8 provides detailed treatment of the major aspects of NFV.

■ Chapter 9, “Core Network Functionality, QoS, and Network Slicing”: This chapter begins
with a discussion of the requirements for 5G core networks. It then examines the functional
architecture of the core network, covering tunneling, session establishment, and policy control.
The chapter also covers quality of service (QoS) and network slicing.

■ Chapter 10, “Multi-Access Edge Computing”: MEC is a distributed information technology
architecture in which client data is processed at the periphery of the core network, as close to
the originating user as possible. This chapter examines the 5G MEC architecture and examines
the relationship between MEC and NFV and network slicing. The chapter also looks at a
number of specific use cases.

Part IV: “5G NR Air Interface and Radio Access Network”: Beyond the core network, the essential 
elements of a cellular network are the radio access network (RAN) and the air interface. The RAN 
is an interconnected set of base stations that provide radio transmission and reception in cells to and 
from user equipment and also provide connections to the core network. The air interface is the wireless 
interface between user equipment and the base station. Chapters 11 through 14 cover aspects of the air 
interface. Chapter 15 surveys the RAN.

■ Chapter 11, “Wireless Transmission”: This chapter provides background on concepts
related to wireless transmission, focused on the data rate that can be achieved over a wireless
transmission link. The chapter also discusses transmission in the millimeter wavelength region
of the wireless spectrum, which is crucial to the success of 5G.

■ Chapter 12, “Antennas”: This chapter provides background on antenna technology, including
multiple-input/multiple-output (MIMO) antennas, which are critical to 5G.

■ Chapter 13, “Air Interface Physical Layer”: This chapter examines the two most important
aspects of the physical layer of the air interface: modulation and waveform definition. The
chapter provides an overview of modulation schemes, as well as treatment of the specific
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techniques standardized for 5G. The chapter also surveys various waveform definitions based 
on orthogonal frequency-division multiplexing (OFDM) and discusses the OFDM techniques 
specified for 5G.

■ Chapter 14, “Air Interface Channel Coding”: This chapter provides an overview of forward
error correction and examines the two techniques specified for 5G: low-density parity-check
coding and polar coding.

■ Chapter 15, “5G Radio Access Network”: This chapter provides an overview of key aspects
of the 5G RAN. It begins with an overview of RAN architecture, highlighting the roles of
various types of RAN nodes. The chapter details the functional split between the RAN and the
core network and discusses the protocol architecture and key RAN interfaces. The chapter also
provides an overview of the RAN transport network and discusses the concept of integrated
architecture and backhaul (IAB).
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76

Overview of 5G Use Cases  
and Architecture

Learning Objectives
After studying this chapter, you should be able to:

■	 Present an overview of the types of use cases enabled by 5G

■	 Discuss the user experience and performance requirements of use cases in various  
categories

■	 Present an overview of the NGMN 5G architecture

■	 Present an overview of the 3GPP 5G core network architecture

■	 Present an overview of the 3GPP 5G radio access network architecture

This chapter presents a high-level view of the concepts underlying 5G. Section 3.1 provides an 
overview of the types of use cases enabled by 5G. This section presents three taxonomies or groupings 
of use cases developed by three different organizations. These different perspectives enable you to 
develop a solid grasp of the types of use cases that are emerging with 5G and their chief characteristics.

Section 3.2 presents a 5G architecture framework developed by the Next Generation Mobile Networks 
(NGMN) Alliance. This framework is widely accepted within the telecommunications industry. The 
framework provides an excellent high-level rendering of the overall 5G system and enables you to 
understand the overall structure of 5G.

Section 3.3 presents architecture models for the 5G core network and radio access network developed 
by the 3rd Generation Partnership Project (3GPP), which is the organization developing the technical 
specifications for 5G. The diagrams presented in this section illustrate the framework being used for 
the development of detailed technical specifications and enable you to see the context of the separate 
technical aspects of 5G that are described in subsequent chapters and to see how the various technical 
elements of 5G fit together.

Chapter 3
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3.1  5G Use Cases
There is a reciprocal cause–effect relationship between use cases and the capabilities being designed 
into 5G networks. As users and organizations have come to depend increasingly on wireless and 
Internet-based applications, these users have come to expect more capability, in terms of data rate 
and range of features, from wireless networks. These expectations create a demand that justifies the 
enormous investment required to deploy 5G networks. Conversely, 5G networks are the logical next 
step in the evolution of cellular networks, and the new capabilities provided by 5G enable users to 
envision a wide range of new applications, termed use cases, in the standards and specifications docu-
ments.

This section looks at examples of use cases, or applications, for 5G compiled by three different orga-
nizations: ITU Radiocommunication Sector (ITU-R), 5G Americas, and the Next Generation Mobile 
Networks (NGNM) Alliance. The three compilations provide a good sense of the possibilities enabled 
by 5G.

ITU-R
ITU-R Report M.2441 describes 16 emerging use cases for IMT-2020, as shown in Figure 3.1. M.2441 
provides a description of a number of specific applications encompassed by each use case, as well as a 
summary of technical capabilities of the IMT systems needed to support each use case.

Machine-type
communication PPDR Transport

applications Utilities

Industrial
automation

Remote
Control

Surveying and
inspection Healthcare

Sustainability/
environmental Smart City Wearables Smart Homes

Agriculture
Media and

entertainment
Enhanced personal

experience
Commercial

Airspace UAS

PPDR = Public Protection and Disaster Relief
UAS = Unmanned Aerial Systems

FIGURE 3.1  Emerging 5G Use Cases (ITU-R)

Chapter 2, “5G Standards and Specifications,” briefly describes each of the 16 use cases.

5G Americas
5G Americas is an industry trade organization composed of leading telecommunications service 
providers and manufacturers. The organization’s mission is to advocate for and foster the advancement 
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and full capabilities of LTE (Long Term Evolution) wireless technologies and their evolution to 5G 
throughout the ecosystem’s networks, services, applications, and connected devices in the Western 
Hemisphere. 5G Americas is affiliated with 3GPP as a market representation partner.

The 5G Americas document 5G Services & Use Cases (November 2017) describes 16 use cases and 
provides a framework for mapping use cases to 5G capabilities. Figure 3.2, from the 5G Americas 
document, shows the framework, which has two dimensions. One dimension consists of the three 
usage scenarios similar to those defined by ITU-R and described in Chapter 2.

Virtual reality/Augmented reality

Public safety

Human to Human

Enhanced
mobile

broadband

Massive
scale

communication

Ultra-reliable
low-latency

service

Human to Machine Machine to Machine

Smart homes/Smart cities
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Virtual meetings

Fixed
wireless

Health care
monitoring

Remote
surgery

Vehicle to
infra-

structure

Vehicle to
pedes-
trian

Vehicle to
vehicle

Industrial
auto-

mation

UHD
video

Video
moni-
toring

Wear-
ables

Social
network-

ing

Mobile
cloud

computing

FIGURE 3.2  Some 5G Use Cases Grouped by Type of Interaction and the Range of 
Performance Requirements (5G Americas)

The three scenarios, based on their performance requirements, are:

■■ Enhanced mobile broadband (eMBB): These use cases generally have requirements for 
higher data rates and better coverage.

■■ Massive scale communication: These use cases generally have requirements to support a very 
large number of devices in a small area and, therefore, very high device density.

■■ Ultra-reliable low-latency service: These use cases have very strict requirements on latency  
and reliability and are also referred to as ultra-reliable and low-latency communications 
(URLLC).

The other dimension characterizes use cases based on whether they involve human-to-human, human-
to-machine, or machine-to-machine communication. As indicated in Figure 3.2, a use case may corre-
spond to more than one type of interaction or more than one usage scenario. This depiction clarifies the 
requirements for the various use cases.
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NGMA Alliance
The Next Generation Mobile Networks (NGNM) Alliance is an association of mobile operators, 
vendors, manufacturers, and research institutes. It is an open forum whose goal is to ensure that the 
standards for next-generation network infrastructure, service platforms, and devices meet the require-
ments of operators and, ultimately, that they will satisfy end user demand and expectations. The 
NGMN Alliance complements and supports standards organizations by providing a coherent view of 
what mobile operators require. NGMN is affiliated with 3GPP as a market representation partner.

NGMN’s 5G White Paper (February 2015) defines 24 use cases intended as representative examples 
of the applications for 5G and meant to highlight the diversity of performance requirements that 5G 
networks must satisfy. Figure 3.3, from the white paper, illustrates the framework for positioning use 
cases in a way that clarifies requirements. At a high level, use cases are grouped into eight use case 
families. These families are roughly similar to the three usage scenarios defined by ITU-R but at a 
greater granularity. Each family reflects the dominant characteristic of the use cases in that family.
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FIGURE 3.3  Use Case Categories Definition (NGNM)
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Each family is in turn divided into a number of categories. The categories represent distinct types of 
demands on the 5G network in terms of user experience requirements and system performance require-
ments. For each use case category, one set of requirement values is given, which is representative of 
the extreme use cases(s) in the category. As a result, satisfying the requirements of a category leads 
to satisfying the requirements of all the use cases in this category. Tables 3.1 and 3.2, from the white 
paper, summarize the requirements.

TABLE 3.1  User Experience Requirements

Use Case Category User-Experienced Data 
Rate

E2E Latency Mobility

Broadband access in  
dense areas 

DL: 300 Mbps
UL: 50 Mbps

10 ms On demand:  
0–100 km/h 

Indoor ultra-high broadband 
access 

DL: 1 Gbps
UL: 500 Mbps 

10 ms Pedestrian 

Broadband access in a crowd DL: 25 Mbps
UL: 50 Mbps

10 ms Pedestrian 

50+ Mbps everywhere DL: 50 Mbps
UL: 25 Mbps

10 ms 0–120 km/h 

Ultra-low-cost broadband 
access for low average rev-
enue per user (ARPU) areas 

DL: 10 Mbps
UL: 10 Mbps

50 ms On demand:  
0–50 km/h 

Mobile broadband in vehicles 
(cars, trains) 

DL: 50 Mbps
UL: 25 Mbps

10 ms On demand: Up to 
500 km/h 

Airplanes connectivity DL: 15 Mbps per user
UL: 7.5 Mbps per user

10 ms Up to 1000 km/h 

Massive low-cost/long-range/
low-power machine-type 
communication (MTC) 

Low (typically 1–100 kbps) Seconds to 
hours 

On demand:  
0–500 km/h 

Broadband MTC See the requirements for the broadband access in dense areas and 
50+ Mbps everywhere categories

Ultra-low latency DL: 50 Mbps
UL: 25 Mbps 

< 1 ms Pedestrian 

Resilience and traffic surge DL: 0.1–1 Mbps
UL: 0.1–1 Mbps 

Regular com-
munication: not 
critical 

0–120 km/h 

Ultra-high reliability and  
ultra-low latency 

DL: 50 kbps–10 Mbps
UL: a few bps–10 Mbps 

1 ms On demand:  
0–500 km/h 

Ultra-high availability and  
reliability 

DL: 10 Mbps
UL: 10 Mbps 

10 ms On demand:  
0–500 km/h 

Broadcast-like services DL: Up to 200 Mbps
UL: Modest (e.g., 500 kbps) 

< 100 ms On demand:  
0–500 km/h
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TABLE 3.2  System Performance Requirements

Use Case Category Connection Density Traffic Density

Broadband access in dense 
areas 

200–2500/km2 DL: 750 Gbps/km2

UL: 125 Gbps/km2 

Indoor ultra-high broadband 
access 

75,000/km2 (75/1000 m2 
office) 

DL: 15 Tbps/km2 (15 Gbps/1000 m2)
UL: 2 Tbps/km2 (2 Gbps/1000 m2) 

Broadband access in a 
crowd 

150,000/km2 (30,000/stadium) DL: 3.75 Tbps/km2  
(0.75 Tbps/stadium)
UL: 7.5 Tbps/km2 (1.5 Tbps/stadium) 

50+ Mbps everywhere 400/km2 suburban
100/km2 rural 

DL: 20 Gbps/km2 suburban
UL: 10 Gbps/km2 suburban
DL: 5 Gbps/km2 rural
UL: 2.5 Gbps/km2 rural 

Ultra-low-cost broadband 
access for low ARPU areas 

16/km2 16 Mbps/km2

Mobile broadband in  
vehicles (cars, trains) 

2000/km2

(500 active users per train × 4 
trains or 1 active user per car 
× 2000 cars) 

DL: 100 Gbps/km2 (25 Gbps per train, 
50 Mbps per car)
UL: 50 Gbps/km2 (12.5 Gbps per train, 
25 Mbps per car) 

Airplanes connectivity 80 per plane
60 airplanes per 18,000 km2 

DL: 1.2 Gbps/plane
UL: 600 Mbps/plane 

Massive low-cost/long-
range/low-power MTC 

Up to 200,000/km2 Not critical 

Broadband MTC See the requirements for the broadband access in dense areas and 
50+ Mbps everywhere categories 

Ultra-low latency Not critical Potentially high 

Resilience and traffic surge 10,000/km2 Potentially high 

Ultra-high reliability and 
ultra-low latency

Not critical Potentially high 

Ultra-high availability and 
reliability

Not critical Potentially high 

Broadcast-like services Not relevant Not relevant

3.2  NGMN 5G Architecture Framework
NGMN introduced a framework for the 5G architecture in its 2015 white paper and subsequently elab-
orated the framework in a later document, 5G End-to-End Architecture Framework (August 2019). The 
NGMN framework emphasizes the need for modular network functions that could be deployed and 
scaled on demand to accommodate various use cases in an agile and cost-efficient manner. The NGMN 
approach is built on the concept of the softwarization of 5G networks. In essence, softwarization 
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is an overall approach for designing, implementing, deploying, managing, and maintaining network 
equipment and/or network components through software programming.

Four approaches to softwarization are important in 5G networks and reflected in the NGMN model:

■■ Software-defined networking (SDN): An approach to designing, building, and operating 
large-scale networks based on programming the forwarding decisions in routers and switches 
via software from a central server. SDN differs from traditional networking, which requires 
configuration of each device separately and relies on protocols that cannot be altered.  
Chapter 7, “Software-Defined Networking,” covers SDN.

■■ Network functions virtualization (NFV): The virtualization of compute, storage, and network 
functions by implementing these functions in software and running them on virtual machines. 
Chapter 8, “Network Functions Virtualization,” covers NFV.

■■ Edge computing: A distributed information technology (IT) architecture in which client data is 
processed at the periphery of the network, as close to the originating source as possible.

■■ Cloud-edge computing: A form of edge computing that offers application developers and ser-
vice providers cloud computing capabilities as well as an IT service environment at the edge 
of a network. The aim is to deliver compute, storage, and bandwidth much closer to data inputs 
and/or end users. Chapter 10, “Multi-Access Edge Computing,” covers cloud-edge computing. 

Layered Functionality
Figure 3.4 illustrates the NGMN architecture framework. The architecture comprises three layers and 
an end-to-end (E2E) management and orchestration entity.

The infrastructure resource layer consists of the physical resources and system software of a fixed-
mobile converged (FMC) network. Figure 3.4 shows in detail the core network portion, which includes 
these types of devices:

■■ Cloud nodes: These nodes provide cloud services, software, and storage resources. There are 
likely to be one or more central cloud nodes that provide traditional cloud computing service. 
In addition, cloud-edge nodes provide low latency and higher-security access to client devices 
at the edge of the network. All of these nodes include virtualization system software to support 
virtual machines and containers. NFV enables effective deployment of cloud resources to the 
appropriate edge node for a given application and given fixed or mobile user. The combination 
of SDN and NFV enables the movement of edge resources and services to dynamically accom-
modate mobile users.

■■ Networking nodes: These are IP routers and other types of switches for implementing a physi-
cal path through the network for a 5G connection. SDN provides for flexible and dynamic cre-
ation and management of these paths.
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■■ Access nodes: These provide an interface to radio access networks (RANs), which in turn pro-
vide access to mobile user equipment (UE). SDN creates paths that use an access node for one 
or both ends of a connection involving a wireless device.
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FIGURE 3.4  5G Architecture (NGMN)

Hardware and software resources at the infrastructure resources layer are exposed to higher layers 
and to the end-to-end management and orchestration entity through relevant application programming 
interfaces (APIs). Performance and status monitoring as well as configurations are intrinsic parts of 
such an API.

The business enablement layer is a library of all functions required within a converged network in the 
form of modular architecture building blocks, including functions realized by software modules that 
can be retrieved from the repository to the desired location, and a set of configuration parameters for 
certain parts of the network (e.g., radio access). The functions and capabilities are called upon request 
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by the orchestration entity, through relevant APIs. For certain functions, multiple variants might exist. 
For example, there may be different implementations of the same functionality that have different 
performance or characteristics. The different levels of performance and capabilities offered could be 
utilized to differentiate the network functionality much more than in today’s networks (e.g., to offer 
mobility functions such as nomadic mobility, vehicular mobility, or aviation mobility, depending on 
specific needs). Specific types of components at this layer include:

■■ Control plane functions: These are modules that implement the control signaling functions 
within the network, as well as control signals associated with SDN and NFV.

■■ User plane functions: These modules deal with the exchange of user data over a connection.

■■ Radio access technology (RAT) configuration: These functions facilitate the configuration of 
elements in the RAN, including base stations.

■■ State information: State information is split from functions and nodes and managed sepa-
rately. This includes the state of network connections and RAN radio channels.

With the use of SDN and NFV, 5G networks can support flexible functions and capabilities. The func-
tions at the business enablement layer can tailor connections, configurations, and resource deployment 
for each use case.

The business application layer contains specific applications and services that support the following 
users of the 5G network:

■■ Mobile network operator: A mobile network operator is a wireless telecommunications orga-
nization that provides wireless voice and data communication for its subscribed mobile users. 
The operator owns or controls the complete telecom infrastructure for hosting and managing 
mobile communications between the subscribed mobile users with users in the same and exter-
nal wireless and wired telecom networks, including radio spectrum allocation, wireless network 
infrastructure, backhaul infrastructure, billing, customer care, provisioning computer systems, 
and marketing and repair organizations. Mobile network operators are also known as wireless 
service providers, wireless carriers, and cellular companies.

■■ Enterprise: An enterprise is a business that offers services over the mobile network. These 
services include applications that run on mobile devices and cloud-based services that enable 
application portability across multiple devices.

■■ Verticals: An industry vertical is an organization that provides products and/or services tar-
geted to a specific industry, trade, profession, or other group of customers with specialized 
needs. A vertical might provide a range of products or services useful in the banking industry 
or healthcare. In contrast, a horizontal provides products or services that address a specific need 
across multiply industries, such as accounting or billing products and services. Some 5G use 
cases are realized by standalone private networks managed by the vertical industry itself rather 

9780136767145_print.indb   84 04/05/21   11:49 am



3.2  NGMN 5G Architecture Framework 85

than the network service provider (NSP). A good example is factory automation. In such cases, 
the vertical can own and control its own application packages and business application layer.

■■ Over-the-top (OTT) and third parties: OTT or third-party services can be defined as any 
services provided over the Internet and mobile networks that bypass traditional operators’ 
distribution channel. Cooperation between the mobile network operator and the OTT involves 
providing quality of service (QoS) and latency attributes in network slices. Examples of OTTs 
include:

■■ Voice over Internet Protocol (VoIP): Skype, Viber, etc.

■■ Short Message Service (SMS): WhatsApp, Kakao Talk, Line, Telegram, etc.

■■ Apps: Search portals, news portals, banking, weather, shopping, etc.

■■ Cloud services: Dropbox, Google Drive, Apple iCloud, etc.

■■ Internet television (video streaming): Netflix, Hulu, YouTube, Amazon Video, etc.

At the interface to the end-to-end management and orchestration entity, users at the business appli-
cation layer can build dedicated network slices for an application or map an application to existing 
network slices.

The E2E management and orchestration entity is the contact point to translate the use cases and 
business models into actual network functions and slices. It defines the network slices for a given 
application scenario, chains the relevant modular network functions, assigns the relevant performance 
configurations, and finally maps all of this onto the infrastructure resources. It also manages scaling of 
the capacity of those functions as well as their geographic distribution. In certain business models, it 
could also possess capabilities to allow for third parties to create and manage their own network slices.

Network Slicing
Chapter 2 introduces the concept of network slicing. Figure 2.11 suggests that slices can divide 
classes of internal network functions, such as dividing eMBB from mMTC from URLLC. The NGMN 
framework suggests that slices could effectively partition networks in such a way that different classes 
of user equipment, utilizing their respective sets of radio access technologies, would perceive quite 
different infrastructure configurations, even though they would be accessing resources from the same 
pools.

NGMN defines a network slice as being composed of a collection of 5G network functions and specific 
RAT settings combined together for the specific use case or business model. Thus, a 5G slice can span 
all domains of the network—software modules running on cloud nodes, specific configurations of the 
transport network supporting flexible location of functions, and a dedicated radio configuration or even 
a specific RAT—as well as configuration of the 5G device.

Figure 3.5 illustrates three use cases highlighted in the NGMN white paper. The blacked-out core 
network resources represent resources not used to create the network slice.
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FIGURE 3.5  5G Network Slices Implemented on the Same Infrastructure

Cloud nodes that are part of the slice may include the following:

■■ Control plane (CP) functions associated with one or more user plane (UP) functions (e.g., a 
reusable or common framework of control)

■■ Service- or service category–specific control plane and user plane function pairs (e.g., user-
specific multimedia application session)

The first network slice depicted in Figure 3.5 is for a typical smartphone use case. Such a slice might 
have fully fledged functions distributed across the network. The second network slice in Figure 3.5 
indicates the type of support that may be allocated for automobiles in motion. This use case empha-
sizes the need for security, reliability, and low latency. A configuration to achieve this would limit 
core network resources to nearby cloud edge nodes, plus the recruitment of sufficient access nodes 
to support the use case. The final use case illustrated in Figure 3.5 is for a massive IoT deployment, 
such as a huge number of sensors. The slice can contain just some basic CP and UP functions with, for 
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example, no mobility functions. This slice would only need to engage the access nodes nearest the IoT 
device deployment.

Thus, as Figures 3.4 and 3.5 suggest, a layered architecture with emphasis on softwarization provides 
the flexibility needed to fully exploit the 5G infrastructure.

3.3  3GPP 5G Architecture
As discussed in Chapter 2, the 3rd Generation Partnership Project (3GPP) is the organization respon-
sible for developing reports and specifications that define 5G networks. The project covers cellular 
telecommunications technologies—including the air interface, RAN, core network, and service capa-
bilities—that provide a complete system description for 5G mobile telecommunications. The 3GPP 
specifications also provide hooks for fixed access to the core network and for interworking with  
4G networks and networks outside the 3GPP specifications.

Hundreds of 3GPP reports and specifications related to 5G together describe an extraordinarily complex 
system. This book provides an overview that encompasses the scope of 5G technology and networks, 
based on the 3GPP documents. This section provides a “big picture” overview of 5G, summarizing the 
two key 3GPP documents that together describe the 5G architecture:

■■ TS 23.501 (Technical Specification Group Services and System Aspects; System Architecture  
for the 5G System (5GS); Stage 2 (Release 16), December 2020): This document describes the 
core network architecture, together with its services and interfaces.

■■ TS 38.300 (Technical Specification Group Radio Access Network; NR; NR and NG-RAN 
Overall Description; Stage 2 (Release 16), December 2020): This document describes the 
radio access network architecture, together with its services and interfaces.

5G Core Network Architecture
The 5G architecture model provides a framework within which detailed specifications can be developed.

Principles

TS 23.501 lists the following as the key principles for the architecture:

■■ Separate the user plane (UP) functions from the control plane (CP) functions to allow indepen-
dent scalability, evolution, and flexible deployments (e.g., centralized location or distributed 
[remote] location).

■■ Modularize the function design (e.g., to enable flexible and efficient network slicing).

■■ Wherever applicable, define procedures (i.e., the set of interactions between network functions) 
as services so that their reuse is possible.
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■■ Enable each network function (NF) and its network function services (NFS) to interact with 
other NF and its NFS directly or indirectly via a service communication proxy, if required. The 
architecture does not preclude the use of another intermediate function to help route control 
plane messages.

■■ Minimize dependencies between the access network (AN) and the core network (CN). The 
architecture is defined with a converged core network with a common AN–CN interface that 
integrates different access types (e.g., 3GPP access and non-3GPP access).

■■ Support a unified authentication framework.

■■ Support stateless NFs. A stateless NF separates an NF into a processing module and a data store 
module containing state information. This design results in a more agile NF in terms of scal-
ability, resilience, and ease of deployment [KABL17].

■■ Support capability exposure. As mentioned in Chapter 2, this refers to the ability to provide rel-
evant information about network capabilities to third parties.

■■ Support concurrent access to local and centralized services. To support low-latency services and 
access to local data networks, UP functions can be deployed close to the access network.

■■ Support roaming with both home-routed traffic as well as local breakout traffic in the visited 
public land mobile network (PLMN).

Roaming

The final item in the preceding list references some important concepts. A PLMN, often called a carrier, 
is a telecommunications network that provides mobile cellular services. A home PLMN for a given 
mobile phone subscriber is the PLMN that is contracted to provide cellular service to the subscriber. 
Roaming is the ability for a user to function in a serving network different from the home network, 
called the visited network. Roaming can occur internationally, in which case mobile subscribers get 
coverage and at least basic services similar to their domestic package from a network operator in 
another country. For 5G, any user device should work in any other country. With 4G and earlier, there 
are multiple technologies in use, and a cell phone from one country may not be able to operate on a 
network in another country. National roaming refers to the ability to move from one mobile operator 
to another in the same country.

Both the home and visited PLMN use the same network architecture, which defines protocols, services, 
and interfaces between the home PLMN and the visited PLMN. The 3GPP specifications support two 
models of operation: home routed and local breakout (LBO). In the home-routed roaming model, the 
subscriber’s data traffic is serviced by the subscriber’s home network, which gives the home network 
operator more control over the user’s traffic and is preferable when the relationship between the two 
operators is not totally trustworthy. In the LBO model, the subscriber’s data is serviced by the visited 
network; this model delivers more efficient routing in terms of bandwidth and latency. In the case of 
LBO, the home network owner loses control of the customer and has no role in delivering services to 
that user. The LBO model is used when there is a trusted relationship between the two operators.

9780136767145_print.indb   88 04/05/21   11:49 am



3.3  3GPP 5G Architecture 89

An architecture that includes roaming adds complexity but no change to the basic network services and 
functionality. Therefore, this section focuses on the non-roaming case.

Architecture Diagrams

TS 23.501 contains a number of architecture diagrams from several different points of view and at 
varying levels of detail. All of the diagrams depict the architecture in terms of a number of intercon-
nected network functions (NFs). An NF is a processing function in a network that has defined func-
tional behavior and interfaces. A network function can be implemented either as a network element on 
dedicated hardware, as a software instance running on dedicated hardware, or as a virtualized function 
instantiated on an appropriate platform.

The interconnection between NFs is represented in two ways:

■■ Service-based representation: NFs within the control plane enable other authorized NFs to ac-
cess their services. This representation illustrates how a set of services is provided/exposed by 
a given network interface. This interface defines how one network function within the control 
plane allows other network functions that have been authorized to access its services. This rep-
resentation also includes point-to-point reference points where necessary.

■■ Reference point representation: This representation uses labeled point-to-point links  
to show the interaction that exists between two NFs or between an NF and an external func-
tional module or network. The reference point representation is beneficial when showing 
message sequence charts. It shows the relationships between NFs that are used in the message 
sequence charts.

There are several advantages to this form of architectural representation. The modular structure 
provides a framework for developing detailed specifications for each NF. The service-based inter-
faces and reference points provide a framework for developing detailed specifications of the interaction 
between NFs in terms of data formats, protocols, and service calls. In addition, the detailed interface 
specifications promote interoperability between different hardware/software providers. Finally, this 
type of architecture definition provides a way of ensuring that all 5G functional and service require-
ments are satisfied.

Service-Based System Architecture

Figure 3.6, based on TS 23.501, depicts the overall non-roaming 5G service-based architecture (SBA) 
for the core network. The functional components of the control plane of the network are network func-
tions (NFs) that offer their services to any other applicable NFs via a common framework of interfaces 
accessible to all NFs. Network repository functions (NRFs) allow every NF to discover the services 
offered by other NFs present in the network; network exposure functions (NEFs) expose capability 
information and services of the 5G core network NFs to external entities. This model aims to maximize 
the modularity, reusability, and self-containment of network functions and to foster the ability to grow 
flexibly while taking advantage of network functions virtualization and software-defined networking.
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FIGURE 3.6  Non-Roaming 5G System Architecture

The figure includes the following NFs and other modules:

■■ Authentication server function (AUSF): Performs authentication between UE and the  
network.

■■ Access and mobility management function (AMF): Receives all connection- and session-
related information from the user equipment (UE) (N1/N2) but is responsible only for handling 
connection, registration, reachability, and mobility management tasks. All messages related to 
session management are forwarded to the session management function (SMF).

■■ Network exposure function (NEF): Provides an interface for outside applications to commu-
nicate with the 5G network to obtain network-related information in the following categories:

■■ Monitoring capability: Allows an external entity to request or subscribe to UE-related 
events of interest. The monitored events include a UE’s roaming status, UE loss of con-
nectivity, UE reachability, and location-related events.

■■ Provisioning capability: Allows an external entity to provide information about expected 
UE behavior to the 5G system (e.g., predicted UE movement, communication character-
istics).

■■ Policy/charging capability: Handles QoS and charging policy for the UE, based on a 
request from an external party.
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■■ Analytics reporting capability: Allows an external party to fetch or subscribe/unsub-
scribe to analytics information generated by the 5G system.

■■ Network repository function (NRF): Allows NFs to register their functionality and to dis-
cover the services offered by other NFs present in the network.

■■ Network slice selection function (NSSF): Selects the set of network slice instances to accom-
modate the service request from a UE. When a UE requests registration with the network, AMF 
sends a network slice selection request to NSSF with information on the preferred network slice 
selection. The NSSF responds with a message that includes a list of appropriate network slice 
instances for the UE.

■■ Network slice-specific authentication and authorization (NSSF): Performs authentication 
and authorization specific to a slice.

■■ Policy control function (PCF): Provides functionalities for the control and management of 
policy rules, including rules for QoS enforcement, charging, and traffic routing. PCF enables 
end-to-end QoS enforcement with QoS parameters (e.g., maximum bit rate, guaranteed bit 
rate, priority level) at the appropriate granularity (e.g., per UE, per flow, per protocol data unit 
[PDU] session).

■■ Session management function (SMF): Responsible for PDU session establishment, modifica-
tion, and release between a UE and a data network. A PDU session, or simply a session, is an 
association between the UE and a data network that provides a PDU connectivity service. A 
PDU connectivity service is a service that provides for the exchange of PDUs between a UE 
and a data network.

■■ Unified data management (UDM): Responsible for access authorization and subscription 
management. UDM works with the AMF and AUSF as follows: The AMF provides UE authen-
tication, authorization, and mobility management services. The AUSF stores data for authenti-
cation of UEs, and the UDM stores UE subscription data.

■■ User plane function (UPF): Handles the user plane path of PDU sessions. This function is de-
scribed subsequently.

■■ Application function (AF): Provides session-related information to the PCF so that the SMF 
can ultimately use this information for session management. The AF interacts with application 
services that require dynamic policy control. The AF extracts session-related information (e.g., 
QoS requirements) from application signaling and provides it to the PCF in support of its rule 
generation. An example is the IP multimedia subsystem (IMS), which may interface with the 
PCRF to request QoS support for VoIP calls.

■■ User equipment (UE): Allows a user access to network services. An example is a mobile 
phone. For the purpose of 3GPP specifications, the interface between the UE and the network is 
the radio interface.

■■ (Radio) Access Network ((R)AN): Provides access to a 5G core network. This includes the  
5G RAN and other wireless and wired access networks.
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■■ Data network (DN): Allows UE to be logically connected by a session. It may be the Internet, 
a corporate intranet, or an internal services function within the mobile network operator’s core 
(including content distribution networks).

■■ Service communication proxy (SCP): Allows NFs and NFSs to communicate directly or indi-
rectly. The SCP enables multiple NFs to communicate with each other and with user plane enti-
ties in a highly distributed multi-access edge compute cloud environment. This provides routing 
control, resiliency, and observability to the core network.

The ovals on NFs in Figure 3.6 indicate service interfaces that can be accessed by other NFs. Each 
interface is identified by a label consisting of an uppercase N followed by the abbreviation of the NF 
in lowercase. For example, the network slice selection function has a service interface labeled Nnssf.

It is informative to compare Figure 3.6 with Figure 2.13, which shows the ITU-T Y.3102 (Framework 
of the IMT-2020 Network, May 2018) representation of the core network, which provides a somewhat 
different functional breakdown. This can be considered an earlier version of the core network archi-
tecture that has been superseded by the current 3GPP architecture.

Reference Point Representation

Figure 3.7, based on TS 23.501, depicts the overall non-roaming 5G architecture using the reference 
point representation, showing how the NFs interact with each other.
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Note that there are fewer interconnections depicted in Figure 3.7 than in Figure 3.6. Within the control 
plane, the interconnections in Figure 3.6 indicate which NFs can access the services of which other 
NFs. The interconnections of Figure 3.7 indicate which NFs communicate with each other directly, 
without going through an intermediate NF. The term directly does not mean that there is a physical 
point-to-point link between NFs connected on the diagram. Rather, it means that there is a protocol 
for the exchange of messages between the connected entities that is not relayed through another NF. 
Each such link is labeled with a reference point expressed as an uppercase N followed by a number. 
For example, the logical connection between the session management function and the policy control 
function is labeled reference point N7.

In Figure 3.7, two reference points loop back to the same function: N9 and N14. The N9 reference 
point is an interface between two distinct UPFs used for forwarding packets. The N14 reference point 
is between two AMFs, one acting as a source AMF for a data transfer and the other acting as a desti-
nation AMF.

User Plane Function

User plane functions handle the user plane path of PDU sessions. 3GPP specifications support deploy-
ments with a single UPF or multiple UPFs for a given PDU session. UPF selection is performed by 
SMF. UPF functions include:

■■ Packet routing and forwarding.

■■ Anchor point for intra-/inter-RAT mobility (when applicable). Anchor points are transit nodes 
in the network used for forwarding PDUs along a session from a UE to the destination.

■■ External PDU session point of interconnect to data network.

■■ Packet inspection (e.g., application detection based on a service data flow [SDF] template). An 
SDF provides end-to-end packet flow between an end user and an application; this is discussed 
in Chapter 9, “Core Network Functionality, QoS, and Network Slicing.”

■■ User plane part of policy rule enforcement (e.g., gating, redirection, traffic steering).

■■ Traffic usage reporting.

■■ QoS handling for the user plane, such as uplink/downlink rate enforcement.

■■ Uplink traffic verification (SDFs to QoS flow mapping). A QoS flow is the lowest level of 
granularity for defining end-to-end QoS policies. A QoS flow may contain multiple SDFs; this 
is discussed in Chapter 9.

■■ Transport-level packet marking in the uplink and downlink.

■■ Downlink packet buffering and downlink data notification triggering.

■■ Sending and forwarding of one or more end markers to the source NG-RAN node.
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Radio Access Network Architecture
Figure 3.8, from TS 38.300, depicts the overall RAN architecture.

AMF        = Access and Mobility Management Function
UPF        = User Plane Function
gNB        = Provides 5G user plane and control plane protocol terminations
  toward the UE
ng-eNB   = Provides 4G (E-UTRA) user plane and control plane protocol
                  terminations toward the UE
Xn           = Interconnects gNBs and ng-eNBs
NG          = connects gNBs and ng-eNBs to 5G core network
5GC        = Fifth-generation core network
NG-RAN = Fifth-generation (next generation) radio access network 
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FIGURE 3.8  Overall Radio Access Network Architecture

There are two types of base stations, called NG-RAN nodes:

■■ gNB: Provides 5G user plane and control plane protocol terminations toward the UE.

■■ ng-eNB: Provides 4G (E-UTRA) user plane and control plane protocol terminations toward the 
UE and connects via the NG interface to the 5G core. This enables 5G networks to support UE 
that use the 4G air interface. However, the UE must still implement the 5G protocols to interact 
with the 5G core network.

The gNBs and ng-eNBs are interconnected with each other by means of the Xn interface. The  
gNBs and ng-eNBs are also connected by means of the NG interfaces to the core network (5GC)—
specifically, to the AMF (access and mobility management function) by means of the NG-C interface 
and to the UPF (user plane function) by means of the NG-U interface.
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Figure 3.9, from TS 38.300, shows the major functional elements performed by the RAN, together 
with functions within the core network that specifically relate to the RAN. The outer shaded boxes 
depict the logical nodes, and the inner white boxes depict the main functions at each node. TS 38.300 
also includes a more comprehensive list of functions for the four logical nodes, and these are discussed 
in Part Four, “5G NR Air Interface and Radio Access Network.” 
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FIGURE 3.9  Functional Split Between NG-RAN and 5G Core Network

RAN Functional Areas

Figure 3.9 illustrates the following key functional areas in the NG-RAN:

■■ Inter-cell radio resource management: Allows the UE to detect neighbor cells, query about 
the best serving cell, and support the network during handover decisions by providing measure-
ment feedback.

■■ Radio bearer control (RBC): Consists of the procedure for configuration (such as security), 
establishment, and maintenance of the radio bearer (RB) on both the uplink and downlink with 
different quality of service (QoS). The term radio bearer refers to an information transmission 
path of defined capacity, delay, bit error rate, and other parameters.
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■■ Connection mobility control (CMC): Functions both in UE idle mode and connected mode. 
In idle mode, UE is switched on but does not have an established connection. In connected 
mode, UE is switched on and has an established connection. In idle mode, CMC performs cell 
selection and reselection. The connected mode involves handover procedures triggered on the 
basis of the outcome of CMC algorithms.

■■ Radio admission control (RAC): Decides whether a new radio bearer admission request is 
admitted or rejected. The objective is to optimize radio resource usage while maintaining the 
QoS of existing user connections. Note that RAC decides on admission or rejection for a new 
radio bearer, while RBC takes care of bearer maintenance and bearer release operations.

■■ Measurement configuration and provision: Consists of provisioning the configuration of the 
UE for radio resource management procedures such as cell selection and reselection and for 
requesting measurement reports to improve scheduling.

■■ Dynamic resource allocation (scheduler): Consists of scheduling RF resources according to 
their availability on the uplink and downlink for multiple pieces of UE, according to the QoS 
profiles of a radio bearer.

Access and Mobility Management

On the core network side, the NG-RAN nodes interact with three functions: the access and mobility 
management, session management, and user plane functions.

The AMF provides UE authentication, authorization, and mobility management services. The two 
main functions shown in Figure 3.9 for AMF are NAS security and idle state mobility handling.

The non-access stratum (NAS) is the highest protocol layer of the control plane between UE and the 
access and mobility management function (AMF) in the core network. The main functions of the 
protocols that are part of the NAS are the support of mobility of the UE and the support of session 
management procedures to establish and maintain IP connectivity between the UE and user plane 
function (UPF). It is used to maintain continuous communications with the UE as it moves. In contrast, 
the access stratum is responsible for carrying information just over the wireless portion of a connection. 
NAS security involves IP header compression, encryption, and integrity protection of data based on the 
NAS security keys derived during the registration and authentication procedure.

Idle state mobility handling deals with cell selection and reselection while the UE is in idle mode, as 
well as reachability determination.

Session Management Function

The two main functions depicted in Figure 3.9 for SMF are UE IP address allocation and PDU session 
control.

UE IP address allocation assigns an IP address to the UE at the time of session establishment. This 
ensures the ability to route data packets within the 5G system and also supports data reception and 
forwarding to outside networks and provides interconnectivity to external packet data networks 
(PDNs).
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In cooperation with the UPF, the SMF establishes, maintains, and releases a PDU session for user data 
transfer, which is defined as an association between the UE and a data network that provides PDU 
connectivity.

User Plane Function

The two main functions depicted in Figure 3.9 for UPF are UE IP mobility anchoring and PDU handling.

UE mobility handling deals with ensuring that there is no data loss when there is a connection transfer 
due to handover that involves changing anchor points.

Once a session is established, the UPF has a responsibility for PDU handling. This includes the basic 
functions of packet routing, forwarding, and QoS handling.

Session Establishment
TS 23.502 (Technical Specification Group Services and System Aspects; Procedures for the 5G System 
(5GS) ; Stage 2 (Release 16), December 2020) defines the session establishment process. Figure 3.10 
provides a much simplified view of the interaction between the various network components during session 
establishment. This section does not examine this process in detail. More detail is provided in Chapter 9.

RAN AMF UPF SMF PCF UDMUE DN

Session establishment request

First uplink data

First downlink data

Session establishment request

Final session establishment

Validation/information retrieval

SMF selection

PDU session authentication/authorization

UE    = User Equipment
RAN = Radio Access Network
AMF = Access and Mobility Management Function
UPF = User Plane Function

SMF  = Session Management Function
PCF  = Policy Control Function
UDM = Unified Data Management
DN    = Data Network

PCF selection

UPF selection

FIGURE 3.10  UE-Requested PDU Session Establishment
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Session establishment begins with a request from the UE over the RAN, which is directed to the AMF. 
An SMF is selected to manage the PDU session. SMF utilizes UDM in the process of creating a session 
and performing authentication and authorization. SMF selects a PCF for the session. SMF selects a 
UPF to handle data plane PDU forwarding in both directions. SMF establishes a session with the DN. 
After a few more exchanges, the UE is able to communicate over a session with the DN.

3.4  Key Terms and Review Questions

Key Terms

3GPP

5G Americas

access and mobility management function 
(AMF)

cellular company

cloud-edge computing

critical communications

edge computing

enhanced mobile broadband (eMBB)

gNB

ITU Radiocommunication Sector (ITU-R)

massive Internet of Things (MIoT)

mobile network operator

network functions virtualization (NFV)

network slicing

Next Generation Mobile Networks (NGMN) 
Alliance

ng-eNB

over the top (OTT)

radio access network (RAN)

radio bearer

reference point

reference point representation

roaming

service-based architecture

session management function (SMF)

software-defined networking (SDN)

softwarization

ultra-reliable and low-latency communications 
(URLLC)

use case

user equipment (UE)

user plane function (UPF)

vertical

wireless carrier

wireless service provider
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Review Questions

	 1.	 List the emerging 5G use cases defined by ITU-R.

	 2.	 Explain the use of two dimensions in characterizing 5G uses cases by 5G Americas.

	 3.	 Explain the concepts of families and categories used by NGMN to classify 5G use cases.

	 4.	 What is softwarization?

	 5.	 What are the main approaches to softwarization?

	 6.	 Describe the three layers of the NGMN architecture framework.

	 7.	 Define the three types of nodes that are used in the NGMN core network model.

	 8.	 In the NGMN model, who are the key 5G users?

	 9.	 What is the relationship between network slicing and the types of nodes in the core network?

	 10.	 Explain the concept of roaming.

	 11.	 What is the difference between a service-based representation and a reference point  
representation?

	 12.	 Summarize the major functions encompassed by the user plane function.

	 13.	 What are the two primary types of nodes in a radio access network?

	 14.	 List and briefly define the RAN functional areas.

	 15.	 Which core network functions interact directly with the RAN?
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Index

roaming, 88–89

SBA (service-based system architecture), 
89–92

UPF (user plane function), 93

core network requirements, 275–279

connectivity models, 277–278

context awareness, 278–279

efficiency, 275–276

flexible broadcast/multicast services, 279

mobility, 276

network capability exposure, 278–279

network slicing, 275

priority, QoS, policy control, 277

development of, 65

EDGEAPP

functional architecture, 350–352

requirements, 349–350

synergized mobile edge cloud architecture, 
352–353

individual members, 67–68

market representation partners, 67–68

organizational partners, 67

QoS architecture, 298–299

RAN architecture, 94–97

access and mobility management function 
(AMF), 96

functional areas, 95–96

session management function (SMF), 96–97

user plane function (UPF), 97

RAN interface terminology, 514

SYMBOLS
π/2-BPSK, 437–438

1G (first generation), 14–15

comparison of generations, 15–16, 25

defined, 3

2G (second generation), 15–20

comparison of generations, 15–16, 25

defined, 4

GSM architecture, 17–19

radio link aspects, 20

TDMA, 16–17

3D-MIMO, 415–416

3G (third generation), 20–24

architecture, 21–22

capabilities, 20–21

CDMA, 21

comparison of generations, 25

defined, 4

UMTS core network, 23–24

UTRAN, 22–23

3GPP (3rd Generation Partnership Project)

channel coding specifications

physical channels, 484–485

polar coding with CRC, 486–488

QC-LDPC codes, 485–486

core network architecture, 87–93

architecture diagrams, 89

principles, 87–88

reference point representation, 92–93
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air interfaces 609

releases, 69

reports and specifications, 87

requirements, 70–72

RSTT use case, 113

session establishment, 97–98

TSGs (Technical Specification Groups), 65–67

4G (fourth generation), 24–34

capabilities, 24

carrier aggregation, 32–33

comparison of generations, 25

defined, 4

EPC, 33–34

E-UTRAN, 26–29

FDD and TDD, 30–31

femtocells, 28–29

LTE/LTE-Advanced, 25–27

relay nodes, 27–28

transmission characteristics, 29–33

5G (fifth generation)

comparison of generations, 25

defined, 4

MEC and, 323–324

millimeter wave transmission implications, 
385–386

SDN/NFV support for, 315–318

5G Americas use cases, 77–78

5G architecture framework

layered functionality, 82–85

network slicing, 85–87

softwarization, 81–82

5QI (5G QoS identifier)-to-QoS characteristic 
mapping, 303–306

for delay-critical GBR resource type, 305

for GBR resource type, 304–305

for non-GBR resource type, 306

5th percentile user spectral efficiency, 51, 
107

360-degree video broadcasting use case, 
174–175

A
AAS (active antenna systems), 416–417

access and mobility management function 
(AMF), 90, 96, 501

access nodes, 83

action sets (OpenFlow), 214

actions (OpenFlow), 213–214

active antenna systems (AAS), 416–417

actuators, 129

adaptive equalization, 395

additive white Gaussian noise (AWGN) 
channel, 379

admission control, 296

advanced cellular antennas. See cellular 
antennas

Advanced Mobile Phone System (AMPS), 
14–15

AF (application function), 64, 91

aggregation points, 328

agriculture use case, 45. See also smart 
agriculture

air interfaces, 11, 505–507. See also wireless 
transmission

3GPP channel coding specifications

physical channels, 484–485

polar coding with CRC, 486–488

QC-LDPC codes, 485–486

forward error correction

block error correction, 460–462

Hamming distance, 462–466

HARQ (hybrid automatic repeat request), 
488–489

LDPC (low-density parity-check) codes, 
471–476

parity-check matrix codes, 466–471

polar codes, 476–484

modulation, 424–438

ASK, 425

defined, 425–426
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610 air interfaces

FSK, 426

performance comparison, 430–433

PSK, 426–430

QAM, 433–437

specifications, 424–425

π/2-BPSK, 437–438

transmission errors

data transmission channels and, 458–459

error burst, 457

waveform definitions

CP-OFDM, 449

DFT-S-OFDM, 450–451

numerologies and, 448–449

OFDM, 438–445

OFDMA, 445

SC-FDMA, 446–447

AMF (access and mobility management 
function), 90, 96, 501

amplitude-shift keying (ASK), 425

AMPS (Advanced Mobile Phone System), 
14–15

analog traffic channels, 14–15

antenna gain, 406, 418

antennas. See also wireless transmission

antenna gain, 406

cellular

AAS, 416–417

beamforming, 412–416

benefits and challenges, 420

generations, 411–412

mMIMO, 417–419

defined, 399

dipoles, 401–403

directional, 403–404

MIMO

FD-MIMO, 415–416

MU-MIMO, 410–411

principles, 408–409

uses of, 407–408

monopoles, 401–403

parabolic reflective, 404–405

radiation patterns, 399–400

application function (AF), 64, 91

application plane (SDN), 225–230

application types, 226–229

architecture, 225

NBI (northbound interface), 226

network services abstraction layer, 226

user interfaces, 230

applications (SDN), 207, 226–229

apps, 85

AR (augmented reality), 172–176, 189, 337

arable farming use case, 140–141

area traffic capacity, 39, 51, 107

ARQ (automatic repeat request), 488

ASF (authentication server function), 64, 90

ASK (amplitude-shift keying), 425

assisted reality, 338

asynchronous messages, 218

atmospheric absorption, 374–376

atmospheric gaseous loss, 382

attenuation

factors in, 364–365

free space loss, 365–367

attenuation distortion, 365

AuC (authentication center) database, 19, 24

augmented reality (AR), 172–176, 189, 337

augmented work use case, 173–174

authentication center (AuC) database, 19

authentication server function (ASF), 64, 90

automatic repeat request (ARQ), 488

autonomous drones, 191

availability for URLLC, 180, 181–182

average spectral efficiency, 51, 107

AWGN (additive white Gaussian noise) 
channel, 379
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cellular networks 611

B
backbone networks, 515. See also core 

networks

backhaul connections, 512. See also IAB 
(integrated access and backhaul)

bandwidth, 52

defined, 357

in modulation schemes, 430–433

Nyquist formula, 357–358

Shannon formula, 358–361

bandwidth efficiency, 430–431. See also 
spectral efficiency

base station subsystems, 19

base stations, 4–5, 10–11, 26–27

baseband, 513

baseband signals, 425

BBU (baseband unit), 513

beam management, 414–415

beam width (of antennas), 400

beamforming, 412–416

beam management, 414–415

FD-MIMO, 415–416

principles, 413–414

BEC (binary erasure channel), 459

BFSK (binary frequency-shift keying), 426

billing with SGSN, 23

binary phase-shift keying (BPSK), 427

binary symmetric channel (BSC), 458–459

biometrics, 154–155

bit error rate (BER), 372–373

block error correction, 460–462

blockage, 384–387

BPSK (binary phase-shift keying), 427

broadband connectivity for train passengers, 
116

broadband IoT, 134

Broadband Public Protection and Disaster 
Relief (PPDR), 43

BSC (binary symmetric channel), 458–459

bus-fleet traffic management use case, 43

business application layer, 84–85

business enablement layer, 83–84

business process view of precision crop 
management, 147–149

C
call accepted, 12

call drops, 14

call termination, 13

capacity increases for cellular networks, 7–9

carrier aggregation, 32–33

carrier signals, 425

CDMA (code-division multiple access), 21

CEF (capability exposure function), 64

cell sectoring, 8

cell splitting, 7–8

cellular antennas

AAS (active antenna systems), 416–417

beamforming, 412–416

benefits and challenges, 420

generations, 411–412

mMIMO, 417–419

cellular geometries, 4–5

cellular networks

elements of, 10–11

evolution of, 2–4

frequency reuse, 5–9

generations

1G (first generation), 14–15

2G (second generation), 15–20

3G (third generation), 20–24

4G (fourth generation), 24–34

comparison, 25

explained, 3–4

geometries of cells, 4–5

increased capacity, 7–9

operational steps, 11–14

path loss exponent, 368
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612 cellular radio

cellular radio, 2–3, 4

centralized RAN, 516

CFS (customer-facing service) portal, 333

channel capacity

components of, 357

Nyquist formula, 357–358

Shannon formula, 358–361

channel coding

3GPP specifications

physical channels, 484–485

polar coding with CRC, 486–488

QC-LDPC codes, 485–486

LDPC (low-density parity-check) codes, 
471–476

parity-check matrix codes, 466–471

polar codes, 476–484

channels

access, 16

CDMA, 21

FDMA, 15, 16–17

TDMA, 16–17

analog, 14–15

data transmission channels, 458–459

digital, 15–16

fading, 379–383

OpenFlow, 209

in RAN architecture, 502–505

logical, 503

physical, 504–505

QoS flows in, 508–509

transport, 503–504

synthetic, 479–483

types of, 11–12

wireless channel correction

adaptive equalization, 395

categories of, 394

diversity techniques, 396–398

forward error correction, 398–399

characteristics templates, 54

citizen identification system with biometrics 
use case, 154–155

citizens’ safety services use case, 153

city operations center use case, 155–156

classes of constrained devices, 129–130

closed subscriber groups, 8

closed-loop process control use case, 189

cloud computing, 322, 324

cloud context, IoT (Internet of Things) and, 
130–133

cloud and fog computing comparison, 133

cloud network, 132

core networks, 132

edge computing, 131

fog computing, 131–132

cloud gaming use case, 175–176

cloud nodes, 82

cloud services, 85, 138

cloud-edge computing, 82, 323

CMC (connection mobility control), 96

code rate, 464

code-division multiple access (CDMA), 21

codewords, 460

coding gain, 465

cognitive assistance, 338

collocation, 386

commercial airspace unmanned aerial 
systems (UAS) applications use case, 45, 
191–194

CoMP (coordinated multipoint  
transmission), 9

compliance templates, 54–55

compute domain, 253, 258–260

elements of, 258–259

eswitch, 259

nodes, 259–260

compute nodes, 259

congestion avoidance, 295

connection density, 39, 51, 123

connection management, 65
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613data network (DN)

connection mobility control (CMC), 96

connectivity models, 277–278

consolidation ratio, 236–237

constrained devices (in IoT), 129–130

consumer-oriented services use cases, 
337–342

container interface, 253–256

container virtualization, 241–242

containers (NFVI), deploying, 256

content delivery efficiency, 276

context awareness, 278–279

control channels, 11–12, 503

control plane functions, 63–64, 84

control plane latency, 51, 108, 168

control plane (QoS), 296

control plane (SDN), 204–206, 218–224

eastbound APIs, 223–224

functions, 218–219

NBI (northbound interface), 220–223

SBI (southbound interface), 220

westbound APIs, 224

controlled airspace, 191–192

controllers (SDN), 206–207

controller-to-switch messages, 217

control-to-control use case, 188

conversational traffic, 303

coordinated multipoint transmission (CoMP), 
9

Core Network and Terminals (CT), 67

core networks, 11

3GPP requirements, 275–279

connectivity models, 277–278

context awareness, 278–279

efficiency, 275–276

flexible broadcast/multicast services, 279

mobility, 276

network capability exposure, 278–279

network slicing, 275

priority, QoS, policy control, 277

framework, 62–65, 87–93

architecture diagrams, 89

principles, 87–88

reference point representation, 92–93

roaming, 88–89

SBA (service-based system architecture), 
89–92

UPF (user plane function), 93

functional architecture, 279–291

functions of, 280–281

PCF (policy control function), 287–291

PDU session establishment, 283–287

tunneling, 281–283

functional areas, 501–502

functional split with RAN, 499

in IoT (Internet of Things), 132

ITU-T requirements, 273–274

RAN-core network interface protocol 
architecture, 509–511

UMTS, 23–24

co-siting, 386

counters (OpenFlow), 212–213

CP (cyclic prefix), 443–444

CP-OFDM (cyclic prefix orthogonal 
frequency-division multiplexing), 449

CPS (cyber-physical system), 182

CRC (cyclic redundancy check), polar coding 
with, 486–488

critical communications use case, 78

critical IoT, 134

crosstalk, 371

CT (Core Network and Terminals), 67

customer-facing service (CFS) portal, 333

cyber-physical system (CPS), 182

D
dairy farming use case, 141–142

data center networking applications, 228

data network (DN), 92
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614 data plane (QoS)

data plane (QoS), 294–295

data plane (SDN), 204–206, 207–209

functions, 207–208

OpenFlow, 209–218

protocols, 209

data rates

defined, 357

for eMBB, 106–107

Nyquist formula, 357–358

Shannon formula, 358–361

data transmission channels, 458–459

databases in network subsystem, 19

dBm (decibel-milliWatt), 392

dbW (decibel-Watt), 391

decibels, signal strength and, 389–393

decoding polar codes, 483–484

deeply embedded devices (in IoT), 128

delay-critical GBR resource type, 305

dense urban environment, 105, 111–112

deploying containers (NFVI), 256

deployment scenarios

for eMBB, 103–105

for smart agriculture, 138–139

description templates, 54

device edge, 325–326

device energy efficiency, 51

devices (in IoT)

components of, 128–129

constrained, 129–130

deeply embedded, 128

defined, 125

in smart agriculture, 138

DFT-S-OFDM (discrete Fourier transform 
spread OFDM), 450–451

differential phase-shift keying (DPSK), 427

differentiation (QoS), 297–298

diffraction, 376

digital factories, 184

digital traffic channels, 15–16

dipoles, 401–403

directional antennas, 403–404

discrete channels, 458

discrete Fourier transform spread OFDM 
(DFT-S-OFDM), 450–451

distributed RAN (DRAN), 516

diversity gain, 419

diversity techniques, 396–398

DN (data network), 92

domains (NFVI)

compute domain, 258–260

hypervisor domain, 260–261

infrastructure network domain, 261–263

logical structure of, 257–258

types of, 252–253

donor eNodeB, 28

downlink physical channels, 504–505

downlink transport channels, 504

DPSK (differential phase-shift keying), 427

DRAN (distributed RAN), 516

dual connectivity, 497–498

dynamic resource allocation (scheduler), 96

E
E2E (end-to-end) latency, 169

E2E (end-to-end) management and 
orchestration entity, 85

eastbound APIs, 207, 223–224

Eb/No ratio, 372–374

EDGE (Enhanced Data Rates for GSM 
Evolution), 20

edge computing, 82, 131, 322, 324. See also 
MEC (multi-access edge computing)

EDGEAPP

functional architecture, 350–352

requirements, 349–350

synergized mobile edge cloud architecture, 
352–353
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615evolved packet core (EPC)

effective area (of antennas), 406

efficiency requirements, 275–276

egress processing in OpenFlow, 214

EIR (equipment identity register) database, 
19, 24

elevator (lift) monitoring services use case, 
153–154

eMBB (enhanced mobile broadband), 41–42

5G Americas use cases, 78

deployment scenarios, 103–105

ITU-R characterizations, 102–103

ITU-T requirements, 57–58

key drivers, 103

MEC and, 323

mobility requirements, 52

performance requirements

data rates, 106–107

latency, 108

mobility, 108–109

spectral efficiency, 107–108

system, 109–110

types of, 105–106

test environments, 46–48

use cases

dense urban environment, 111–112

indoor hotspots, 110–111

rural eMBB, 113–117

emergencies, disasters, public safety use 
case, 176

emergency call prioritization, 14

eMTC (enhanced machine type 
communications)

comparison with NB-IoT, 135–136

LPWA support, 136–138

encoding

LDPC (low-density parity-check) codes, 476

parity-check matrix codes, 469–470

polar codes, 477–484

encryption, 16

end-to-end (E2E) latency, 169

energy efficiency, 39, 51, 276

Enhanced Data Rates for GSM Evolution 
(EDGE), 20

enhanced machine type communications. 
See eMTC (enhanced machine type 
communications)

enhanced mobile broadband. See eMBB 
(enhanced mobile broadband)

enhanced personal experiences use case, 45

eNodeB (evolved NodeB), 26–27

enterprises, 84

entries in flow tables, 211–213

EPC (evolved packet core), 33–34

equipment identity register (EIR) database, 
19, 24

error burst, 457

error detection/correction, 16. See also 
forward error correction

for LDPC codes, 473–476

for parity-check matrix codes, 470–471

error rate

defined, 357

Shannon formula, 358–361

wireless channel correction

adaptive equalization, 395

categories of, 394

diversity techniques, 396–398

forward error correction, 398–399

error-free capacity, 360

eswitch, 259

ETSI (European Telecommunication 
Standards Institute), 327

E-UTRAN, 26–29

evaluation process, 47, 52–56

evolution

of cellular antennas, 411–412

of cellular networks, 2–4

evolved NodeB (eNodeB), 26–27

evolved packet core (EPC), 33–34
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616 factories of the future

F
factories of the future. See industrial 

automation use case

factory automation, 185–186

factory automation architecture, 183–185

fading in mobile environment

channels, 379–383

defined, 376

multipath propagation, 376–378

types of, 378–379

fast fading, 378

fast Fourier transform (FFT), 442

FDD (frequency-division duplex), 30–31

FDM (frequency-division multiplexing), 454, 
455

FDMA (frequency-division multiple access), 
15, 16–17, 455

FD-MIMO (full-dimension MIMO), 415–416

FEC (forward error correction), 398–399

block error correction, 460–462

Hamming distance, 462–466

HARQ (hybrid automatic repeat request), 
488–489

LDPC (low-density parity-check) codes, 
471–476

parity-check matrix codes, 466–471

polar codes, 476–484

femtocells, 8, 28–29

FFT (fast Fourier transform), 442

fixed mobile convergence (FMC), 61–62

fixed subscribers, mobile calls to/from, 14

flat fading, 378–379

flexible broadcast/multicast services, 279

flow tables (OpenFlow)

defined, 211

multiple tables, 216

pipeline, 214–215

structure of, 211–214

flows (OpenFlow), 211, 213

flows (QoS), 287, 508–509

FMC (fixed mobile convergence), 61–62

fog computing, 131–132, 133

foliage loss, 383–384

forward error correction. See FEC (forward 
error correction)

free space loss, 365–367, 381–382

frequency bands, 49–50

frequency borrowing, 7

frequency diversity, 396

frequency reuse, 5–9

frequency-division duplex (FDD), 30–31

frequency-division multiple access (FDMA), 
15, 16–17, 455

frequency-division multiplexing (FDM), 454, 
455

FRMCS (Future Railway Mobile 
Communication System), 113

fronthaul connections, 512

fruits use case, 143

FSK (frequency-shift keying), 426

full-dimension MIMO (FD-MIMO), 415–416

functional block interface, 253

functional entities in EDGEAPP, 350–351

functional view of precision crop 
management, 145–147

Future Railway Mobile Communication 
System (FRMCS), 113

G
gateway GPRS support node (GGSN), 23

gateway MSC (GMSC), 23

gateway nodes, 259–260

gateways in smart agriculture, 138

GBR resource type, 304–305

General Packet Radio Service (GPRS), 20

generations

1G (first generation), 14–15

2G (second generation), 15–20

comparison of generations, 15–16

GSM architecture, 17–19
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617IFFT (inverse fast Fourier transform)

radio link aspects, 20

TDMA, 16–17

3G (third generation), 20–24

architecture, 21–22

capabilities, 20–21

CDMA, 21

UMTS core network, 23–24

UTRAN, 22–23

4G (fourth generation), 24–34

capabilities, 24

carrier aggregation, 32–33

EPC, 33–34

E-UTRAN, 26–29

FDD and TDD, 30–31

femtocells, 28–29

LTE/LTE-Advanced, 25–27

relay nodes, 27–28

transmission characteristics, 29–33

of cellular antennas, 411–412

comparison, 25

explained, 3–4

generator matrix, 469

Generic Network Slice Template (GST), 
313–314

geometries of cells, 4–5

GGSN (gateway GPRS support node), 23

Global System for Mobile Communications. 
See GSM (Global System for Mobile 
Communications)

GMSC (gateway MSC), 23

gNB nodes, 94

GPRS (General Packet Radio Service), 20

ground wave transmission, 361

group tables (OpenFlow), 211, 217

GSM (Global System for Mobile 
Communications)

architecture, 17–19

radio link aspects, 20

GST (Generic Network Slice Template), 
313–314

H
Hamming distance, 462–466

handoffs, 12

handover management, 65

handovers, 7

hardware virtualization, 236

HARQ (hybrid automatic repeat request), 
488–489

healthcare use case, 44

HetNet, 28–29

high data rates, 70–71

high-speed vehicular mobility, 52, 109, 170

HLR (home location register) database, 19, 
23–24

HMIs (human-machine interfaces), 186

hotspots, 47

HSS (home subscriber server), 34

hybrid automatic repeat request (HARQ), 
488–489

hypervisor domain, 253, 260–261

hypervisors

defined, 238

functions of, 239

operational overview, 236–237

types of, 239–240

I
IAB (integrated access and backhaul),  

517–523

architecture, 519–520

parent/child relationship, 520

protocol architecture, 520–523

terminology, 518

ICI (intercarrier interference), 445

ICIC (inter-cell interference coordination), 9

ICN (information-centric networking), 229

ICT architecture for smart cities, 158–160

IFFT (inverse fast Fourier transform), 442
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618 impairments

impairments

to line-of-sight transmission

atmospheric absorption, 374–376

attenuation, 364–365

Eb/No ratio, 372–374

free space loss, 365–367

multipath interference, 375

noise, 371–372

path loss exponent, 368

refraction, 376

types of, 364

to millimeter wave transmission

atmospheric gaseous loss, 382

blockage, 384–387

foliage loss, 383–384

free space loss, 381–382

rain loss, 383

types of, 381

impulse noise, 372

IMS (IP Multimedia Subsystem), 311

IMT (International Mobile 
Telecommunications), 20, 38

IMT-2000 initiative, 20–21

IMT-2020 initiative

ITU-R role in, 38

eMBB mobility requirements, 52

evaluation process, 52–56

frequency bands, 49–50

M.2083 recommendations, 38–42

technical performance requirements, 50–52

test environments, 46–48

use cases, 43–45, 77

ITU-T role in, 57

core network framework, 62–65

fixed mobile convergence (FMC), 61–62

network slicing, 59–61

requirements, 57–60

spectral efficiency, 108

IMT-Advanced initiative, 24, 108

inband, 137

IND (infrastructure network domain), 253, 
261–263

index of refraction, 363

indoor hotspots, 104, 110–111

industrial automation IoT, 134

industrial automation use case, 43–44, 171, 
179, 182–191

application areas, 185–187

factory automation architecture, 183–185

key drivers, 183

MEC and, 340–342

performance requirements, 189–191

use case categories, 187–189

Industry 4.0. See industrial automation use 
case

information-centric networking (ICN), 229

infrastructure edge, 325–326

infrastructure monitoring use case, 156–157

infrastructure network domain (IND), 253, 
261–263

infrastructure resource layer, 82–83

ingress processing in OpenFlow, 214

integrated access and backhaul. See IAB 
(integrated access and backhaul)

integrated command and control center use 
case, 157–158

intelligent transport systems use case, 43, 
177–178

inter-band noncontiguous carrier 
aggregation, 33

intercarrier interference (ICI), 445

inter-cell interference coordination (ICIC), 9

inter-cell radio resource management, 95

inter-domain interfaces, 255–256

intermodulation noise, 371

International Mobile Telecommunications 
(IMT), 20, 38

International Telecommunication Union. 
See ITU (International Telecommunication 
Union)
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latency 619

Internet of Arable Farming, 140–141

Internet of Dairy Farming, 141–142

Internet of Food & Farm (IoF2020), 140

Internet of Fruits, 143

Internet of Meat, 144–145

Internet of Things. See IoT (Internet of 
Things)

Internet of Vegetables, 143–144

Internet television services, 85

intersymbol interference (ISI), 377

intra-band contiguous carrier aggregation, 33

intra-band noncontiguous carrier 
aggregation, 33

inverse fast Fourier transform (IFFT), 442

IoF2020 (Internet of Food & Farm), 140

IoT (Internet of Things)

cloud context and, 130–133

cloud and fog computing comparison, 133

cloud network, 132

core networks, 132

edge computing, 131

fog computing, 131–132

defined, 124, 125

devices

components of, 128–129

constrained, 129–130

types of, 128

relationship with mMTC, 133–135

scope of, 125–127

segments of, 133–134

smart agriculture

deployment scenarios, 138–139

performance requirements, 150

precision crop management, 145–149

purpose of, 138

use cases, 140–145

terminology, 125

IP Multimedia Subsystem (IMS), 311

irregular LDPC codes, 471

ISI (intersymbol interference), 377

isotropic antennas, 399

ITU (International Telecommunication Union), 
20

objective of, 37

standards development process, 36–37

ITU-R (ITU Radiocommunication Sector), 37

activities of, 37–38

dense urban environment, 105

eMBB deployment scenarios, 103–105

evaluation process, 47, 52–56

frequency bands, 49–50

indoor hotspots, 104

M.2083 recommendations. See M.2083 
recommendations

radio interfaces, 46

role in IMT-2020, 38

RSTT use case, 113

rural eMBB, 105

spectral efficiency requirements, 108

technical performance requirements, 50–52

test environments, 46–48

use cases for IMT-2020, 43–45, 77, 116

ITU-T (ITU Telecommunication 
Standardization Sector), 37

core network framework, 62–65

fixed mobile convergence (FMC), 61–62

network slicing, 59–61

RAN interface terminology, 514

requirements, 57–60, 273–274

role in IMT-2020, 57

K
KPIs (key performance indicators) for 

precision crop management, 149

L
L2 versus L3 virtual networks, 262–263

latency, 39, 51, 71

for eMBB, 108

for URLLC, 168–169, 179–181
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620 LDPC (low-density parity-check) codes

LDPC (low-density parity-check) codes, 
466–467, 471–476

code construction, 472–473

encoding, 476

error detection/correction, 473–476

licensed frequency bands, 137

lift (elevator) monitoring services use case, 
153–154

linear arrays, 403

linear cell architecture, 117

line-of-sight transmission

defined, 362

impairments

atmospheric absorption, 374–376

attenuation, 364–365

Eb/No ratio, 372–374

free space loss, 365–367

multipath interference, 375

noise, 371–372

path loss exponent, 368

refraction, 376

types of, 364

optical and radio line of sight, 363

refraction, 362–363

link budget templates, 54

live uplink streaming, 305

local breakout, 324–325

logical channels, 503

logical ports (OpenFlow), 211

logistics, 186

LoRaWAN, 137

low-density parity-check codes. See LDPC 
(low-density parity-check) codes

LPWA (low-power wide area), 136–138

LTE (Long Term Evolution), 25–27

LTE-Advanced, 25–27

carrier aggregation, 32–33

FDD and TDD, 30–31

transmission characteristics, 29–33

M
M2M (machine-to-machine) communication, 

43

M.2083 recommendations

capabilities, 38–40

eMBB characterizations, 102–103

mMTC characterizations, 122

relative importance of eMBB capabilities, 
105–106

URLLC characterizations, 166

usage scenarios, 41–42

M.2134 spectral efficiency requirements, 108

M.2320 dual connectivity benefits, 497

M.2395 railway communication systems, 113

M.2410 technical performance requirements, 
50–52

eMBB deployment scenarios, 103–105

eMBB performance requirements, 106

mMTC performance requirements, 123–124

URLLC performance requirements, 167–170

M.2411 IMT-2020 development

evaluation process, 47

frequency bands, 49–50

template categories, 54–55

M.2412 evaluation process, 47

dense urban environment, 105

indoor hotspots, 104

mMTC (massive machine type 
communications), 124

rural eMBB, 105

M.2418 RSTT description, 113, 114–115

M.2441 use cases, 43–45, 77, 116

M.2442 RSTT usage scenarios, 113

machine-to-machine (M2M) communication, 
43

machine-type communication (MTC), 43

macro cells, 8

main lobe, 403

maintenance in industrial automation, 187, 
189
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621mMIMO (massive MIMO)

management capabilities in IoT (Internet of 
Things), 147

management plane (QoS), 296

Massive Internet of Things. See MIoT 
(Massive Internet of Things)

massive machine type communications. 
See mMTC (massive machine type 
communications)

massive MIMO (mMIMO), 417–419

measurement and monitoring applications, 
227

measurement configuration and provision, 96

meat use case, 144–145

MEC (multi-access edge computing)

in 5G deployment, 323–324

applications, 331

architectural concepts, 324–326

CFS (customer-facing service) portal, 333

defined, 323

design principles, 328

ETSI standards, 327

features, 329

host, 330–332

network slicing support, 335–336

in NFV, 333–335

OSS (operations support system), 332–333

platform, 331–332

platform manager, 332

system reference architecture, 329–332

MEC host, 330–332

MEC platform manager, 332

multi-access edge orchestrator, 332

VIM (virtualization infrastructure manager), 
329

terminology, 327

use cases

categories of, 336–337

consumer-oriented services, 337–342

network performance and QoS improve-
ments, 336–344

operator and third-part services, 342–344

user application life cycle management (LCM) 
proxy, 333

media and entertainment use case, 45

message types (OpenFlow), 217–218

meter tables (OpenFlow), 211

metro access, 514

metro aggregation, 514

metro core, 514

micro cells, 8

microcontrollers, 129

midhaul connections, 512

millimeter wave transmission

5G implications, 385–386

defined, 381

impairments

atmospheric gaseous loss, 382

blockage, 384–387

foliage loss, 383–384

free space loss, 381–382

rain loss, 383

types of, 381

MIMO (multiple-input/multiple-output) 
antennas

FD-MIMO, 415–416

MU-MIMO, 410–411

principles, 408–409

uses of, 407–408

MIMO-MAC (MIMO multiple access channel), 
410

MINO-BC (MIMO broadcast channel), 411

MIoT (Massive Internet of Things), 78

defined, 133–134

use cases, 135

mission-critical communications use case, 
179–180, 182

mission-critical traffic, 304

mixed reality (MR) cloud gaming use case, 
175–176

MME (mobility management entity), 33

mMIMO (massive MIMO), 417–419
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622 mMTC (massive machine type communications)

mMTC (massive machine type 
communications), 42. See also IoT (Internet 
of Things)

ITU-R characterizations, 122

ITU-T requirements, 58

key drivers, 123

MEC and, 323

performance requirements, 123–124

relationship with IoT, 133–135

relationship with NB-IoT and eMTC, 135–138

smart cities

ICT architecture, 158–160

performance requirements, 150–160

purpose of, 150–151

use cases, 151–158

test environments, 46–48

mobile control panels use case, 188

mobile edge computing, 323

mobile environment, fading in

channels, 379–383

defined, 376

multipath propagation, 376–378

types of, 378–379

mobile network operators, 84

mobile robots use case, 188

mobile stations, 18

mobile subscribers, calls to/from fixed/
remote mobile subscribers, 14

mobile switching center (MSC), 11, 23

mobile telecommunications switching office 
(MTSO), 11

mobile unit initialization, 12

mobile-originated calls, 12

mobility, 39, 52

applications for, 228–229

for eMBB, 108–109

management requirements, 276

for URLLC, 169–170

mobility interruption time, 52, 170

mobility management entity (MME), 33

mobility management with SGSN, 23

modulation, 424–438

ASK, 425

defined, 425–426

FSK, 426

performance comparison, 430–433

PSK, 426–430

QAM, 433–437

specifications, 424–425

π/2-BPSK, 437–438

monitoring

applications for, 227

in industrial automation, 187

monopoles, 401–403

motes, 130

motion control use case, 187–188

MR (mixed reality) cloud gaming use case, 
175–176

MSC (mobile switching center), 11, 23

MTC (machine-type communication), 43

MTP (motion-to-photon) latency, 174–175

MTSO (mobile telecommunications switching 
office), 11

multi-access edge computing. See MEC 
(multi-access edge computing)

multi-access edge orchestrator, 332

multicarrier modulation. See OFDM 
(orthogonal frequency-division multiplexing)

multilevel PSK (phase-shift keying), 430

multipath fading, 376

multipath interference, 375

multipath propagation, 376–378

multiple access, 455

multiple flow tables (OpenFlow), 216

multiple-input/multiple-output antennas. 
See MIMO (multiple-input/multiple-output) 
antennas

multiplexing, 453–455

multiplexing gain, 419

MU-MIMO (multiple-user MIMO), 410–411
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623NFV (network functions virtualization)

N
NACF (network access control function), 

63–64

NBI (northbound interface), 220–223, 226

NB-IoT (narrowband IoT)

comparison with eMTC, 135–136

LPWA support, 136–138

NEF (network exposure function), 90–91

network capability exposure, 278–279

network densification, 7–9, 28–29

network energy efficiency, 51, 123

network function registry (NFR) function, 64

network functions. See NFs (network 
functions)

network functions virtualization. See NFV 
(network functions virtualization)

network nodes, 260

network operation requirements, 58–60, 
273–274

network repository function (NRF), 91

network requirements. See also performance 
requirements

core networks, 275–279

connectivity models, 277–278

context awareness, 278–279

efficiency, 275–276

flexible broadcast/multicast services, 279

mobility, 276

network capability exposure, 278–279

network slicing, 275

priority, QoS, policy control, 277

evolving nature of, 203

SDN and, 204

network services, 65

network services abstraction layer, 226

network slice selection function (NSSF), 64, 
91

network slicing, 59–61, 85–87, 307–315

benefits of, 308

concepts, 308–310

defined, 275

GST (Generic Network Slice Template), 
313–314

MEC and, 335–336

NFs (network functions), 313–314

requirements, 310–312

SDN and NFV with, 308, 315–318

selecting slices, 312

terminology, 307

use cases, 310

network subsystems, 19

networking nodes, 82

Next Generation Mobile Networks Alliance. 
See NGMN (Next Generation Mobile 
Networks) Alliance

NFR (network function registry) function, 64

NFs (network functions), 89

in network slicing, 313–314

reference point representation, 92–93

SBA (service-based system architecture), 89–92

NFV (network functions virtualization), 82

5G support, 315–318

benefits of, 248

framework, 246–248

MEC and, 333–335

network slicing and, 308

NFVI (NFV infrastructure), 252–263

compute domain, 258–260

container deployment, 256

container interface, 253–256

domains, 252–253

hypervisor domain, 260–261

infrastructure network domain, 261–263

logical structure of domains, 257–258

principles, 246

purpose of, 235, 242–243

reference architecture, 250–252

requirements, 249–250

SDN (software-defined networking) and, 
267–269
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624 NFV (network functions virtualization)

standards, 243

terminology, 244

usage example, 245–246

VNFs (virtualized network functions), 263–266

examples of, 263

interfaces, 263–264

scaling, 266

VNFC-to-VNFC communication, 264–266

NFVI (NFV infrastructure), 251, 252–263

container deployment, 256

container interface, 253–256

domains

compute domain, 258–260

hypervisor domain, 260–261

infrastructure network domain, 261–263

logical structure of, 257–258

types of, 252–253

NFVI-Nodes, 259–260

NFV-MANO (NFV management and 
orchestration), 251

NG RAN transport network, 512–516

ng-eNB nodes, 94

NGMN (Next Generation Mobile Networks) 
Alliance

5G architecture framework

layered functionality, 82–85

network slicing, 85–87

softwarization, 81–82

eMBB key drivers, 103

Industry 4.0 key drivers, 183

mMTC key drivers, 123

URLLC key drivers, 167

URLLC performance requirements, 170–171

use cases, 79–81, 172–176

nodes

in compute domain, 259–260

in RAN architecture, 499

noise

crosstalk, 371

defined, 357

impulse, 372

intermodulation, 371

Shannon formula, 358–361

thermal, 370–373

types of, 370–371

non-GBR resource type, 306

nonvalid codewords, 461–462

northbound interface (NBI), 220–223, 226

NRF (network repository function), 91

NSSF (network slice selection function), 64, 
91

null-to-null beamwidth, 400

numerologies, 448–449

Nyquist formula, 357–358

O
ODCA (Open Data Center Alliance), 204

OFDM (orthogonal frequency-division 
multiplexing), 396, 438–445

benefits of, 441

cyclic prefix (CP), 443–444

intercarrier interference (ICI), 445

inverse fast Fourier transform (IFFT), 442

orthogonality, 438–441

peak-to-average power ratio (PAPR), 444

OFDM symbol, 442

OFDMA (orthogonal frequency-division 
multiple access), 445

offset QPSK (OQPSK), 428–429

ongoing calls, 12

Open Data Center Alliance (ODCA), 204

OpenFlow, 209–218

flow table pipeline, 214–215

flow table structure, 211–214

group tables, 217

multiple tables, 216

protocol, 217–218

terminology, 209–211

operations support system (OSS), 332–333
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625PPDR (Broadband Public Protection and Disaster Relief)

operator and third-part services use cases, 
342–344

optical line of sight, 363

OQPSK (offset QPSK), 428–429

orthogonal frequency-division multiple 
access (OFDMA), 445

orthogonal frequency-division multiplexing. 
See OFDM (orthogonal frequency-division 
multiplexing)

orthogonality, 438–441

OSS (operations support system), 332–333

OTT (over-the-top) services, 85

P
packet data network gateway (PGW), 33

packet marking, 295

paging, 12

PAPR (peak-to-average power ratio), 444

parabolic reflective antennas, 404–405

parent/child relationship in IAB, 520

parity-check matrix codes, 466–471

encoding, 469–470

error correction, 470–471

error detection, 470

path loss exponent in cellular systems, 368

PCF (policy control function), 64, 91, 287–291

interfaces, 289–291

requirements, 288–289

PDU session establishment, 283–287

peak data rate, 38, 50, 106

peak spectral efficiency, 50, 107

peak-to-average power ratio (PAPR), 444

pedestrian mobility, 52, 109, 169

pedestrian monitoring for decisive disaster 
response use case, 151–152

performance requirements

eMBB (enhanced mobile broadband)

data rates, 106–107

latency, 108

mobility, 108–109

spectral efficiency, 107–108

system, 109–110

types of, 105–106

MEC use cases, 336–344

mMTC (massive machine type 
communications), 123–124

smart agriculture use case, 150

smart cities use case, 150–160

URLLC (ultra-reliable and low-latency 
communications), 167–171

industrial automation use case, 189–191

latency, 168–169

mobility, 169–170

in NGMN white paper, 170–171

reliability, 170

use cases by, 178–179

UTM (unmanned aircraft system traffic 
management), 194

PGW (packet data network gateway), 33

phase-shift keying (PSK), 426–430

physical channels, 484–485, 504–505

physical ports (OpenFlow), 211

picocells, 8

plant asset management use case, 189

PLMN (public land mobile network), 88–89

polar codes, 476–484

with CRC, 486–488

decoding, 483–484

encoding, 477–484

synthetic channels, 479–483

policies, 277, 296

policy control, 277

policy control function. See PCF (policy 
control function)

ports (OpenFlow), 209, 211

positioning accuracy for URLLC, 181

power supplies, 129

PPDR (Broadband Public Protection and 
Disaster Relief), 43
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626 precision crop management use case

precision crop management use case,  
145–149. See also smart agriculture

business process view, 147–149

functional view, 145–147

KPIs (key performance indicators), 149

priority, 277

process automation, 186

process monitoring use case, 189

production IT, 186

propagation impairments. See impairments

protocol architecture

for IAB, 520–523

for RAN, 505–512

for air interfaces, 505–507

channel structure, 508–509

for RAN-core network interface, 509–511

for Xn interfaces, 511–512

PSK (phase-shift keying), 426–430

public land mobile network (PLMN), 88–89

Q
QAM (quadrature amplitude modulation), 

433–437

QC-LDPC (quasi-cyclic low-density parity-
check) codes, 485–486

QoE (quality of experience), 50

QoS (quality of service), 50, 291–306

3GPP architecture, 298–299

5QI-to-QoS characteristic mapping, 303–306

for delay-critical GBR resource type, 305

for GBR resource type, 304–305

for non-GBR resource type, 306

architectural framework, 294–296

control plane, 296

data plane, 294–295

management plane, 296

capabilities, 291–292

characteristics of, 301–303

defined, 277, 291

differentiation, 297–298

flows, 287, 508–509

management categories, 292

MEC use cases, 336–344

parameters, 299–301

requirements, 292–293

routing, 296

traffic classification, 297–298

user plane marking, 297–298

QPSK (quadrature phase-shift keying),  
427–429

quadrature amplitude modulation (QAM), 
433–437

quality of experience (QoE), 50

quality of service. See QoS (quality of 
service)

quasi-cyclic low-density parity-check 
(QC-LDPC) codes, 485–486

queue management algorithms, 295

queuing and scheduling algorithms, 295

R
RAC (radio admission control), 96

radiation patterns for antennas, 399–400

Radio Access Networks. See RANs (Radio 
Access Networks)

radio access technology (RAT) configuration, 
84

radio bearer control (RBC), 95

radio interfaces, 11, 46

radio line of sight, 363

radio link aspects in GSM, 20

Radiocommunication Systems Between 
Train and Trackside. See RSTT 
(Radiocommunication Systems Between 
Train and Trackside)

radio-frequency identification (RFID), 129

railway and high-speed train communication 
use case, 43

rain loss, 383
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627SBI (southbound interface)

RANs (Radio Access Networks), 11, 21, 67

architecture, 94–97, 494–499

access and mobility management function 
(AMF), 96

functional areas, 95–96

session management function (SMF), 96–97

user plane function (UPF), 97

channels, 502–505

logical, 503

physical, 504–505

transport, 503–504

functional areas, 500–501

functional split with core network, 499

IAB (integrated access and backhaul), 517–523

architecture, 519–520

parent/child relationship, 520

protocol architecture, 520–523

terminology, 518

NG RAN transport network, 512–516

nodes, 499

protocol architecture, 505–512

for air interfaces, 505–507

channel structure, 508–509

for RAN-core network interface, 509–511

for Xn interfaces, 511–512

in service-based system architecture, 91

RAT (radio access technology) configuration, 
84

Rayleigh fading, 379

RBC (radio bearer control), 95

reception patterns for antennas, 400

redundancy, 464

reference points

in EDGEAPP, 351–352

in NFV, 251–252

representation, 89, 92–93

reflection, 376

refraction, 362–363, 376

registration management, 65

regular LDPC codes, 471

relay nodes, 27–28

releases (3GPP), 69

reliability, 51–52, 71, 170, 179–180

remote access in industrial automation, 189

remote control use case, 44, 171, 180

remote driving use case, 177–178

remote healthcare use case, 176–177

remote mobile subscribers, calls to/from, 14

repeat-accumulate codes, 473

requirements. See network requirements; 
performance requirements

reserved ports (OpenFlow), 211

resource efficiency, 275

resource reservation, 296

reuse factor, 7

RFC 7228, 129

RFC 7426, 226

RFID (radio-frequency identification), 129

Rician fading, 379

river water-level measurement system use 
case, 152

roaming, 88–89

RSTT (Radiocommunication Systems 
Between Train and Trackside), 113–117

applications of, 114–116

broadband connectivity, 116

elements of, 114

linear cell architecture, 117

RTT (round-trip time), 169

rural eMBB, 47–48, 105, 113–117

applications of RSTT, 114–116

broadband connectivity, 116

elements of RSTT, 114

linear cell architecture, 117

S
SA (Service and Systems Aspects), 67

SBA (service-based system architecture), 
89–92

SBI (southbound interface), 220
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628 scaling VNFs (virtualized network functions)

scaling VNFs (virtualized network functions), 
266

scattering, 376

SC-FDMA (single-carrier frequency-division 
multiple access), 446–447

SCP (service communication proxy), 92

SDAP (Service Data Adaptation Protocol), 
506–507

SDF (service data flow), 287

SDN (software-defined networking), 82

5G support, 315–318

application plane, 225–230

architecture, 204–207

characteristics of, 207

control plane, 218–224

data plane, 207–209

defined, 202

network requirements, 204

network slicing and, 308

NFV (network functions virtualization) and, 
267–269

OpenFlow, 209–218

flow table pipeline, 214–215

flow table structure, 211–214

group tables, 217

multiple tables, 216

protocol, 217–218

terminology, 209–211

security and dependability applications, 228

security capabilities in IoT (Internet of 
Things), 147

selecting network slices, 312

selective fading, 378–379

self-organizing networks, 8

sensors, 128–129

server virtualization, 203

Service and Systems Aspects (SA), 67

service communication proxy (SCP), 92

Service Data Adaptation Protocol (SDAP), 
506–507

service data flow (SDF), 287

service requirements, 57–58

service-based representation, 89

service-based system architecture (SBA), 
89–92

service-level agreement (SLA), 296

serving gateway (SGW), 33

serving GPRS support node (SGSN), 23

session establishment process, 97–98,  
283–287

session management, 23, 65

session management function (SMF), 64, 91, 
96–97, 501–502

SGSN (serving GPRS support node), 23

SGW (serving gateway), 33

Shannon formula, 358–361

Short Message Service (SMS), 85

Sigfox, 137

signal rate, 358

signal strength, decibels and, 389–393

signal-to-noise ratio (SNR), 359–360

single-carrier frequency-division multiple 
access (SC-FDMA), 446–447

sky wave transmission, 361–362

SLA (service-level agreement), 296

slow fading, 378

small cells, 8, 28–29

smart agriculture

deployment scenarios, 138–139

purpose of, 138

use cases, 140–145

arable farming, 140–141

dairy farming, 141–142

fruits, 143

meat, 144–145

performance requirements, 150

precision crop management, 145–149

vegetables, 143–144

smart cities

ICT architecture, 158–160

performance requirements, 150–160
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629TR 22.804 automation application areas

purpose of, 150–151

use cases, 44, 151–158

citizen identification system with biometrics, 
154–155

citizens’ safety services, 153

city operations center, 155–156

classifications, 151

infrastructure monitoring, 156–157

integrated command and control center, 
157–158

lift (elevator) monitoring services, 153–154

pedestrian monitoring for decisive disaster 
response, 151–152

river water-level measurement system, 152

smart dust, 130

smart factories use case, 183–184. See also 
industrial automation use case

smart grids use case, 43

smart homes use case, 44

smart office use case, 110–111

SMF (session management function), 64, 91, 
96–97, 501–502

SMS (Short Message Service), 85

SNR (signal-to-noise ratio), 359–360

S-NSSAI (single network slice selection 
assistance information), 312

software-defined networking. See SDN 
(software-defined networking)

softwarization, 81–82

southbound interface (SBI), 220

spatial diversity, 396, 408–409

spatial multiplexing, 409

spectral efficiency, 39, 107–108, 360

spread spectrum, 396

standards development process, 36–37

state information, 84

stationary mobility, 52, 109, 169

storage nodes, 260

streaming traffic, 303

subchannelization, 445

subchannels, 445

surveying and inspection use case, 44

sustainability use case, 44

switches (OpenFlow), 209

symmetric messages, 218

syndrome, 470

synergized mobile edge cloud architecture, 
352–353

synthetic channels, 479–483

system performance requirements, 81, 
109–110

systematic code, 467

T
tactile interaction use case, 171–172

tags, 126

Tanner graph, 473

TDD (time-division duplex), 30–31

TDM (time-division multiplexing), 455

TDMA (time-division multiple access), 16–17, 
455

technical performance requirements, 50–52

Technical Specification Groups (TSGs), 65–67

template categories, 54–55

test environments, 46–48

thermal noise, 370–373

things (in IoT)

components of, 128–129

constrained, 129–130

defined, 125

types of, 128

third parties, 85, 342–344

time diversity, 397–398

time-division duplex (TDD), 30–31

time-division multiple access (TDMA), 16–17, 
455

time-division multiplexing (TDM), 455

TR 22.261 5G service requirements, 181

TR 22.804 automation application areas, 
185–187
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630 TR 22.862 critical communications performance requirements

TR 22.862 critical communications 
performance requirements, 178–179, 181

TR 22.889 FRMCS (Future Railway Mobile 
Communication System), 113

TR 26.939 live uplink streaming, 305

TR 38.802 new radio access technology, 448, 
456

TR 38.913 next generation access 
technologies, 114

traffic channels, 11–12

analog, 14–15

digital, 15–16

traffic classification, 295, 297–298, 303–304

traffic densities, 70–71

traffic engineering applications, 227

traffic metering and recording, 296

traffic policing, 295

traffic restoration, 296

traffic shaping, 295

train positioning information, 116

train radio, 115

train remote, 116

train surveillance, 116

transceivers, 129

transmission errors. See also forward error 
correction

data transmission channels and, 458–459

error burst, 457

transport channels, 503–504

transport network (NG RAN), 512–516

transportation use cases, 43

TRxP (transmission reception point), 47

TS 22.125 UAS performance requirements, 
194

TS 22.261 requirements, 70–72, 275–279, 
310–312

TS 23.501 core network architecture, 87–93, 
279–280

5QI-to-QoS characteristic mapping, 303

architecture diagrams, 89

IAB architecture, 519–520

live uplink streaming, 305

principles, 87–88

QoS classification, marking, differentiation, 
297

reference point representation, 92–93

roaming, 88–89

SBA (service-based system architecture), 89–92

UPF (user plane function), 93

TS 23.502 session establishment, 97–98, 281

TS 23.503 PCF requirements, 288–289

TS 23.558 EDGEAPP

functional architecture, 350–352

requirements, 349–350

synergized mobile edge cloud architecture, 
352–353

TS 28.531 GST (Generic Network Slice 
Template), 314

TS 37.340 radio access network architecture, 
497–498

TS 38.211 modulation schemes, 424–425

TS 38.212 multiplexing and channel coding, 
456

TS 38.300 radio access network architecture, 
87, 94–97, 495–496

access and mobility management function 
(AMF), 96

functional areas, 95–96, 500–501

QoS architecture, 298–299

session management function (SMF), 96–97

user plane function (UPF), 97

TS 38.401 radio access network architecture, 
496

TSGs (Technical Specification Groups), 65–67

tunneling, 281–283

type 1 hypervisors, 239–240

type 2 hypervisors, 239–240

U
UAS (commercial airspace unmanned aerial 

systems) applications use case, 45, 191–194

UAS (unmanned aircraft system), 191–192
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use cases 631

UAVs (unmanned aerial vehicles), 180, 191

UDM (unified data management), 91

ultra-reliable and low-latency 
communications. See URLLC (ultra-reliable 
and low-latency communications)

UMTS (Universal Mobile Telecommunications 
System)

core network, 23–24

elements of, 21–22

unified subscription management (USM) 
function, 64

Universal Terrestrial Radio Access Network 
(UTRAN), 22–23

unlicensed frequency bands, 137

unmanned aerial vehicles (UAVs), 180, 191

unmanned aircraft system traffic 
management. See UTM (unmanned aircraft 
system traffic management)

unmanned aircraft system (UAS), 191–192

UPF (user plane function), 64

in core network architecture, 93, 502

in layered functionality, 84

in RAN architecture, 97

in service-based system architecture, 91

uplink physical channels, 505

uplink transport channels, 504

urban eMBB, 48

URLLC (ultra-reliable and low-latency 
communications), 42

ITU-R characterizations, 166

ITU-T requirements, 58

key drivers, 167

MEC and, 323–324

performance requirements, 167–171

industrial automation use case, 189–191

latency, 168–169

mobility, 169–170

in NGMN white paper, 170–171

reliability, 170

use cases by, 178–179

UTM (unmanned aircraft system traffic 
management), 194

test environments, 46–48

use cases

augmented reality (AR) and virtual reality 
(VR), 172–176

emergencies, disasters, public safety, 176

high accuracy positioning, 181

high availability, 181–182

high reliability, high availability, low 
latency, 180

high reliability, low latency, 179–180

industrial automation, 171, 182–191

intelligent transportation, 177–178

mission-critical communications, 182

by performance requirements, 178–179

remote control devices, 171

remote healthcare, 176–177

tactile interaction, 171–172

UTM (unmanned aircraft system traffic 
management), 191–194

very low latency, 181

usage scenarios, 41–42, 57–58

use cases

5G Americas, 77–78

capabilities and, 77

defined, 41

for eMBB

dense urban environment, 111–112

indoor hotspots, 110–111

rural eMBB, 113–117

ITU-R, 43–45, 77

massive IoT, 135

for MEC

categories of, 336–337

consumer-oriented services, 337–342

network performance and QoS 
improvements, 336–344

operator and third-part services, 342–344

network slicing, 310

NGNM (Next Generation Mobile Networks) 
Alliance, 79–81
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632 use cases

smart agriculture, 140–145

arable farming, 140–141

dairy farming, 141–142

fruits, 143

meat, 144–145

performance requirements, 150

precision crop management, 145–149

vegetables, 143–144

smart cities, 151–158

citizen identification system with biometrics, 
154–155

citizens’ safety services, 153

city operations center, 155–156

classifications, 151

infrastructure monitoring, 156–157

integrated command and control center, 
157–158

lift (elevator) monitoring services, 153–154

pedestrian monitoring for decisive disaster 
response, 151–152

river water-level measurement system, 152

for URLLC

augmented reality (AR) and virtual reality 
(VR), 172–176

emergencies, disasters, public safety, 176

high accuracy positioning, 181

high availability, 181–182

high reliability, high availability, low laten-
cy, 180

high reliability, low latency, 179–180

industrial automation, 171, 182–191

intelligent transportation, 177–178

mission-critical communications, 182

by performance requirements, 178–179

remote control devices, 171

remote healthcare, 176–177

tactile interaction, 171–172

UTM (unmanned aircraft system traffic 
management), 191–194

very low latency, 181

user application life cycle management 
(LCM) proxy, 333

user equipment, 21, 91

user experience requirements, 80

user interfaces in SDN, 230

user plane efficiency, 275–276

user plane function. See UPF (user plane 
function)

user plane latency, 51, 108, 168

user plane management, 65

user plane marking, 297–298

user-experienced data rate, 38–39, 51,  
106–107

USM (unified subscription management) 
function, 64

utilities use cases, 43

UTM (unmanned aircraft system traffic 
management), 191–194

architecture of, 192–194

performance requirements, 194

UTRAN (Universal Terrestrial Radio Access 
Network), 22–23

V
vegetables use case, 143–144

vehicular mobility, 52, 109, 170

verticals, 84–85

video broadcasting use case, 174–175

video caching/compression/analytics service 
chaining, 336–348

video streaming services, 85

VIM (virtualization infrastructure manager), 
329, 335

virtual factories, 184

virtual machine monitor (VMM), 236–237
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633wireless transmission

virtual machines. See VMs (virtual machines)

virtual networks

defined, 261–262

L2 versus L3, 262–263

virtual reality (VR), 172–176, 338

virtualization, 234. See also NFV (network 
functions virtualization)

benefits of, 237–238

container virtualization, 241–242

hardware virtualization, 236

in hypervisor domain, 261

hypervisors

defined, 238

functions of, 239

operational overview, 236–237

types of, 239–240

in infrastructure network domain, 261

virtualization infrastructure, 330–331, 335

virtualization infrastructure manager (VIM), 
329, 335

virtualized network functions. See VNFs 
(virtualized network functions)

virtualized RAN (vRAN), 516

VLR (visitor location register) database, 19

VMM (virtual machine monitor), 236–237

VMs (virtual machines), 236

architecture, 238–239

containers versus, 241–242

hypervisors, 236–237

VNFC (VNF components), 256, 263, 264–266

VNFs (virtualized network functions), 263–266

examples of, 263

interfaces, 263–264

MEC components as, 333–334

scaling, 266

VNFC-to-VNFC communication, 264–266

VoIP (Voice over Internet Protocol), 85

VR (virtual reality), 172–176, 338

vRAN (virtualized RAN), 516

vswitch, 260–261

W
warehousing, 186

water management use case, 43

waveform definitions

CP-OFDM, 449

DFT-S-OFDM, 450–451

numerologies and, 448–449

OFDM, 438–445

OFDMA, 445

SC-FDMA, 446–447

wearables use case, 44

westbound APIs, 207, 224

white noise, 370–373

wireless applications, 228–229

wireless sensor networks (WSNs), 188–189

wireless transmission. See also air interfaces

antennas. See antennas

channel capacity

components of, 357

Nyquist formula, 357–358

Shannon formula, 358–361

channel correction methods

adaptive equalization, 395

categories of, 394

diversity techniques, 396–398

forward error correction, 398–399

decibels and signal strength, 389–393

fading in mobile environment

channels, 379–383

defined, 376

multipath propagation, 376–378

types of, 378–379
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634 wireless transmission

line-of-sight transmission

atmospheric absorption, 374–376

attenuation, 364–365

defined, 362

Eb/No ratio, 372–374

free space loss, 365–367

multipath interference, 375

noise, 371–372

optical and radio line of sight, 363

path loss exponent, 368

refraction, 362–363, 376

types of impairments, 364

millimeter wave transmission

5G implications, 385–386

atmospheric gaseous loss, 382

blockage, 384–387

defined, 381

foliage loss, 383–384

free space loss, 381–382

rain loss, 383

types of impairments, 381

multiple access, 455

multiplexing, 453–455

WSNs (wireless sensor networks), 188–189

X
Xn interface protocol architecture, 511–512

Y
Y.1291 QoS architectural framework, 294

Y.2060 Internet of Things, 125–126

management capabilities, 147

security capabilities, 147

Y.3101 recommendations

objectives, 57

requirements, 57–60, 273–274

Y.3102 core network framework, 62–63

Y.3106 QoS functional requirements, 291

Y.3112 network slicing, 60

Y.3130 fixed mobile convergence, 61

Y.3300 SDN framework, 207
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