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Abstract: The rapid increase in data traffic caused by the proliferation of smart devices has spurred
the demand for extremely large-capacity wireless networks. Thus, faster data transmission rates
and greater spectral efficiency have become critical requirements in modern-day networks. The
ubiquitous 5G is an end-to-end network capable of accommodating billions of linked devices and
offering high-performance broadcast services due to its several enabling technologies. However, the
existing review works on 5G wireless systems examined only a subset of these enabling technologies
by providing a limited coverage of the system model, performance analysis, technology advance-
ments, and critical design issues, thus requiring further research directions. In order to fill this gap
and fully grasp the potential of 5G, this study comprehensively examines various aspects of 5G
technology. Specifically, a systematic and all-encompassing evaluation of the candidate 5G enabling
technologies was conducted. The evolution of 5G, the progression of wireless mobile networks,
potential use cases, channel models, applications, frequency standardization, key research issues,
and prospects are discussed extensively. Key findings from the elaborate review reveal that these
enabling technologies are critical to developing robust, flexible, dependable, and scalable 5G and
future wireless communication systems. Overall, this review is useful as a resource for wireless
communication researchers and specialists.

Keywords: 5G wireless communication; 5G vision; 5G requirements; 5G enabling technologies; 5G
challenges; 5G applications; 5G use cases; 5G frequencies; 5G deployment; 5G channel models
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1. Introduction

The fifth generation (5G) network is presently being deployed worldwide, resulting in
a significant explosion of dense mobile applications. As a result, mobile usage is expected to
expand by a factor of 1000 by the next decade [1,2]. Consequently, the exponential growth
in mobile usage poses serious concerns in the wireless communication ecosystem. In order
to handle the expected traffic growth, future wireless communication networks will require
a thousandfold increase in capacity. Early mobile communication network generations
were built primarily to facilitate human-to-human (H2H) communications, and remarkable
success has been reported in meeting the desired data rate and delay requirements [3].
However, more advanced communication technologies are currently being exploited due
to the emergence of more inventive technology and services that will cause a profound
transformation in almost every area of any global economic development.

Future mobile applications will have a compelling need for better Quality of Service
(QoS), Quality of Experience (QoE), higher traffic volumes, and significantly lower costs
without sacrificing the required high security. The IMT-2020 family includes 5G technology,
which provides exceptional services, including high data rates, quick convergence, high
spectral efficiency, flexibility, and uncompromised security. 5G is intended to revamp the
current mobile communication technologies, such as IMT-Advanced (4G), by providing
more advanced capabilities. 5G introduces three new services to customers: extreme
Mobile Broadband (eMBB), enhanced Machine Type Communication (eMTC), and Ultra-
Reliable Low-Latency Communication (URLLC). Users can receive fast internet, increased
bandwidth, low latency, Ultra-High-Definition (UltraHD) streaming movies, media for
Virtual and Augmented Reality (VAR), and several other sophisticated technologies, thanks
to 5G eMBB.

The eMTC enables extremely fast, wide-bandwidth machine-type communication
over long distances while consuming little power and at a low cost. For 5G to provide low
latency and highly dependable communication, the URLLC is a critical 5G feature that
will ensure QoS and extremely high reliability, typically not provisioned in earlier mobile
technologies [2].

Enabling 5G services and use cases will necessitate additional frequency allocation
and flexible spectrum management techniques for mobile broadband. This new frequency
standardization should be able to support the newer technologies and services that enable
5G wireless communication. Currently, 5G works on different spectrum bands, such as
the licensed, unlicensed, and shared bands of the FR1 and FR2 bands. While the FR2
(24.25 GHz–52.6 GHz) band is perfect for short-range communications with improved
data rates, the FR1 (410 MHz–7.125 GHz) bands are suitable for communications via
conventional cellular mobile communication lines. Additionally, delivering 5G exceptional
services would require integrating older and more modern enabling technologies [4],
especially to support services such as multimedia applications, VR/AR, and other highly
sophisticated mobile services. Each of these services will necessitate the use of one or
more enabling technologies. Key 5G enablers include carrier aggregation, mobile edge
computing, dual connectivity, and massive Multiple Input and Multiple Output (mMIMO).
The timely deployment of 5G networks depends on the architecture adopted. There are two
ways to implement 5G technology. The first is the Standalone 5G deployment paradigm,
offering services over an entire 5G network. The second mode, Non-Standalone (NSA),
uses a combination of 5G and LTE to deliver services [5].

In the 5G network, application developers and device manufacturers should be able to
test and benchmark new mobile applications, devices, and services. A critical aspect of the
mobile communications market is to guarantee the correct behavior of dense applications
and massive devices to satisfy the requirements of end users. Although these mobile devices
have been standardized, there is no adequate consensus on the benchmarking or testing
methodologies at the application level. Thus, the need to identify reference deployment
scenarios and the definition of new Key Performance Indicators (KPIs) and Quality of
Experience (QoE) metrics becomes imperative. Therefore, as in the current survey, it
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is worthwhile considering the distinct areas for testing and benchmarking, focusing on
applications, devices, and mobile network operators.

In the existing literature, extensive research on the various aspects of 5G enablers,
such as millimeter wave (mmWave), carrier aggregation, mMIMO, Heterogeneous Net-
works (HetNets), mobile edge computing (MEC), beamforming, and more, have been
conducted [6–16]. However, these works of literature considered and assessed only a
subset of these enabling technologies for 5G. To the authors’ best knowledge, it is difficult
to find a prior work in the literature that comprehensively analyzes the various 5G enablers,
advancements, problems, and future directions as in the case of the current contribution.

Our motivation stems from the need for a review allowing 5G and beyond 5G re-
searchers to quickly understand the various 5G technologies and other key topics without
wading through a large pool of the existing literature.

One of the closest works reported by Dangi et al. [9] conducted a systematic review of
5G enabling technologies. Although the work is robust and quite elaborate, only nine of the
numerous 5G technologies were highlighted. Since no systematic review that provides an
all-encompassing discussion and analysis of 5G enabling technologies has been identified,
this paper aims to provide a thorough review and analysis of more than twenty (20) of
the various enabling technologies for the 5G communication system. The current review
also provides useful recommendations on recent developments, difficulties, and future
research directions. Specifically, the study systematically evaluated the numerous enabling
technologies listed in 5G review works between 2010 and 2022.

Additionally, the current work briefly reviews other key topics within the 5G tech-
nology domain, such as 5G use cases and the associated frequency bands, 5G frequency
standardization, and 5G propagation channel models. Overall, this work significantly ben-
efits specialists and new researchers working in the 5G and future wireless communication
networks domain.

This survey thoroughly examines the various aspects of 5G mobile technology, in-
cluding potential use cases, channel models, applications, standardization, and a special
emphasis on candidate 5G enabling technologies. The following are the key contributions:

• The study presents recent developments in the 5G arena, as well as innovative contri-
butions from the academic community, and provides details on critical features of 5G
technology advancement.

• The study conducted a systematic and all-encompassing review of 5G candidate
technologies, potential applications, and benefits.

• The study presents the mobile network evolution and discusses the development of
mobile communication under various regulatory organizations, such as recent 3GPP
releases and 5G development.

• The study presents the existing and emerging 5G use cases, applications, and further
recommendations on specific frequency bands for corresponding use cases on the
basis of relevant Key Performance Indicators (KPIs).

• The study provides a comprehensive and up-to-date discussion of more than 20 5G
enabling technologies, bringing them all together for easy access by other researchers
in the wireless communication community.

• The study broadly summarizes the present state of 5G deployment worldwide, includ-
ing the region, sub-region, country, operator, 5G status, launch date, and initial 5G
operating frequency bands.

• The study provides a compact review of non-terrestrial networks (NTN) integration
with the 5G system.

• The study discusses 5G propagation channel models and elaborates on the character-
istics of each channel and model on the basis of their characteristics, especially with
regard to their applicability to 5G wireless networks.

• The study identifies reference deployment scenarios, considering the distinct areas for test-
ing and benchmarking, focusing on applications, devices, and mobile network operators.

• Critical takeaway lessons are presented, and further research directions are highlighted.
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The remaining portions of this paper are organized as follows: Section 2 discusses
the previous reviews and identifies the key limitations in earlier 5G technology reviews.
Section 3 briefly overviews mobile technology evolutions, including the Third Genera-
tion Partnership Project (3GPP) releases for mobile communication, IMT 2020 capabilities,
and 5G test environments. Section 4 thoroughly examined 5G use cases and spectrum
requirements, including 5G applications and recommended frequency bands. Section 5
elaborates on 5G-enabling technologies and the contributing 5G research groups. Section 6
delves into 5G spectrum standardization, 5G global trials, and 5G deployment modes.
Section 7 comprehensively discusses 5G radio propagation mechanisms and channel mod-
els. Section 8 discusses the challenges of 5G deployment and recommendations for future
research work beyond 5G wireless communication systems. Lastly, the conclusion of the
review is provided in Section 9.

2. Existing Surveys and Identified Limitations

A review of prior works on 5G-enabling technologies from 2010 to 2022 focused solely
on review papers. The main academic databases considered for this review were IEEE
Explore, Google Scholar, MDPI, Science Direct, Hindawi, and Springer. These databases
contain credible and excellent peer-reviewed research reports in journals, conference pro-
ceedings, and review articles. The search phrases 5G and “enabling technologies” were
used to query these research databases to obtain relevant papers. A total of 50,679 articles
were obtained from the specified databases, all of which were published in English. The
articles were reduced to 100 after evaluating their topics, then to 70 on the basis of the
relevancy of their abstracts, and finally to 29 after reading through the full texts. The
number of articles that satisfy the inclusion criteria retrieved from the various databases is
shown in Table 1.

Table 1. The number of articles retrieved from the various databases.

S/N Article Source URL Number of Articles

1 Google Scholar https://scholar.google.com/ (accessed
on 15 September 2022) 23

2 IEEE Explore https://ieeexplore.ieee.org/ (accessed
on 15 September 2022) 1

3 Springer https://www.springer.com/gp
(accessed on 15 September 2022) 3

4 Science Direct https://www.sciencedirect.com/
(accessed on 15 September 2022) 0

5 MDPI https://www.mdpi.com/ (accessed on
15 September 2022) 1

6 Hindawi https://www.hindawi.com/ (accessed
on 15 September 2022) 1

Total 29

The frequency of occurrence of 5G enablers in the papers considered is presented in
Figure 1. The current survey across the various databases shows that extensive research and
analyses have been conducted on the various 5G-enabling technologies. However, these
assessments examined only a subset of the various technologies. Most of the critical 5G
technologies were not presented in earlier works comprehensively. Thus, in this work, the
shortcomings identified in earlier works have been addressed by conducting an extensive
survey to identify and combine the various technologies for easy reference.

https://scholar.google.com/
https://ieeexplore.ieee.org/
https://www.springer.com/gp
https://www.sciencedirect.com/
https://www.mdpi.com/
https://www.hindawi.com/
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Figure 1. A Summary of 5G Enabling Technologies.

Even though virtually all of these enabling technologies are required for the seamless
and satisfactory implementation of 5G, it was discovered that some of them, such as
mMIMO and mmWave, are critical to the development of 5G wireless networks, as more
than half of the reviewed works presented these technologies. This is not surprising
given that they are both critical technologies that enhance, assure, and satisfy the key
5G requirements for huge bandwidth. Next, enablers such as Device-to-Device (D2D),
Software Defined Networks (SDN), HetNet, Cloud-Based Radio Access Networks (C-RAN),
Network Function Virtualization (NFV), and Network densification, have a large impact
on 5G adoption, while others are less prominent. Therefore, more research efforts could be
directed toward the technologies that have received less attention from researchers, even
though they are equally important to the launch of 5G technology. Table 2 summarizes all
the literature reviewed, including the various enabling technologies covered.
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Table 2. Limitations of some related works.
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[17] X X X

[10] X X X X

[11] X X X X X X X X X

[18] X X X X X X X X

[19] X X X X

[20] X X X X X X X

[4]

[21] X X X X

[22] X

[23] X X X X

[24] X

[25] X X X X X X X X X X X

[9] X X X X X X X X X

[26] X X X X X

[27] X X X X X X X

[28]
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3. Mobile Communications Background

This section covers fundamental topics in 5G, such as the evolution of mobile tech-
nology, 3GPP releases for mobile communication systems, 5G development timeline, IMT
2020 capabilities, and the various 5G test environments.

3.1. Evolution of Mobile Technology

Since the first wireless network was established more than four decades ago, the
mobile communication system has undergone a noteworthy transformation. The launch
of the first-generation mobile network in the early 1980s, coupled with the spontaneous
increase in the need for effective communication systems, increased the demand for more
connections globally and sped up mobile communications development [40,41]. Wireless
communications have, thus, grown to constitute a significant aspect of modern civilization.
It has equally changed how society functions, especially after introducing satellite commu-
nications, television (TV), and radio transmission. A brief overview of the various stages of
technological advancement is given below.

3.1.1. First Generation (1G)

During the 1970s and 1980s, the first generation of mobile networks (1G), which used
only analog technology and functioned similarly to a landline phone, was introduced.
Despite serving its primary purpose of voice communication, 1G technology had several
drawbacks. Coverage and sound quality were poor. It provided no roaming between
operators and no system compatibility. Worse, call encryption was not possible with
1G, so security was very poor, and any eavesdropper could easily access the message in
transmission [42].

3.1.2. Second Generation (2G)

Unlike the earlier technology, 2G was the first digital system offering mobile voice
communication superior to 1G. It was first made available in 1991. In 2G, it was possible to
go as fast as 1 Mbps. It has a speed of 64 kbps and transmits voice via digital signals. The
2G has a bandwidth of 30–200 kHz. Short Message Services (SMS), photo messaging, and
Multimedia Message (MMS) features are just a few of the services that 2G offers. It makes
use of both Time Division Multiple Access (TDMA) and Code Division Multiple Access
(CDMA) digital techniques. The most popular 2G mobile standard is the GSM (Global
System for Mobile Communications) [41,43].

3.1.3. Third Generation (3G)

The 3G was introduced in 2001 to standardize the network protocol that manufacturers
use. The standardization of the “data packets” that drive web connectivity allows users of
3G technology to access data from anywhere in the globe. The popularity of new services
such as Voice over Internet Protocol (VoIP) and video streaming has increased as a result
of 3G’s better data transmission capabilities. A vast coverage area of 384 kbps and a
narrow coverage area of 2 Mbps were the data speeds that 3G systems were intended to
provide [41,43].

3.1.4. Fourth Generation (4G)

The Long-Term Evolution (LTE) 4G technology was unveiled in 2009. Following its
launch, it became widely used, allowing millions of users to transmit high-quality videos.
4G’s fast mobile web connection offers up to 1 gigabit per second for static users, making
high-quality video conferences, high-definition movies, and gaming services possible. The
movement of all communication services to all-IP (Internet Protocol) was made possible
to create a common platform for all the existing technologies. A crucial feature of 4G
technology is terminal mobility which allows automatic roaming between other wireless
networks [42].
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3.1.5. Fifth Generation (5G)

In comparison with all previous mobile generation networks, 5G is a significant advance-
ment and a digital transformation foundation. The 5G brings three new services to users:
extreme Mobile Broadband, extreme Machine Type Communication, and Ultra-Reliable Low-
Latency Communication. eMBB provides users with fast internet, increased bandwidth, lower
latency, UltraHD streaming movies, and media for VAR, among several other benefits. In the
same vein, the eMTC offers highly fast, wide-bandwidth machine-type communication across
long distances, with minimal power use at an affordable price. For 5G to provide low latency
and highly reliable communication, the URLLC is the proposed 5G feature that will guarantee
excellent QoS and extremely high dependability, which ordinarily are not feasible with the
previous mobile technologies [2]. 5G mobile communications technology provides unlimited
internet connectivity to users while improving reliability, scalability, and energy efficiency (EE).
5G uses two main frequency ranges: Frequency Range 1 (FR1), also known as sub-6 GHz, and
Frequency Range 2 (FR2), also known as millimeter wave, to effectively supply the wide range
of services. A 5G connection is best suited to the sub-6 GHz frequency spectrum since it balances
capacity and coverage. For the following generation of mobile networks, mmWave will instead
deliver ultra-wide bandwidth without compromising the necessary high-speed transmission.
However, molecular absorption and distance long-distance transmission are key issues posing
limitations to the use of mmWave in 5G.

3.1.6. Sixth Generation (6G)

The Sixth Generation (6G) technology, which was envisioned in 2019–2020 to replace
5G technology, has a main goal of creating an “Intelligent Internet of Everything” and will
guarantee better QoS requirements for high energy efficiency, high data rate, high reliability,
extremely low latency, very broad frequency bands, and a highly intelligent Deep Learning
(DL) and Machine Learning (ML) enabled network [44,45]. 6G can be better described as a
self-governing device that will provide a range of communication services and be able to
mimic human intelligence and consciousness. Computation-Oriented Communications
(COC), Contextually Agile eMBB Communications (CAeC), and Event-Defined uRLLC
(EDuRLLC) are the three brand-new sophisticated use case applications suggested for the
proposed 6G technology [46–48]. Due to the prospect that the coming technology will
employ a much higher spectrum than previous generations, 6G is seen as a technology that
will dramatically improve data transmission speed, up to 100–1000 times faster than 5G.
Since the technology, which is predicted to be rolled out as early as 2028, is still at its early
stage, research is still ongoing regarding how its visions will be fully accomplished [49].

Figure 2 presents a pictorial representation of the mobile communication evolution showing
the initial launch years and key characteristics. A comparison of all existing generations of
mobile communication in terms of their respective features is presented in Table 3.
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Table 3. Comparison of mobile generations from 1G to 5G [9,42].

Generation 1G 2G 2.5G 3G 3.5G 4G 5G

Access
Technology FDMA, AMPS GSM, TDMA,

CDMA
GPRS, EDGE,
CDMA 2000

WCDMA,

HSPA, EVDO

LTEA, BDMA,UMTS, OFDMA,
CDMA 2000, SCFDMA, NOMA

HSUPA/HSDPA WiMAX FBMC

Switching
Techniques

Circuit
Switching

Circuit
Switching

Circuit
Switching

Circuit and
Packet

Switching

Packet
Switching

Packet
Switching

Packet
Switching

Error-
Correction
Mechanism

- - - Turbo Codes Concatenated
Codes Turbo Codes LDPC

Data Rate 2.4 kbps 10 kbps 144 kbps 384 kbps to 5
Mbps

5 Mbps to 30
Mbps

100 Mbps to
200 Mbps

10 Gbps to 50
Gbps

Frequency
Band

800 MHz

800 MHz, 850 MHz, 800 MHz, 800 MHz,

2.3 GHz, 2.5
GHz, and 3.5
GHz initially

1.8 GHz, 2.6
GHz, and

30–300 GHz

900 MHz, 900 MHz, 900 MHz, 850 MHz,

1800 MHz, 1800 MHz,
1800 MHz, 900 MHz,

1900 MHz
1800 MHz
1900 MHz,

1900 MHz 1900 MHz 2100 MHz 2100 MHz

Bandwidth 30 kHz 200 kHz 200 kHz 5 MHz

3.5 MHz, 5
MHz, 7 MHz,

8.75 MHz, and
10 MHz

FR1 (100 MHz)
FR2 (400 MHz)

Application Voice Voice and Data 5 MHz

Voice, Data,
Video calling,
HD Television,

etc.

Voice, Data,
Video calling,

Ultra HD
video, VR

application

Description Voice
conversation

Messaging and
Improved data

services
-

Voice, Data,
and Video

calling
-

Voice and Data
over fast

broadband
Internet

Improvement
of broadband

services to
allow IoT and

V2X.

Deployment 1980 1990 2000

Surfing the
Internet and

Introduction of
mobile

applications

2006 2010 2020

Core Network PSTN PSTN and
Packet

Packet
Network 2001 Internet Internet Internet

Security Poor Good Internet

Handoff Horizontal Horizontal Horizontal/
Vertical

Horizontal/
Vertical

Horizontal/
Vertical

Horizontal/
Vertical

Advantages Mobility

Security, Mass
adoption,

Longer battery
life

Security, Mass
adoption,

Longer battery
life

Horizontal/VerticalBetter Internet
experience

High data rate
and Wearable

devices

Wider
coverage,
Improved

speed, Fast
handover, and

Very low
latency.

Disadvantages
Poor spectral
efficiency and
Poor handoff

Low data rate
and Low
capacity

Slight increase
in the data rate

Better Internet
experience Expensive

Failure of
performance
for Internet

3.2. The 3GPP Releases for Mobile Communication Systems

The Third Generation Partnership Project (3GPP) was founded in December 1998 as a
cooperative organization for telecommunication standards. The 3GPP was founded by the
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European Telecommunication Standards Institute (ETSI) and other standard development
organizations (SDOs) from around the globe to develop new cellular network technology.
The seven organizations involved and their countries are as follows:

i. ETSI—European Telecommunications Standards Institute (Europe),
ii. ATIS—Alliance for Telecommunications Industry Solutions (USA),
iii. TTC—Telecommunications Technology Committee (Japan),
iv. ARIB—Association of Radio Industries and Businesses (Japan),
v. TTA—Telecommunications Technology Association (South Korea),
vi. TSDSI—The Telecommunications Standards Development Society of India (India),
vii. CCSA—The China Communications Standards Association (China).

Cellular technology is continually evolving with 3GPP, new features, and services
that significantly improve mobile communication systems. The development of a global
3G mobile phone operating on 3G system specifications was the main goal of 3GPP. GSM,
GPRS, EDGE, UMTS, HSPA, LTE, LTE-Advanced, and LTE-Advanced Pro 5G standards
development and maintenance were later added to the scope [50]. Various 3GPP releases for
earlier communication technologies up to the 5G standards, development, and maintenance
are presented in Table 4.

Table 4. 3GPP Releases and important features.

3GPP Release Frozen Date Main Feature Data Rate Spectral
Efficiency

Release 99 1999 3G UMTS incorporating WCDMA 2 Mbps Low

Release 4 2001 UMTS all-IP Core Network Low

Release 5 2002 HSDPA, IMS DL: 14 UL: 0.4 Low

Release 6 2004 HSUPA, MBMS, Push-to-Talk over Cellular (PoC), DL: 14 UL: 5.7 Low

Release 7 2007 Enhancements in QoS and latency, VoIP, HSPA+, NFC
integration, EDGE evolution DL: 28 UL: 11 Low

Release 8 2008 LTE, SAE, OFDMA, MIMO, Dual-Cell HSDPA
technologies were introduced

Up to 300 and
75 High

Release 9 2009
LTE/ SAE improvements, Introduction of a Public
Warning System (PWS), IMS emergency sessions,

WiMAX/LTE technologies

DL: 100, UL:
50 High

Release 10 2011 Introductions of LTE-Advanced, Backward compatibility
with Release 8 (LTE), Multi-Cell HSDPA technologies

1 Gbps
DL/500 Mbps

UL
throughput

High

Release 11 2012 Enhancement to LTE-advance, Heterogeneous networks
(HetNets) support

1 Gbps
DL/500 Mbps

UL
throughput

High

Release 12 2015
More enhancement to LTE-Advanced, Carrier

aggregation (2 uplink carriers, 3 downlink carriers,
FDD/TDD carrier aggregation)

1 Gbps
DL/500 Mbps

UL
throughput

High

Release 13 2016
Introduction of LTE-U/LTE-LAA, LTE-M, Elevation
beamforming/Full-dimension MIMO, and Indoor

positioning

1 Gbps
DL/500 Mbps

UL
throughput

High

Release 14 2017 The start of 5G standardization, Mission Critical Video,
and Data over LTE. 10–20 Gbps High
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Table 4. Cont.

3GPP Release Frozen Date Main Feature Data Rate Spectral
Efficiency

Release 15 2018 5G support, LTE EPC support for E-UTRAN
Ultra-Reliable 10–20 Gbps High

Release 16 2020

Supports Waveforms above 52 GHz, Massive MTC
support, Shared and unlicensed spectrum, Interworking

with trusted non-3GPP access, Fixed Mobile
Convergence, Network Slicing in RAN, V2X

communication with 5G, Broadcast support in 5G

10–20 Gbps High

Release 17 2022

Reduced Capability (RedCap) Devices, New Radio (NR),
Sidelink Enhancements, UAV (Unmanned Aerial Vehicle)
Enhancements, Improvements to 5G RAN, Enhancement

in 5G IIoT

10–20 Gbps High

Release 18 2022

Extended reality enhancement, UAV enhancement,
Sidelink evolution, Multi-SIM enhancement,

Mobile-terminated small data transmission-enhanced
mobility support, Network energy saving,

Non-terrestrial network, Multicast and Broadcast,
Coverage enhancement, MIMO evolution, Improved

positioning, AI and ML for NG-RAN

10–20 Gbps High

3.3. The 5G Development Timeline

The first comprehensive release of the 3GPP’s 5G specifications was Release 15 (Rel. 15),
which was frozen in two stages: the Non-Standalone variant’s specifications were re-
leased in December 2018, and the Standalone variant’s specifications were released in June
2019 [51]. These standards serve as the foundation for all network deployments and devices
that are now being introduced. They have all the essential features required to operate an
eMBB service using the newest 5G NR radio technology.

Release 15 of the 5G system contains the foundation for URLLC, particularly in terms
of support for low latency [52]. In addition, the machine-type communications technologies,
LTE-M, and Narrow Band IoT (NB-IoT), which 3GPP established in Release 13, are added to
NR for the mMTC component. These technologies provide unrivaled low-power wide-area
performance in a wide range of data rates and deployment scenarios. Release 16, which
3GPP finalized in 2018, added the network slicing and Dynamic Spectrum Sharing (DSS)
features made specifically for private 5G networks in addition to continuing prior work on
Release 15 features, including mobile broadband. It improved primarily the eMBB service
of Release 15.

Release 17 possesses enhanced features from Releases 15 and 16, such as DSS and
private 5G network capabilities, and added new features, such as enhanced battery health
and satellite access [51]. More enhancements are still expected to come as 5G standard
organizations continue to evaluate other prospects of the 5G technology. Details of the 5G
standardization timeline are shown in Figure 3.



Sustainability 2023, 15, 5173 13 of 71

Sustainability 2023, 15, 5173 13 of 75 
 

added to NR for the mMTC component. These technologies provide unrivaled low-power 
wide-area performance in a wide range of data rates and deployment scenarios. Release 
16, which 3GPP finalized in 2018, added the network slicing and Dynamic Spectrum Shar-
ing (DSS) features made specifically for private 5G networks in addition to continuing 
prior work on Release 15 features, including mobile broadband. It improved primarily the 
eMBB service of Release 15. 

Release 17 possesses enhanced features from Releases 15 and 16, such as DSS and 
private 5G network capabilities, and added new features, such as enhanced battery health 
and satellite access [51]. More enhancements are still expected to come as 5G standard 
organizations continue to evaluate other prospects of the 5G technology. Details of the 5G 
standardization timeline are shown in Figure 3. 

 
Figure 3. The 5G Standardization Timeline. 

3.4. IMT 2020 Capabilities 
It is critical to remember that each of the use cases addressed by the IMT-2020 has its 

own set of technical performance requirements. The fundamental design concepts of the 
IMT-2020 include flexibility and diversity, making it suitable for established and newly 
emerging UCs. The IMT-2020 is intended to provide better services than IMT-advanced 
(4G) in terms of peak data speeds, latency, mobility, connection density, and even network 
energy usage. For instance, IMT-2020 should provide a maximum attainable data rate of 
not less than 10 Gbit/s for an eMBB scenario that is more concerned with meeting users’ 
needs for high data rates, and this may even climb to 20 Gbit/s in extreme cases, unlike 
the LTE that guarantees just 1 Gbps. In contrast to LTE systems, which offer 10ms of la-
tency, 5G systems will offer a latency of no more than 1ms to be able to meet applications 
with extremely low latency needs, such as remote surgeries. In the work of Romano [53], 
the key capabilities of the 5G NR and LTE systems were carefully considered on the basis 
of the relevant technical parameters. The work also suggested that these technical param-
eters may be updated further in later ITU-R recommendations to meet future targets, as 
they are based on research for IMT-2020 [53,54]. 

  

Figure 3. The 5G Standardization Timeline.

3.4. IMT 2020 Capabilities

It is critical to remember that each of the use cases addressed by the IMT-2020 has its
own set of technical performance requirements. The fundamental design concepts of the
IMT-2020 include flexibility and diversity, making it suitable for established and newly
emerging UCs. The IMT-2020 is intended to provide better services than IMT-advanced
(4G) in terms of peak data speeds, latency, mobility, connection density, and even network
energy usage. For instance, IMT-2020 should provide a maximum attainable data rate of
not less than 10 Gbit/s for an eMBB scenario that is more concerned with meeting users’
needs for high data rates, and this may even climb to 20 Gbit/s in extreme cases, unlike the
LTE that guarantees just 1 Gbps. In contrast to LTE systems, which offer 10 ms of latency,
5G systems will offer a latency of no more than 1 ms to be able to meet applications with
extremely low latency needs, such as remote surgeries. In the work of Romano [53], the
key capabilities of the 5G NR and LTE systems were carefully considered on the basis of
the relevant technical parameters. The work also suggested that these technical parameters
may be updated further in later ITU-R recommendations to meet future targets, as they are
based on research for IMT-2020 [53,54].

3.5. The 5G Test Environments

The ITU-RM.2412-0 report [54] defines a test environment as a combination of use
cases and geographical environments. In the report, a set of five test environments were
identified for the IMT-2020 and listed as follows.

i. Indoor Hotspot-eMBB: This is an enclosed location with a high number of pedestrian
users, such as offices and shopping malls.

ii. Dense Urban-eMBB: This is a heavily populated urban area with high traffic loads,
with a focus on drivers and pedestrians.

iii. Rural-eMBB: This describes a rural location that focuses on providing more exten-
sive and continuous coverage for pedestrians and vehicle users.

iv. Urban Macro-mMTC: This is an urban macro settlement consisting of many machine-
type devices which are connected for continuous coverage.

v. Urban Macro-URLLC: The provision of ultra-reliable and low-latency communication is
a goal of the macro-urban environment, and a macro-urban location is used to achieve it.
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Rural-eMBB, Dense Urban-eMBB, and Indoor Hotspot-eMBB test environments are also
suitable for enhanced broadband use cases. In contrast, the Urban Macro-URLLC and
Urban Macro-mMTC test environments are suitable for ultra-reliable and low-latency
communication and massive machine-type communication.

4. The 5G Use Cases and Spectrum Requirements

This section presents and discusses the various ITU-defined 5G use cases. The use
cases and spectrum requirements include the 5G applications, suggested frequency bands
based on their specific KPIs, and the 5G applications.

4.1. ITU-Defined Generic 5G Use Cases

In order to ensure seamless and effective deployment of the 5G technology and
ascertain the possibility of envisioned 5G services, it is essential to first consider various
use cases (UCs) and deployment scenarios. In wireless technology deployments, UCs
serve as a way to identify, characterize, produce, and document end users’ requirements
and expectations from emerging communication technology. The 5G UCs provide us
with inputs to specify requirements necessary for defining the building blocks of the 5G
architecture [2]. The framework, objectives, capabilities, and various use cases of the “IMT-
2020 and beyond” have been defined in an ITU report [54]. In addition, a comprehensive
list of approximately 70 5G use cases is contained in the report of the 3GPP SMARTER
project [55].

The main objective of the SMARTER project was to develop high-level use cases
and identify their corresponding requirements for future 5G deployments. Because these
several UCs have some common requirements, those listed in the “SMARTER project”
have been streamlined into three generic classes on the basis of performance attributes and
service requirements of the individual UCs. Hence, the ITU vision 2020 [56] has defined
the three generic UCs which serve as the foundation for 5G technology.

• Enhanced mobile broadband
• Ultra-reliable, low-latency communication
• Massive machine-type communications or massive Internet of things

4.1.1. eMBB

This use case scenario is an enhanced version of the existing LTE broadband, and
it allows the integration of new application scenarios and requirements to guarantee an
improved user experience. Mobile broadband has been a renowned primary application of
the 5G NR technology, and it is currently being embraced by mobile operators to launch the
5G network across countries. The eMBB affords users higher data rates with improved reli-
ability. eMBB will equally address ubiquitous access to wide area coverage and multimedia
services, such as 3D video and Ultra-High-Definition (UHD) Screens [2]. The first phase
of 5G New Radio Access Technology (RAT) implementation is enhanced mobile broad-
band [57]. Generally, the mobile broadband UC of 5G will, unlike the 4G, provide improved
performance by allowing seamless access to applications requiring high bandwidth for
data-driven and human-centric applications, thus increasing the technology lifestyle of end
users through offering needed digital services, such as access to cloud-based applications,
virtual reality (VR), fixed wireless internet access at homes, and outdoor broadcasting.

4.1.2. URLLC

This set of services refers to delay-intolerant applications that require secure End-to-
End (E2E) data transmission and low-latency delivery. The term low-latency implies that
data must arrive at its destination at a defined time; otherwise, the data will be of no use,
resulting in a loss of reliability [58]. Emerging applications under this scenario should
have strict requirement specifications for throughput, latency, and availability, as these
capabilities cannot be compromised. URLLC is majorly designed to guarantee a low-latency
transmission [59]. The use cases of ultra-reliable communication include applications that
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perform safety functions and monitoring, such as an autonomous vehicle. Other areas
include remote medical procedures, robotics, mobile-enabled industrial manufacturing,
power grid management, drone-based delivery, and cloud-based entertainment [60].

4.1.3. mMTC

The mMTC applies to scenarios where many network devices requiring a moderately
low volume of delay-tolerant data need to be connected. This scenario is dominated by
completely automated applications, such as devices and machines requiring little or no
human intervention [61]. One important focus of the mMTC is the possibility of having a
completely digital society where every user’s communication demands are met with desired
high service requirements for high-density connectivity [1]. Smart services, such as smart
cities, smart agriculture, business communication, manufacturing, and transportation, are
practical examples that fall under the mMTC UCs.

The 5G networks must deliver more flexibility to take care of future use cases and
their associated requirements to accommodate other unanticipated UCs that may arise
soon. The use cases are built around three KPIs: throughput, device proliferation, and low
latency/reliability, as summarized in Table 5. The eMBB use case scenario must guarantee
a high peak data rate, user experience data rate, mobility, area traffic capacity, spectrum
efficiency, and energy efficiency. The most crucial KPI for the uRLLC scenario is low latency,
as it has to provide services for essential applications, such as emergency medical services.
High connection density is one of the most crucial capabilities for the mMTC scenario to
handle large network users. While some use cases require just a single KPI, others may
require multiple KPIs to satisfy the user’s requirements. It is, thus, very essential for 5G
networks to be able to support a diverse range of applications with their varying KPI
requirements in an efficient, reliable, and flexible way.

Table 5. Important KPIs for 5G Generic Use Cases.

Key Performance Indicator Enhanced Mobile
Broadband (eMBB)

Ultra-Reliable and
Low-Latency
Communication (uRLLC)

Massive Machine-Type
Communication (mMTC)

Latency Medium High Low

Mobility High High Low

Connection Density Medium Low High

Spectrum Efficiency High Low Low

User Experienced Data Rate High Low Low

Peak Data Rate High Low Low

Network Energy Efficiency High Low Medium

Area Traffic Capacity High Low Low

4.2. The 5G Applications and the Recommended Frequency Bands

The 5G technology provides several services across various fields of human endeavor.
The research communities and other stakeholders have been looking into all of the options
for a quick and seamless implementation of the enormous 5G services. Spectrum options,
service needs, various access mechanisms, novel waveforms, software-defined networking,
and the potential use of massive MIMO are key 5G issues that are still being investigated
for efficient technology integration [56]. The spectrum for 5G must be carefully chosen to
meet a variety of demands, including those for high data rates, high reliability, the Internet
of Things (IoT), and low-latency communication [62].

The three generic use cases supported by the 5G system will require different spectrum
specifications to be delivered effectively. To fully serve these various UCs, 5G must use ei-
ther the lower Frequency Range 1, often called the sub-6GHz band, or the higher Frequency
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Range 2, encompassing frequencies above 6GHz. This specification was consistent with a
report [63] on 5G spectrum allocation. Spectrum from the low-, mid-, and high-spectrum
ranges will be required for 5G to meet the UCs’ performance requirements [64]. Combining
different spectrum bands will have several benefits and solve many transmission problems.
In addition to high data rates, 5G must provide wide area and indoor–outdoor coverage.
As a result, the 5GY spectrum solution heavily emphasizes the band below 6 GHz. Over
1200 MHz of spectrum in the 694 MHz to 3800 MHz frequency range has been harmonized
in Europe for mobile broadband [65]. However, lower frequencies provide better wireless
communication coverage [66].

Table 6 provides an appropriate frequency band for 5G applications based on their
specific KPIs. More details on the 5G frequency ranges and the segmentation of the
frequency bands into low, medium, and high bands are provided in Table 7.
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Table 6. The proposed frequency band for 5G applications is based on their specific KPIs.

ITU Usage
Scenario Main Service Scenario-Specific KPI Applications Deployment Scenario Proposed

Frequency Band Comment

Enhanced Mobile
Broadband

(eMBB)

Higher Peak Data Rates
User Experienced Data

Rates
Mobility

Increased Traffic Density
High-speed Mobility

For maximum data rate:
Downlink bandwidth is 20

Gbit/s, and uplink bandwidth
is 10 Gbit/s or maximum

spectral efficiencies: Uplink: 15
bit/s/Hz, Downlink: 30

bit/s/Hz. User plane latency
(single user, small packets):
eMBB 4 ms, URLLC 1 ms.

10–20ms control plane latency
(from idle to active).

High-speed train Rural eMBB/Dense
Urban-eMBB

FR1
The lower band (below 2GHz) of the FR1 is suitable for providing 5G wide

eMBB coverage in rural, suburban, and urban areas. Its mid-band frequency
range (between 3 and 6GHz) will provide a reasonable trade-off between high

data rates and coverage.

Broadcasting Dense Urban-eMBB

Blind spots Rural-eMBB

Ultra-low-cost
networks Rural-eMBB

Future smart offices Indoor Hotspot-eMBB FR2 Higher spectrum bands, such as 28 GHz and 40 GHz, are ideal for applications
requiring ultra-high-speed communications and low latencies.Virtual reality office Indoor Hotspot-eMBB FR2

Broadband
everywhere
(50 + Mbps)

Dense Urban-eMBB FR1, FR2

The FR1 and FR2 bands will provide the required high throughput, low
latency, high dependability, and wide coverage for data-centric applications.Media on demand Dense Urban-eMBB FR2, FR1

Moving hotspots Dense Urban-eMBB FR1, FR2

Ultra-Reliable
Low-Latency

Communication
(URLLC)

Very Low Radio Latency
High Reliability
Ultra-Reliable

Communications

End-to-end latency is 20 ms.
99.999% reliability for remote
control information. The bit
rate for the remote control

(down link): 100 kbps
Human control real-time video

(1080P).

Tactile
Internet/Automation Urban Macro-URLLC FR1

Mid-band spectrum of the FR1 is an excellent candidate for the deployment of
5G URLLC services due to its coverage, throughput, latency, and capacity

characteristics.

Emergency
communication Urban Macro-URLLC FR1

eHealth Urban Macro-URLLC FR1

Smart farming Urban Macro-URLLC FR1

Smart city Urban Macro-URLLC FR1

Massive
Machine-Type

Communication
(mMTC)

Very High Connection
density

Smart agriculture Urban Macro-mMTC FR1 The 700 MHz of the FR1 spectrum is a potential 5G band due to its ability to
provide wide coverage, which is required for 5G mMTC applications, as well

as wide area coverage, which ensures service continuity and requires less
infrastructure investment.

Sensors and actuators
network Urban Macro-mMTC FR1
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Table 7. Division of 5G frequency ranges.

Classification General Classification 5G Frequency Band Sample Application Comments

Low-band Below 1 GHz 600 MHz, 700 MHz Broadcast TV

Spectrum at the lower band
(below 1 GHz) is ultimate for
deploying 5G coverage and

enabling IoT services in urban,
suburban, and rural areas.

Mid-band Above 2 GHz

2300 MHz, 2600 MHz,
3300–3800 MHz,
3800–4200 MHz,
4400–4900 MHz

Fixed satellite, fixed
service (point-to-point,

point-to-multipoint)

The 3.5 GHz frequency of the
mid-band spectrum provides an
excellent balance of capacity and

coverage.

High-band Above 6 GHz

26 GHz (24.25–27.5
GHz), 28 GHz

(27.5–29.5 GHz),
37–43.5 GHz, 45.5–47
GHz, 47.2–48.2 GHz,

66–71 GHz

Satellite service, space
research, earth

exploration

High-band spectrum is ideal for
ultra-high-speed, short-range
applications that require low

latency (such as at 26 and
40 GHz).

4.3. Key 5G Applications

Currently, 5G technology supports a wide range of applications that bring user ex-
perience to an almost unimaginable mobile communication era. A few of the numerous
applications are discussed in this section.

1. Multimedia and Entertainment: Downloading videos account for more than 50% of
all mobile internet traffic [9]. Future developments will undoubtedly see a rise in this
tendency, spreading video streaming more widely. High-speed 4K video streaming with
crystal-clear audio will be available with 5G, creating a high-definition virtual environment
on mobile devices. In the future, VR and augmented reality (AR) will be incredibly simple
to deploy because of 5G’s low-latency and high-definition transmission.

2. Satellite Services: A major challenge with remote areas is limited connectivity due to
the unavailability of ground base stations (BS). With the introduction of 5G technology,
satellite systems will be deployed to provide network services and ensure unhindered
connectivity at remote locations using a constellation of numerous tiny satellites.

3. Smart Homes: Smart home devices and equipment are currently in high demand.
The 5G network allows for high-speed communication as well as smart appliance
monitoring, bringing the concept of smart homes closer to reality. Smart home
products using the 5G network may be readily accessible and set up from distant
locations since it provides an extremely fast, low-latency connection.

4. High-Speed Mobile Network: The next generation of mobile network technology, 5G,
offers extraordinarily fast download speeds of up to 10–20 Gbps. The 5G network
functions similarly to a fiber optic internet connection. In contrast to all prior mobile
transmission technologies, 5G effectively delivers high-speed data access as well as
voice. Mission-critical and autonomous driving applications benefit greatly from
5G’s connection delay of less than one millisecond. 5G will transfer data through
millimeter waves, which provide much wider bandwidth and higher data throughput
than lower LTE bands.

5. Mission-Critical Applications and Healthcare: Modern medicine is made possible
by 5G technology, enabling practitioners and doctors to offer cutting-edge medical
services. As a result, all classes can connect via 5G networks. Attending lectures and
seminars will be simpler. Patients can now consult doctors virtually for advice via
5G technology platforms. Smart Medical is a tool created by scientists to aid those
with chronic illnesses. Smart gadgets, medical internet, smart sensors, medical HD
imaging technology, and intelligent analytic systems are all made possible by 5G
networks for the healthcare sector. With the help of 5G, one can easily access cloud
storage and health information from anywhere globally.
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6. Drones for Use in IoT: Awesome photographs from various top views are being de-
livered from different angles with the use of drones. They are also of paramount
importance for inspecting the environment for security reasons. With drone ser-
vices powered by 5G, one can access high-resolution photos and films for security,
surveillance, and other filming purposes.

7. Augmented Reality (AR) and Virtual Reality (VR): with the deployment of 5G, the
way games are being played currently will witness a complete transformation, as 5G
has been designed with outstanding features for HD gaming. Additionally, virtual
reality has emerged as the newest innovation in the tech sector. Virtual reality and its
variants will undoubtedly become increasingly visible as 5G connection technology
develops. Beyond gaming, 5G will make it possible to experience virtual reality and
sports events.

8. Agriculture Industry Use Cases: Despite being the oldest sector in the economy, the
agricultural sector of any economy will also benefit tremendously from 5G services.
Security of the sector will be improved by installing sensors for surveillance purposes
and providing vital crop information, such as the requirement for water, insect control,
disease prevention, etc., that will further enhance the timely and healthy germination
of the agricultural produce. Additionally, the health of animals, such as cows and
sheep, can be easily monitored onsite and remotely with 5G IoT devices.

9. Support for Artificial Intelligence (AI): Large companies with a vast amount of in-
formation will have to use AI to process their massive data, and these processes
will certainly be accelerated with 5G. Furthermore, when additional sensors are de-
ployed to smart cities, data from these smart sensors must be relayed to allow them
to be deployed when necessary. Cellular sensors are in high demand for metering
applications, traffic and parking sensors, city lighting, and other uses.

10. Autonomous Vehicles: In the current 5G era, people will have the opportunity to
drive autonomous vehicles, a brand-new technology. This can be achieved only with
the speed and low latency services that will be guaranteed once the 5G technology
is launched. One primary application of autonomous vehicles is the Vehicle-to-
Everything (V2X) network, which allows 5G users to connect any of their desired
devices to their vehicles.

5. Overview of 5G-Enabling Technologies

A new era in mobile communication has begun as a result of 5G network technology.
The 5G mobiles have concurrent access to many wireless technologies, and the 5G station
should be capable of combining various traffic flows from diverse technologies [67]. The 5G
NR network will be created as an improvement to cellular networks to facilitate extremely
fast communications.

To provide exceptional services, the network must integrate older and more modern
technologies [38,68]. Furthermore, services such as multimedia applications will necessitate
5G networks to meet several criteria, including increased peak and user data rates, lower
latency, better indoor coverage, and many others [10]. As a result, new technologies and
services must be advocated for to address issues with data traffic capacity, high data rate,
and reliability. Each scenario may necessitate the use of one or more enabling technologies.
Among these key enabling technologies are carrier aggregation, dual connectivity, massive
MIMO, and mobile edge computing. The majority of these technologies are covered in this
section. Figure 4 depicts a diagram of the majority of the 5G-enabling technologies, while
Table 8 lists the key 5G requirements and the corresponding enabling technology.
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Table 8. 5G requirements and the associated enabling technologies.

Requirement Definition 5G Specifications Enabling Technology

Peak data rate In ideal situations, the maximum data
rate per user/device (in Gbit/s)

10–20 Gbit/s (peak data rate),
100 Mbps cell edge

Millimeter wave, massive
MIMO, dense network,
cognitive radio network

User experienced
data rate

The maximum data rate that a mobile
device can achieve (in Mbit/s) across
its coverage area.

1 ms D2D Communication, MEC

Latency The amount of time taken for data to
travel across a network (in ms).

500 km/h (e.g., for high-speed
trains)

Advanced heterogeneous
networks

Mobility
Maximum speed (in km/h) at which
certain QoS and continuous transfer
between radio nodes can be achieved.

106 devices/km2 Internet-of-things, M2M, D2D

Connection density
The total number of connected and/or
accessible devices per unit area (per
km2).

100× greater than
IMT-Advanced M-MIMO, mmWave

Energy efficiency The number of bits transmitted for
every unit of energy consumed

3× greater than
IMT-Advanced M-MIMO

Spectral efficiency
Average data throughput per unit of
spectrum resource and per cell
(bit/s/Hz).

10 Mbit/s/m2 mmWave, D2D, NFV

Area traffic capacity Total traffic volume per geographical
area served (in Mbit/s/m2). 10 Mbit/s/m2 mmWave, D2D, NFV

5.1. Key 5G-Enabling Technologies

The key enabling technologies are described as follows.

5.1.1. The 5G Millimeter Wave (mmWave)

The microwave bands cannot provide the increased spectrum capacity required by 5G
applications because they are currently occupied by early wireless technologies such as
2G, 3G, and 4G, with some bandwidth reserved for other uses. Latest technologies such
as 5G are designed to operate on the new millimeter wave spectrum bands, which have a
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larger spectrum than microwave bands and operate at frequencies ranging from 24 GHz to
100 GHz [22].

Researchers have conducted several works to evaluate the advantages and challenges
of deploying a 5G system at the millimeter wave. Qiao et al. [69] investigated whether the
mmWave frequency band was suitable for 5G new radio and provided a resource allocation
technique for concurrent D2D communication in the mmWave band that maintains network
connection and enhances network efficiency. Their findings can be used to simulate D2D
communications in the mmWave frequencies in 5G cellular systems. This is due to the
fact that huge mmWave BS can be set to achieve a high transmission rate as well as
overall efficiency.

In the work of Wei et al. [70], a brief overview of the crowded 1–3 GHz band of
the cellular spectrum was presented. The channel parameters relating mmWave signal
attenuation due to free space propagation, rain, and atmospheric gases were also discussed,
along with other important elements to build up mmWave communications in 5G. The
mmWave hybrid beamforming architecture technique was also examined. The authors
of the work offered solutions to the blocking effect brought on by penetration damage in
mmWave communications.

The requirements and design challenges of mmWave 5G antennas for mobile devices
were discussed by Hong et al. [71]. The researchers used 3D planer mesh-grid antenna
elements to produce a small, low-profile 60 GHz array of antenna modules. A framework
was developed to accommodate the concept of employing antenna components to power
cellular telephones on mmWave-based 5G smartphones. They also double-checked the
mesh-grid array of antennas with the polarized beam to avoid potential hardware issues.
In a related report, Rappaport et al. [72] examined the usage of unused millimeter wave
frequency spectrum for 5G wireless connectivity. The authors collected millimeter wave
communication measurements for next-generation cellular networks in the congested urban
New York City environment.

The availability of high bandwidth is one of the primary advantages of mmWave
communications over microwave communications. Even though increased bandwidth
may not result in higher rates in the noise-limited zone, the higher propagation losses
associated with mmWave frequencies must be carefully considered, particularly at distances
greater than 100 m and in NLOS conditions [73]. Furthermore, because its wavelength
is significantly shorter than that of sub-6 GHz transmissions, the mmWave signal can fit
many more antennas to a compact array. This approach will lead to the large-scale antenna
communication range expansion of next-generation mobile networks. However, the beam
width is constrained when multiple antenna elements are present.

Despite the numerous advantages of the mmWave band, propagation path loss, which
is a common problem with line-of-sight (LoS) communications, is a key challenge. Dry
walls and clear glass have relatively low penetration losses for 28 GHz transmissions
indoors (when compared with microwave bands). Still, brick and tinted glass have much
higher penetration losses (between 28 dB and 40 dB). At higher frequencies, penetration
losses frequently increase. Because of the significant penetration loss, it is challenging
to conduct indoor measurements using mmWave nodes placed outside and vice versa.
In addition, communication in the mmWave band is nearly line-of-sight. Line-of-sight
(LOS) obstructions, including people, buildings, and furniture, significantly and negatively
impact the connections, making them sporadic. Consequently, the signal is of substantially
weaker and significantly reduced quality [11].

5.1.2. The 5G Massive MIMO

The Multiple Input Multiple Output (MIMO) technology is another critical component of
the wireless communication system. Massive MIMO is a type of multi-user MIMO technology
in which user equipment with only one antenna receives signals on the same time–frequency
resource from another single base station outfitted with many antennas [50,74,75]. More than
100 antennas and dozens of antenna ports installed in a base station can be used in a distributed
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or centralized manner in massive MIMO. Technologies such as channel estimation, reference
signal design, multi-user scheduling mechanism, receiving algorithm, and channel information
feedback should be optimized and improved for each type of MIMO [76]. The usage of several
antennas at the sender and receiver end is made possible by MIMO technology to separate
data streams and offer virtual paths onto individual antennas [75,77], even though conventional
MIMO performed poorly, its connectivity is less reliable, and its throughput is limited [9]. These
issues have been addressed through the use of various MIMO upgrades, such as network MIMO,
single-user MIMO (SU-MIMO), and multiuser MIMO (MU-MIMO). Nonetheless, these novel
developments are insufficient for end-user applications. Massive MIMO technologies enable
5G networks to differentiate themselves from competitors. By deploying several thousands
of broadcast and receive antennas at 5G base stations, 5G massive MIMO will be significantly
improved. In addition, when radiated energy efficiency is increased by approximately 100
times, the capacity of 5G networks can increase up to 10 times by employing massive MIMO
technology [78]. Figure 5 presents a diagram of the operation of a massive MIMO system.
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Various solutions for improving the energy efficiency advantages provided by mas-
sive MIMO for 5G have been reported [78–83]. The research made use of massive MIMO
technology and offered a comprehensive explanation of the massive MIMO energy con-
sumption model. The Energy Efficiency advantages of huge MIMO systems have been
examined using a variety of methodologies. Several methods for improving 5G technology
through common EE-maximization techniques for traditional massive MIMO systems were
discussed, including reducing the number of antennas, performing simple tasks in real-time
at the base station (BS), minimizing power amplifier losses, and reducing the need for
Radio Frequency (RF) chains. The authors also described the uplink and downlink services
for a 5G massive MIMO system [84,85]. The work maintained a performance matrix that
calculates how pilot contamination affects various performance metrics. Furthermore,
various applications of massive MIMO were examined, including Orthogonal Frequency
Division Multiplexing (OFDM) systems, small cells, higher frequency bands, and massive
MIMO IEEE 802. Finally, the work looked at some critical techniques for improving 5G
performance through massive MIMO.

An energy-efficient system-sharing strategy based on large-scale MIMO systems was
reported in [86], where the costs of circuit energy and transmission energy for resource
allocation were considered. Optimization approaches were used for an energy-efficient
resource-sharing system to optimize the energy efficiency for individual QoS and energy
constraints. The authors also investigated the BS configuration, which incorporates both ho-
mogeneous and heterogeneous UEs. During simulations, they stated that boosting energy
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efficiency heavily depends on the total number of transmit antennas. They emphasized
that the maximum energy efficiency was achieved when the BS was configured with 100
antennas serving 20 UEs.

Various strategies for MIMO next-generation wireless communications were suggested
in the work of [13,74]. They conducted a comparative analysis in terms of some performance
characteristics, such as peak data rate, energy efficiency, latency, throughput, and more,
and concluded that MIMO design played a critical role in 5G throughput enhancement.

Uplink and Downlink Transmission of a Massive MIMO Channel

In the subsequent subsections, uplink and downlink transmissions of a massive MIMO
channel are considered.

I. Uplink Transmission of a Massive MIMO Channel

The massive MIMO uplink channel is used to transport data and the pilot signal from
the mobile terminal to the base station. Consider a massive MIMO uplink system with M
base station antennas simultaneously communicating to N(M ≥ N) single-antenna users at
the same time. If the channel prediction user signal or deterministic pilot signal is x ∈ CN ,
the base station signal received during uplink is given by [87,88] as (1):

y = Hx + nuplink (1)

where y ∈⊂M denotes the base station received signal, H denotes the channel vector
between the base station and the user terminal, and elements of H ∈⊂MXN are independent
and identically distributed with unit variance and zero mean; that is, H ∼ CN(0, 1).
nuplink ∈⊂M is an additional term denoting the addition of interference from the receiver
noise and several transmissions defined by (2). The added interference is independent of
the user signal x, but it can be affected by the channel H.

nuplink = nuplink−inter f erence + nnoise (2)

II. Downlink Transmission of a Massive MIMO Channel

The downlink channel is used to communicate between the user and the base station
as well as to estimate the channel. The base station estimates the channel by employing
training pilots. Consider a massive MIMO downlink system in which the base station has
M antennas and serves N users with a single antenna. At the same time, the base station
delivers independent data to multiple customers [87,88]. The signal received by user k,
yk ∈ CM×1, is given by (3)

yk = hkxk + ndownload (3)

where hk denotes a channel vector between the k-th user and the base station, with inde-
pendent and identically distributed elements with a zero mean and unit variance; that
is, h ∼ CN(0, 1). xk ∈ CM is the signal transmitted by the base station for user k, and
ndownload is the additional noise that is made up of receiver noise nnoise ∼ CN

(
0, σ2 I

)
.

The interference during the downlink is caused by transmitting to other users at the
same time and is denoted as (4):

ndownlink = ndownlink−inter f erence + nnoise (4)

5.1.3. Device-to-Device (D2D) Communication

D2D communication is one of the novels enabling technologies in the 5G network
that enables the direct connection of devices, typically during congestion or at cell borders,
resulting in an ad hoc mesh network where the intermediary devices might act as a
relay for other devices. It is considered the primary technology for establishing point-to-
point communications to achieve better coverage area and greater data rates for 5G user
devices [4]. D2D communication offers a variety of services which include, but are not
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limited to, safety, traffic offloading, backhaul network, cellular coverage expansion, battery
consumption reduction, reliable communication, and location-based proximity services.
Other benefits include power management, spectrum efficiency, better coverage, capacity
expansion via radio resource reuse, and decreased overheads due to lowering base stations,
device exchanges, and data centers [15,89]. Further benefits of D2D data transmission are
that it will be efficient at unloading traffic and improving frequency and space reuse to
offer direct communication among local devices without requiring network infrastructure.

D2D communication can improve overall network efficiency by potentially reusing the
same frequency resources as traditional infrastructure-based communication [90]. Notwith-
standing the several advantages, device-to-device communication also has its challenges;
it introduces a variety of interference into the network [91]. Non-negligible intra-cell
interference is one of the challenges. Because of the presence of other transmitters, the
device’s proximity can potentially cause interference. To manage interference, several solu-
tions, such as power regulation, network coding, or interference avoidance multi-antenna
transmission, can be used [11]. D2D communication scenarios are shown in Figure 6.
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5.1.4. Machine-to-Machine (M2M) Communication

M2M communication technology is necessary to convey small quantities of time-
sensitive data. Intelligent machines may generate, process, and transfer data automatically
when they are linked together via M2M connections [3]. The provision of communica-
tion services via autonomous sensors, devices, and machines that require little human
intervention is called “M2M communication”. The capacity of such networks must be
sufficient to sustain several concurrent connections over a wide coverage region. With M2M
communication, data offloading and aggregation can also be implemented to improve 5G
communication and energy efficiency.

5.1.5. V2X Communication

Vehicle-to-everything (V2X) communication is being utilized to develop automotive
technology with low latency, higher data rates, and reliability due to the advantages of
better traffic information systems, autonomous vehicles, and more dependable safety
services. Various examples of communication between vehicles and pedestrians, vehicles
and infrastructure, and vehicles and vehicles are shown in Figure 7. Due to its extensive
transmission range and low end-to-end latency, D2D communication for cellular networks
is better suited for V2X communication [92]. The high mobility in V2X communication
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will support 5G vehicle network nodes to move at the fastest possible rates, thereby
complementing road and traffic safety services.
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5.1.6. Network Function Virtualization (NFV)

The purpose of 5G network virtualization is to allow programmable networks for 5G
applications by enabling customized network slicing over-dispersed clouds. By abstracting
network capabilities and implementing them in software, telecommunication businesses
can develop features that meet the criteria of their Service Level Agreements (SLAs) and
service models [93]. NFV is accomplished by splitting up a single physical network into
several virtual ones, allowing the user equipment to be modified to create as many virtual
networks as necessary to meet the needs of each application’s QoS. Internally, different
blades used for particular tasks are dispersed across the network architecture in a typical
NFV [94,95].

With network virtualization, services may be operated flexibly and deployed in many
places, hence lowering network load. Numerous virtual tools, including virtual machines,
hypervisors, and network operations that require security, are present in the NFV interface.
The performance of the system will be impacted if attacks such as cyber- and physical
attacks compromise any one tool. The network can be protected from cyber-attacks by
intrusion detection systems and firewalls, but trusted computing can shield hypervisors
from physical assaults [96].

In order to ensure that only trusted software is running on the NFV interface, trusted
computing can be used to ensure data security and the detection of malicious software
in virtual functions. Virtual network functions (VNFs) integrated into a service function
chaining (SFC) architecture may be quickly deployed and scaled thanks to NFV, which
gives network operators the environment they require [97]. Because it provides scalable
and adaptable network capabilities, 5G NFV will significantly influence the development
of the 5G Internet of Things [98]. To assess the importance of NFV deployment in enabling
scalable, resilient, and high-performance communication in 5G networks, the work [7]
conducted an overview of the most recent NFV and SFC implementation frameworks as
well as major open research challenges. NFV helps network operators by providing the
environment required for rapidly deploying and scaling virtual network functions linked
in a service function chaining architecture.
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5.1.7. Integrated Access Backhaul (IAB)

The inclusion of IAB technology in 3GPP Release 16 was a critical building step in
the deployment of mmWave networks. IAB technology is a key Release16 feature in 5G
NR that enables quick and affordable mmWave deployments. The IAB terminals share
the same interface and frequency for access and backhaul. IAB nodes are required to fill
isolated coverage gaps, increase system capacity, and provide fiber coverage for sparse fiber
deployments. In addition, the IAB technology deploys networks using a multi-hop strategy
and permits the deployment of mmWave base stations with or without fiber backhaul
transmission. It operates by employing a fiber or cable connection to have a portion of
the deployed BSs act as donor nodes. IAB allows operators to install alternative backhaul
where necessary while utilizing their current mmWave spectrum licenses without the need
for additional interference studies that would be subject to regulatory scrutiny.

5.1.8. Small Cells or Heterogenous Networks

Small cells are low-power base stations that may be positioned every 100 m to cover
small geographic areas, and they are critical to the implementation of 5G wireless net-
works [83]. Modern data transmission methods utilized by small cells in the 5G networks
include MIMO, beamforming, and mmWave. Small cells, or low-power base stations, are
used to serve limited geographic areas.

The deployment of small cells is much easier and quicker due to the hardware’s
simplicity. Compact cells can be placed anywhere because they are light and small [9,99,100].
Femtocells, picocells, and microcells are possible components of the small cell, as shown in
Figure 8.
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Figure 8. Heterogenous Architecture Consisting of Macrocells, Microcells, Picocells, and
Femtocells [101].

Small cells are employed as a relay since millimeter waves cannot travel over longer
distances [102]. Small cells help with quick switching and call loss reduction, but they also
need security because data relaying compromises data security. To send signals around the
obstructions, tens of thousands of compact, low-power base stations are deployed. This
enables consumers to continually receive signals without experiencing route loss. Thus,
the retransmission process will use less energy at a minimal cost. Additionally, a device
near a small cell base station will broadcast data at a low power level, thus reducing the
power output of cell phones and extending battery life [20].

The small cell can compress even further and fit in small spaces when millimeter waves
are employed, rather than the conventional sub-6 GHz spectrum. Small cells are further
categorized into microcells, femtocells, and picocells on the basis of their user capacity
and coverage area. Small cells are essential for the delivery of ultra-low latency, high-
speed mobile broadband in 5G. Network power consumption, another major challenge
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confronting the implementation of 5G networks, will also be significantly reduced when
small base stations (SBC) are used [101]. In Figure 9, authors [101] presented the result of
the power consumption of a transmitter site with a three-sector macro base station (MBS).
Their outcome showed that the deployment of small cells significantly decreased power
consumption from 4300 to 166 W.
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Networks; published in Advances on Computational Intelligence in Energy: The Applications of
Nature-Inspired Metaheuristic Algorithms in Energy, Green Energy, and Technology; Springer, 2019;
pp. 169–194 ISBN 978-3-319-69889-2.

5.1.9. Beamforming

Beamforming is a key wireless network technology that directionally sends signals to
the intended destination at minimal loss. 5G beamforming establishes a directed wireless
network transmission to the receiver. It is difficult to move signals in a specific direction in
conventional systems. This problem is addressed by using small cells that can send signals
in a specific direction to a device such as a laptop, mobile phone, autonomous vehicle, or
IoT device. Beamforming can be classified into digital, analog, and hybrid beamforming [9].

In massive MIMO systems, the base station can provide data to the user over several
pathways, and beamforming controls packet movement and predicted arrival time to
allow more users to submit data simultaneously. Because millimeter waves cannot pass
through obstructions and do not propagate over longer distances due to their shorter
wavelength, beamforming is employed to provide concentrated beams to consumers. As a
result of beamforming, a user can receive a powerful signal while avoiding interference
from other users [87]. When beamforming is employed in 5G communication networks,
energy efficiency and conservation can be maximized.

5.1.10. The 5G Non-Orthogonal Multiple Access (NOMA) Principle

Another essential 5G wireless system component is the NOMA principle, which allows
several users to exchange data in a small cell. It is highly advantageous for heterogeneous
networks. On the most basic level, it works by allocating the same resources in terms
of time, area, and frequency to different users. NOMA is separated into code–domain
NOMA and power–domain NOMA [103]. While code–domain NOMA can enhance 5G
connectivity by enhancing the spectral efficiency of massive MIMO, power–domain NOMA
is more commonly used in 5G wireless networks due to its ability to integrate with a wide
range of wireless communication techniques, including MIMO, beamforming, space–time
coding, network coding, full–duplex and cooperative communication, among others [9].
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NOMA can benefit a variety of uses, including massive machine communication,
machine-to-machine, and Ultra-Dense Networks (UDN). This ground-breaking technology
also has high spectrum efficiency, high-speed massive connectivity, high reliability, and low
latency. Furthermore, when resources for bandwidth are assigned to users with minimal
Channel State Information (CSI), the traditional Orthogonal Frequency-Division Multiple
Access used by 3GPP in 4G LTE networks results in unusually low spectral efficiency.
This issue was resolved by employing NOMA [9,104], which provided users access to all
subcarrier channels. This increased spectral efficiency by allowing users with high CSI
to use bandwidth resources formerly reserved for users with low CSI. Despite the many
advantages of NOMA, there are some disadvantages as well. For instance, NOMA requires
a lot of Computer Processing Unit (CPU) resources from many consumers at high data
rates to execute the SIC algorithms. Secondly, managing power allocation optimization
when users leave networks is a challenging problem in NOMA [105].

A look at a basic NOMA model with two users, which clarifies the fundamental princi-
ples of the model, was provided by [106]. Their research was then broadened to encompass
an overall architecture, including multicarrier support on each sub-carrier, an arbitrary
number of consumers. Resource sharing and multiple-input–multiple-output NOMA are
investigated in performance evaluation using current methodologies. The authors included
the essential components of NOMA as well as potential research requirements. They ex-
amined the two-user SC-NOMA and the multi-user MC-NOMA designs to demonstrate
the fundamental strategies and conventions of NOMA. The key features and challenges of
NOMA technology were also discussed. The authors [107,108] investigated non-orthogonal
multiple access (NOMA) from its inception to recent advances. They contrasted NOMA
approaches with traditional OMA techniques in the context of information theory. The
NOMA schemes were formally discussed as belonging to the power and code domain,
including design concepts, operational principles, and features. Performance, spectrum
efficiency, and receiver complexity are utilized as comparative criteria. The expected out-
comes of NOMA and how it would meet the essential needs of 5G mobile communication
systems, such as enormous connection and reduced latency, were highlighted.

5.1.11. Radio Access Technology (RAT)

The design of the radio access technique had to be reconsidered in light of the various
needs for 5G networks. Due to the growing demand for gigabit speeds, the underlying
radio access technology ought to be capable of transmitting data at higher rates. Given the
finite and expensive nature of the spectrum, spectral efficiency is a crucial component of
radio access technology that will enable gigabit speeds.

Certain 5G services and applications, such as tactile Internet, holography, and mixed
worlds, require millisecond latency. This constrains the radio access mechanism’s latency
perspective, allowing for the lower latency required at higher layers to be realized. Devices
may not necessarily be connected to the BS in other applications such as IoT. These devices’
power restrictions prevent them from being fully synchronized with the BS. As a result, the
multiple access technique used should be able to handle slack or, better yet, no synchro-
nization. Interference is a risk in multi-access strategies, as it is in other wireless systems.

Finally, the radio access technique should be power efficient to avoid exhausting the
power of low-power devices. The fifth generation cellular network is expected to provide
exceptional data speeds when compared with high-speed wired lines. Because the future
network system will be heterogeneous, small cells will be absorbed into macro-cells. As a
result, the cells will be fragmented into disparate radio access networks that will be linked
to nearby RATs, such as Wi-Fi and other licensed networks [35,109].

5.1.12. Green Communication

Green communication is used to minimize base station energy consumption since
the base stations require a significant volume of electricity for reliable operation. The
ecosystem suffers greatly when a large number of base stations are used. Reduced RF
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transmits power and has the potential to increase energy efficiency. Significant energy is
saved when reference signals are delivered only among a base station and user equipment
rather than in each sub-frame. Another approach for reducing energy consumption is
to utilize a duty cycle device, which switches off some base stations when there is little
traffic. Service providers can also employ renewable energy sources, such as solar and
wind energy [15].

The number of networked devices is predicted to grow tenfold during the next decade,
as is the volume of data [3]. While meeting these goals is difficult, we must also do so
cost-effectively and for the long-term. Although mobile communications now account
for less than 1% of CO2 emissions, we should strive to reduce them even further [35]. In
addition, power bills, which have already become a critical challenge due to high operating
expenses, will also be reasonably reduced. Thus, reducing energy usage and shifting to
green communication options are crucial for the environment and the economy.

5.1.13. Mobile Femtocells (MFemtocells)

In the mobile femtocell idea, the moving network (or mobile relays) is a viable solution
for boosting the spectral efficiency of next-generation networks. MFemtocells are small
cells that can be easily put in moving buses, trains, and vehicles, allowing the BS to
execute data sending and receiving with onboard consumers [29]. The deployed femtocells
frequently move, forcing them into areas with poor eNB signal strength. Thus, they demand
continuous handovers with neighboring base stations, which must be exceedingly rapid
to offer smooth wireless access to the end user as they move. Furthermore, due to the
frequency of connection change requests and the necessity to accomplish the requests
within a limited amount of time, MFemtocells complicate the entire handover process,
causing signaling load and frequent connection drops in the network. The MFemtocell
concept tremendously benefits wireless cellular networks since it dramatically boosts
spectrum efficiency and average throughput. With a few added capabilities, MFemtocell
manages traffic as if it were a single UE (or transceiver).

5.1.14. Spatial Modulation (SM)

Multiple antennas at the transmitter and receiver end effectively boost spectral effi-
ciency while reducing hardware complexity. Addressing inter-cell interference, in contrast,
makes implementation more difficult because signal processing at the BS demands a large
amount of energy. Spatial Modulation (SM), one of the most effective methods for reducing
the complexity of an MIMO network, views the antenna arrays as a spatial constellation
diagram, with each antenna in the system carrying a sequence of information bits [29].
After a successful match of the incoming symbol with the existing symbol on the antenna,
whose spatial position is encoded with the data needed to be broadcast, this method allows
broadcasting from a single antenna of the antenna array at once.

Spatial modulation boosts communication network performance greatly and takes
advantage of huge MIMO benefits for enhanced energy economy in wireless communica-
tion systems [110]. SM, on the other hand, sacrifices a spatial degree of freedom due to
the logarithmic increase in multiplexing gain with an increasing number of antennas at
constant energy dissipation (which induces a capacity gain with no supplemental band-
width requirements as a result of the transmission of different data streams using the same
resources in a spatial domain). SM is regarded as an important underlying technology for
5G networks in satisfying the expectations of emerging data-hungry technologies because
of its several advantages [110].

5.1.15. Local Offloading

5G networks are intended to swap resources to fulfill the varying traffic demands
of heterogeneous users/applications (e.g., 4 K high-definition video streaming and IoT).
Certain services may benefit from local processing at the network’s edge, but others,
owing to privacy or legal considerations, may require centralized processing. Thus, local
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offloading solutions are necessary for a heterogeneous environment to enable extremely
high bit rates, low latency, and low power consumption by using UE proximity; this
decreases network load, boosts spectrum efficiency, and leverages direct transmission
among devices. In this heterogeneous context, the localized breakout of chosen traffic
closer to the edge (i.e., offloading the network core) is required, as is the usage of different
gateways for traffic with variable connection and mobility needs [27].

5.1.16. 5G Machine Learning

Another essential characteristic of 5G systems is the ability to deploy AI/ML (Artificial
Intelligence and Machine Learning) at pre-defined network locations. Given that the SBA’s
UE and 5G core network functions already supply computing resources to execute ML
algorithms, the significant news is that it smartly exploits the utilization of Multi-access
Edge Computing (MEC) inside 5G standards to push Machine Learning to the edge of the
telecom network.

In 5G mobile communication systems, several machine learning (ML) methods were
applied to solve various difficult issues, but it involves significant hand-tuning. There are
three types of machine learning approaches: supervised, unsupervised, and reinforcement
learning. Each of these strategies substantially influences the performance of 5G wireless
networks [9].

5.1.17. The 5G Internet of Things (5GIoT)

Another technology affecting many parts of the 5G cellular network environment
is the Internet of Things (IoT). The development of the 5G mobile network is important
to the evolution of the Internet of Things, which will link many things to the Internet,
including sensors, gadgets, items, and appliances. These apps will gather vast information
from numerous devices and sensors. 5G will enable extremely rapid Internet connectivity
for data gathering, transport, control, and processing. Because of its flexibility, unused
spectrum availability, and inexpensive implementation costs, 5G is the most efficient
technology for IoT, which aims to create a network of linked. These heterogeneous devices
capture data in real time over a limited amount of time [111]. 5G will provide extremely
fast Internet access for data gathering, transport, control, and processing. Because it is a
flexible network with an unused spectrum and allows a very low-cost deployment, 5G is
the most effective technology for IoT [112]. The 5G IoT applications include smart homes,
smart cities, smart farming, autonomous cars, and industrial IoT.

In the long run, all devices that benefit from communication networks are expected to
be linked, and the number of connected devices will surpass human devices. Connectivity
has become a real concern for M2M communication due to the rising availability of mobile
broadband. The tremendous traffic growth expected from machine-type communication
as a result of billions of linked gadgets, on the other hand, would lead the network to
become overcrowded. As a result, network connection and capacity must be boosted by
orders of magnitude, which may be accomplished by the implementation of additional
5G technologies, such as network densification, dense small cell deployment, and massive
MIMO [26].

The Internet of Things may also be thought of as a network of ordinary physical
items, such as cars, appliances, electronics, and buildings. Wearable smartwatches, health
monitors, washing machines, and microwave ovens are examples of IoT goods that detect
data and transfer it to a distant server, often through the Internet. The server can also give
commands to the device remotely. The server data is then analyzed to understand more
about the underlying activity [35].

IoT and 5G might easily be combined with more powerful wireless technologies to
form the same ecosystem capable of meeting the present demand for IoT devices. 5G
will have an impact on both nature and the expansion of IoT devices. As the 5G process
proceeds, multinational companies will discover the need for cross-industry collaboration
in defining and expanding the 5G system [113].
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5.1.18. Fog Computing

Multi-access Edge Computing (MEC) is related to the Fog Computing (FC) paradigm,
which was presented by Cisco in 2012 and stretches cloud computing capabilities to the
edge of the network to build a highly virtualized platform that delivers computing, storage,
and networking services between end devices and traditional data centers [34]. Low-
latency communication is a key property of FC, which makes it more suitable for 5G
communications. Data must be centralized in some applications, which may necessitate
the use of cloud computing. This “cloud model” can be extended to edge fog networking,
which is a system-level horizontal architecture that distributes resources and services
everywhere along the Cloud-to-Things continuum. Fog and Cloud fusion can provide
device and service consolidation, as well as optimization of tenant and virtualized service
life-cycle management, data policy management enhancements, and application and data
management integration [25]. IoT services can also benefit from location awareness and
geographical distribution features of fog computing [35].

5.1.19. Self-Organizing Network (SON)

The 5G networks are intended to establish a heterogeneous and dense network with
a variety of access modalities to give a seamless user experience. The expected density
makes designing the network layout of 5G networks difficult. As a result of the dynamic
nature of the process, SON strives to automate network configuration, resulting in easier
deployment and operation as well as increased performance. This technology is regarded
as a critical enabler of these goals and a critical facilitator of new UCs, such as autonomous
driving and tactile Internet, which necessitate a fundamental shift in network management
with significantly greater automation and dynamic predictive resource allocation [25].

5.1.20. Multi-Access Edge Computing (MEC)

The potential to deploy cloud computing capabilities within Radio Access Network
closer to 5G end users can increase the performance of 5G applications and minimize
network congestion. Mobile users can utilize MEC to access cloud computing and IT
services at the nearest position, such as the edge of the base station [76]. This enables it to
precisely meet the criteria of the 5G standard for low latency and high bandwidth.

MEC further enables 5G networks to properly evaluate data collected from several
sources and offer locally relevant information for URLLC use cases, such as smart driving
services [114]. This capability will allow 5G applications to embrace improved services
that need very low latency and large bandwidth effortlessly. These programs will have
rapid, real-time access to radio network data. High bandwidth and extremely low latency
computers are required for current automobile applications and services. Because MEC
extends cloud infrastructure to where people and things connect to the network, additional
processing and storage equipment is required, which significantly influences base station
design and manufacturing. Core networks can be made less crowded from their perspective
by providing numerous services and storing data at the network edge [64].

MEC acts as a barrier between the end user and the cloud server, allowing the user
to move closer to the cloud. This edge now offers all services, including virtual software,
video conferencing, and other services, thereby boosting the efficiency of cloud computing.
In addition, because MEC can be viewed remotely, it reduces the requirement for the user
to download the complete program on his device, thereby improving device performance.
Beck et al. [115] offered a taxonomy for mobile edge computing applications and evaluate
technological potential and restrictions. There is a list and explanation of the many appli-
cation categories that benefit from edge deployment. These applications were carefully
classified on the basis of technical characteristics. The work established that effective MEC
deployment in 5G networks raises the overall performance of the 5G architecture.

The 5G network and the concept of edge computing in MEC allow real-time, on-
demand delivery of IoT applications and services, such as telemedicine, autonomous
vehicles, industrial automation, and data processing from IoT sensors [116]. Because of the
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dense cell location, inter-cell interference is conceivable. For example, interference from
surrounding cells and the macro-cell may affect the micro-cell. A 3GPP project answer to
these challenges is an inter-cell collaboration [115,117].

5.1.21. Access Point Densification

Densification of access points refers to the establishment of additional base stations
and access points per unit of area. The success of the 5G rollout will surely be contingent on
access point densification, which means boosting available network capacity through the
deployment of more cell sites, such as radio access networks, in-building wireless, macro
sites, and small cell deployments. Network densification will be most effective around
metropolitan areas and major venues with a high density of digital users [118].

Network densification is critical for 5G because digital device consumers continually
demand better speeds and more connectivity. Driverless automobiles and remote surgeries
are two examples of future digital services that rely on the enhanced connection and quicker
speeds of 5G networks. Small cells are needed to improve 5G coverage and capacity, and
certain vehicles can assist the public network by acting as self-deployed moving cells.

Sector-splitting and large multiple input multiple output technologies can potentially
increase the number of antennas and tiny cell sites. Network densification is crucial for
5G because digital device users always want faster speeds and more connection. It must
be capable of transmitting data at ten times the pace of 4G while maintaining a consistent
connection [118–120].

5.1.22. Carrier Aggregation

The 3GPP introduced carrier aggregation technology to increase the uplink and down-
link channels’ throughput, capacity, data rates, and overall network performance [121].
The third-generation partnership initiative designated carrier aggregation as one of the
important technologies for the fourth generation of mobile systems (3GPP Release 10
standards) [52].

Carrier aggregation allows for the concatenation of up to five LTE carrier components
(CCs), increasing the capacity and data rate (uplink and downlink) of the system. The band-
width possibilities for LTE-Release 10 are 1.4, 3, 5, 10, and 20 MHz. Carrier aggregation can
support up to five CCs, guaranteeing a 100 MHz maximum bandwidth (5 x 20 MHz) [122].
The 3GPP originally made carrier aggregation available in Release 10, although it was only
possible in the downlink. In Version 11, the approach was improved by enabling up to two
CCs in the uplink. Later, in Version 12, time division and frequency division duplex carrier
aggregation were included [122].

In Release 13 (LTE Advanced-PRO), the attainable bandwidth was raised to 640 MHz
by raising the number of 20 MHz CCs that could be aggregated from 5 to 32 [123]. A new
technology known as Dual connectivity (DC) enables the aggregation of LTE and 5G NR
carriers, allowing for up to 1 GHz of aggregated bandwidth. Dual connectivity is supported
by the 5G NR, which allows it to support up to 16 CCs. Due to 5G DC, carrier aggregation
is now achievable in the 5G FR1 and FR2 frequency channels [121].

Contiguous and non-contiguous carrier aggregation (CA) are the two main types.
While non-contiguous CA separates surrounding component carriers, contiguous CA
utilizes a larger spectrum and integrates many neighboring component carriers. Non-
contiguous CA is further subdivided into intra-band non-contiguous, in which a UE is
assigned to numerous CCs dispersed throughout the same spectrum band, and inter-
band non-contiguous, in which the clustering of numerous CCs from various bands with
distinctive characteristics, such as one from the bands of 2100 MHz and 800 MHz, is
permitted to create a broad spectrum [124]. Figure 10 shows the LTE carrier aggregation
and 5G-LTE dual connectivity. In Figure 11, the types of CA aggregation are presented.
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Alkhansa et al. [122] developed a system-level LTE-A carrier aggregation solution that
makes use of the Wireless Fidelity (Wi-Fi) spectrum. They suggested a system architecture
for an aggregation mechanism based on the concept of mixing LTE carrier components
with Wi-Fi carrier components. They presumed the LTE system would run in a CA mode,
borrowing Wi-Fi spectrum, and their study demonstrated that this CA mode was consistent
with the LTE-Advanced physical layer standards, making it theoretically conceivable and
adaptable to future beyond 5G wireless systems.

Carrier Aggregation (CA) is a significant 5G technology that aids in spectrum use.
Joda et al. [125] developed a methodology to improve CC selection and RB allocation in
carrier-aggregated 5G networks. They examined meeting the latency requirements of the
5G network and average user throughput while limiting the frequency of CC activations
and deactivations. Their study presented two methods, QAP and QAP-ACDC, for the
simultaneous assignment of RBs and CCs to users in downlink transmission while taking
into consideration their Channel Quality Index (CQI) and Quality of Service requirements.
Their findings show that both recommended techniques boost throughput and delay
performance and would considerably help 5G networks achieve their essential throughput
and delay requirements.

Under the UE energy consumption limitation, an upper bound on 5G CA performance
was supplied by [126]. Their objective was to choose CCs and allocate Resource Blocks
(RBs) so that total user throughput was maximized, while user power consumption was
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minimized and QoS criteria were met. They provided a multi-objective optimization prob-
lem and represented UE throughput and power consumption using CC and RB indicators.
They tackled the throughput maximization problem using the maximum-largest weighted
delay first (M-LWDF) method and prioritized users that demanded reduced delay and
packet loss rate objectives. Their objective was to choose CCs and assign RBs to maximize
total user throughput while minimizing user power consumption and meeting QoS crite-
ria. They offered a multi-objective optimization issue and quantified UE throughput and
power consumption using CC and RB metrics. They used the maximum-largest weighted
delay first (M-LWDF) algorithm to address the throughput maximization problem, giving
precedence to users that demanded reduced delay and packet loss rate objectives.

The NOMA approach may also be used with CA to reportedly improve customers’
data rates and transmission capacity up to 100 MHz, subject to spectrum availability and
user compatibility. A user pairing based on the NOMA approach and coupled with CA
was investigated to increase system performance [127]. The number of aggregated CCs
was determined to allow for both the anticipated high traffic loads in certain of the CCs and
the inherent channel variety of the NOMA concept. A CC was created for the macro-BS to
offer coverage for the macro-cell, and another CC was created for the tiny cells to provide
specialized coverage. Thus, aggregated CCs shared by macro-BS and small cells were
supported by the same CA structure, boosting system throughput. According to their
findings, the CA-NOMA method significantly improved the total rate and EE, thereby
improving the predicted peak user throughput for 5G networks.

In Konstantinou et al. [128], an mmWave analog RoF link was employed to demon-
strate the transmission of carrier aggregated OFDM signals in accordance with the 5G
new radio numerology. The number of aggregated CCs was determined to allow for both
the anticipated high traffic loads in certain of the CCs and the intrinsic channel variety of
the NOMA concept. A CC was developed for the macro-BS to provide coverage for the
macro-cell, and another CC was created to offer specialized coverage using the tiny cells.
Thus, macro-BS and small cells shared aggregated CCs supported by the same CA structure,
boosting system throughput. The CA-NOMA method showed great improvement in terms
of total rate and EE, thereby enhancing the peak user throughput projected for 5G networks,
according to the findings in the paper.

5.2. Spectrum Sharing in 5G

The 5G NR networks need small cells and should be highly populated to operate.
These networks might share a frequency band with other services that operate on distinct
bands. The current spectrum-sharing plans will be effectively used as 5G is developed to
fulfill the requirements of relevant applications. A summary of a few spectrum-sharing
plans that may be adopted for 5G technology is given as follows.

A. TV White Space: Frequencies for TV not used by authorized users are referred to
as “white spaces”. The FCC recommended sharing unused TV frequencies with
authorized users and their low-powered equipment. The primary consumers are
TV receivers, which are protected from interference and given higher transmission
priority. Users who lack a license are secondary users. They have poor transmission
priority and are not protected from interference from major users.

B. Licensed Shared Access (LSA): TVWS has a drawback in that it cannot deliver the
necessary level of service to secondary users. Hence, it cannot completely address the
issue of spectrum scarcity. A novel approach to spectrum sharing, known as the LSA,
has been made available to mobile operators [129]. While the LSA sharing scheme
protects new licensees from interference, allowing them to access the spectrum with
predictable quality of service, Authorized Spectrum Access (ASA) allows spectrum
owners (current owners of the underutilized spectrum) to grant a small number
of mobile operators access to their underutilized spectrum. This benefits both the
incumbent, who may be permitted to stay in the band longer and eventually receive
financial compensation, and the LSA licensee, who may use an underutilized band at
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an inexpensive cost while the band cannot be cleared or rebuilt. The 2300–2400 MHz
band was the first to be authorized for LSA in Europe [129].

C. Spectrum Access Sharing (SAS): The Spectrum Access System (SAS) was initially
suggested in the United States, particularly for the 3550–3700 MHz band, as one of
many projects aimed at providing more spectrum for mobile broadband [130]. In
contrast to earlier sharing strategies, SAS employs a three-tier sharing structure that
permits the use of the available spectrum by three different user categories: Federal
users, Priority Access Licensed (PAL) users, and General Authorized Access (GAA)
users. The Federal users are shielded from all types of interference and have full
access to the spectrum. The PAL users are shielded from interference from all users
except the Federal users and can utilize the spectrum only when the Federal users
are not. Only opportunistic access to the spectrum is available to the GAA users as a
result of their lowest priority, and they have no interference protection.

5.3. The 5G Research Groups

The following are some significant research organizations involved in the standardiza-
tion of 5G technology.

A. METIS (Mobile and wireless communications Enablers for Twenty-twenty (2020)
Information Society)—METIS concentrated on RAN design, creating an air interface
that analyses peak data rates, traffic load by area, traffic volume per user, and real
client data rates. In February 2015, METIS released a study in which they constructed
an RAN architecture with simulation results. They created an air interface that
analyses data rates on the basis of peak hours, traffic load by area, user traffic volume,
and precise client data rates. They were able to obtain an RAN latency of less than
one millisecond [9,131,132]. They also used multiple RAN models and traffic flow in
a range of locations, including colleges, malls, stadiums, and businesses.

B. The 5G PPP (5G Infrastructure Public–Private Partnership)—The fifth-generation
infrastructure public–private partnership project is a collaboration between two enti-
ties (European Commission and the European ICT industry). Over the next decade,
5G-PPP will deliver numerous standardized designs, solutions, and innovations
for next-generation mobile networks. The primary purpose of 5G-PPP is for the
European Commission to apply this research to education, smart cities, intelligent
transportation, entertainment, e-health, and media [9,131,132].

C. The 5GNOW (5th Generation Non-Orthogonal Waveforms for asynchronous signaling)—
5GNOW is working on network modulation and multiplexing techniques for the next
generation. The visible waveform communication of 5GNOW is ultra reliable and offers
ultra-low latency. The 5GNOWs also employ the short-term Fourier transform (STFT) to
gather signal time and frequency plane information [9,131,132].

D. EMPhAtiC (Enhanced Multicarrier Technology for Professional Ad Hoc and Cell-Based
Communications)—EMPhAtiC is working on asynchronous secure communication
systems using a configurable filter bank multi-hop transmission through MIMO. They
have recently demonstrated an MIMO-based trans-receiver approach for Filter Bank
Multi-Carrier in frequency selective channels (FBMC) [9,131,132].

E. NEWCOM (Network of Excellence in Wireless Communications)—NEWCOM’s
research and development efforts are focused on wireless energy efficiency, channel
efficiency, and multi-hop communication. They are actively working on cloud
RAN, mobile broadband, local and distributed antenna systems, and multi-hop
communication for 5G networks. Finally, their research shows that the baseband is
handled through the use of a QAM modulation architecture, system bandwidth, and
resource block [9,131,132].

F. NYU New York University Wireless—NYU Wireless is a research institution for
wireless communication, sensing, networking, and device development. Recent
NYU research focuses on developing smaller, lighter antennas with directional
beamforming to allow dependable wireless communication [9,131,132].
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G. The 5GIC 5G Innovation Centre—5GIC is a UK-based high-speed wireless communi-
cation research organization. In their most recent investigation, they attained 1Tbps
speed in point-to-point wireless communication. Their major objective is to provide
ultra-low latency application services [9,131,132].

H. ETRI (Electronics and Telecommunication Research Institute)—ETRI is a Korean
research group that focuses on 5G network stability, device-to-device communication,
and the MHN protocol stack [9,131,132].

5.4. Blockchain-Based Security in 5G Network

Security of the 5G network is a top concern for the communication system since the
network is dynamic and radio frequency signals are transmitted on-air without adequate
protection. An attacker who is close to the broadcast signal can easily take advantage of
this and carry out several malicious activities, including stealing sensitive data, listening in
on conversations, modifying the signal, or even disrupting the entire connection. Apart
from the inherent weakness of wireless communication, the 5G network has security issues
due to the numerous application and technologies it supports, as these technologies and
applications are vulnerable to several attacks, such as Man-in-the-Middle (MITM) attacks,
eavesdropping attacks, hijacking attacks, malware attacks, etc. [133,134]. This has drawn
the attention and interest of several authors who have tried to design and develop various
security algorithms and schemes to defend against these attacks in the 5G network over
the years. Blockchain technology is a widely utilized technology for providing security
in the 5G network. It refers to a chain of blocks where each block contains some verified
records, and all blocks are connected using their crypto-hashes [135]. This technology is
also well-known in bitcoin cryptocurrency transactions. Blockchain technology is a decen-
tralized, invariable, and encrypted ledger that guarantees trust between untrustworthy
parties without the use of a centralized third party. This decentralized framework allows
efficient and reliable blockchain operations, with fraud protection and no single point-of-
failure weaknesses [136]. Furthermore, blockchain technology has several security benefits,
including providing full control of information when transmitted over an untrusted or
unprotected network, improving the performance of the overall system, as it does not
require any centralized system to function, and simplifying the network. Figure 12 depicts
the integration of blockchain and the 5G network.
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5.5. Integration of Non-Terrestrial Networks (NTNs) with 5G

This section will discuss the NTN-5G integration overview, standardization, architec-
tures, and use cases.

5.5.1. Overview of the NTN

The non-terrestrial satellite network (NTSN) is a mega satellite constellation network
that guarantees global network coverage with a high data rate, better security, and low
latency communication, allowing it to provide more benefits over the terrestrial network.
These capabilities can compensate for the drawbacks of conventional mobile communi-
cation [137,138]. NTN operates through a spaceborne vehicle, such as the geostationary
earth orbit (GEO), medium earth orbit (MEO), and low earth orbit (LEO) satellites. Un-
manned aerial vehicles (UAVs) and high-altitude platforms (HAPs) may also be employed
by NTN to provide coverage to areas where the conventional terrestrial network could not
ordinarily reach [139]. The development of non-terrestrial networks, driven by low earth
orbit (LEO) mega-constellations, has rapidly grown in recent years [140]. These networks
can potentially revolutionize how we communicate, providing faster and more reliable
connectivity to remote and underserved areas. The use of LEO mega-constellations in
non-terrestrial networks is expected to increase in the coming years due to the advan-
tages they offer in terms of low latency and high throughput and their ability to provide
global coverage [141–143]. The use of advanced technologies, such as RIS and the inte-
gration of non-terrestrial networks with IoT, is key to the success of these networks and,
when employed, will significantly improve the 5G signal quality and reduce the impact
of atmospheric conditions on the transmission of data. Satellite communications have
received much attention from researchers and industry due to the quick advancement
of communication technologies. Particularly since the launch of numerous commercial
satellite constellations, such as Starlink and OneWeb, various satellite technology-related
concerns have taken center stage in 5G communications research [144].

5.5.2. The 3GPP NTN Standardization

Work on the NR NTN by the 3GPP began in 2017 with Release 15 (Rel-15) in June
2018 and was centered on developing channel models and deployment scenarios for the
5G NTN [145]. Rel-15 concentrated on two main goals: the first was to choose a few
typical NTN deployment scenarios and reach a consensus on important factors, including
architecture, orbital height, and frequency bands, while the second focused on developing
NTN channel models based on terrestrial 3GPP channel models. Key outcomes of the
Rel-15 include the recommendation of S- and Ka-bands as NTN frequency ranges and the
development of channel models that support urban, suburban, and rural scenarios. On
completion of Rel-15, approaches to 5G NR adaptation for NTN were studied by 3GPP
in Release 16 (Rel-16) [146], with a major goal of determining the minimum requirement
for successful integration of 5G NR with NTN. The study reports from Rel-16 led to the
initiation of Release 17 (Rel-17) by the 3GPP. Unlike the earlier releases, the main aim of
Rel-17 was to define necessary improvements for LEO and GEO-enabled NTNs while
providing complete support for air-to-ground and HAPS networks. The latest study on
5G NR and NTN integration is contained in Release 18 of the 3GPP for 5G NR and was
released in December 2021. It aims to upgrade 5G NR by incorporating more sophisticated
technologies, such as AI and ML [147,148].

5.5.3. NTN Architectures

The adoption of NTN technology would significantly enhance 5G communication
services when combined with the current terrestrial communication architecture. In a typi-
cal terrestrial cellular radio access network (RAN), standard communication components,
such as the BS, UE, core network, and data network, are crucial for successful service
delivery [149]. While the core network is charged with the responsibilities such as mobility
management and session management, the data network focuses more on ensuring suc-
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cessful data transfer from one network access point to the other. These various network
components play a complementary role in the total communication process. Thus, failure of
a particular component may render the entire communication process useless. For typical
NTN networks, the network architecture has been designed to provide enough redundancy
to avoid network failures. Therefore, the integration of NTN components with the existing
terrestrial infrastructures will play a crucial role in transforming communication processes.
NTN integration can adopt either the physical (PHY) or network (NET) layer integration
approach. While the former adopts existing terrestrial components for the NTN integration,
the latter employs new radio access technologies (RATs). The NTN architecture may be any
of the underlisted, depending on the non-terrestrial (NT) positioning [148,149].

a. NT platform as a user: This architecture uses terrestrial infrastructure from an existing
network to provide service for the NTN platform. Moreover, it might designate other
satellites at higher altitudes to service satellites as users. Since the space satellites
are served by the ground station (GS), this design enables communication to occur
independently of ground stations, lowering the potential roundtrip delay.

b. NT platform as a relay: Here, there may be two possibilities. The NTN platform can
be used to provide backhauling services by acting as the link between the BS and
the core network, which is typically secured by fiber optics. The NTN platform can
alternatively serve as a relay in the connection between users on the ground and BS,
thus providing direct access connectivity.

c. NT platform as a BS: The BS functionalities can be incorporated into the flying component
in this approach. This method is applicable only to scenarios where the NTN platform is
equipped with a regenerative payload with enough processing capabilities.

d. In addition to the three architecture models mentioned above, mixed architectures
may combine several NT platforms to serve various functions [142]. A diagram
showing the general architecture of NTN is presented in Figure 13.
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5.5.4. NTN Use Cases

Various use case scenarios for satellite-based NTNs have been discussed by the 3GPP
systems aspects workgroup in the study item on Satellite Access in 5G [146]. The three
main categories of use cases identified for 5G satellite-based NTNs are discussed below.

a. Service Continuity: This use case applies primarily to applications that make use of
satellites’ vast coverage capabilities, such as multicasting or broadcasting. It is made
to offer a network for situations when terrestrial 5G networks alone are unable to
give enough 5G coverage.

b. Service Ubiquity: This use case is intended for unserved or underserved areas with
limited access to terrestrial networks. Examples of IoT use cases that come under this
category include smart agriculture and emergency medical services.

c. Service Scalability: This is for use cases where multicasting or broadcasting a specific
piece of content over a limited geographic area while utilizing the wide satellite
coverage area is advantageous. Applications that rely on UHD services are suitable
examples for this use case.

5.5.5. NTN Platforms

NTN architecture can use varying deployment options, depending on the type of NTN
platform involved. Spaceborne and Airborne platforms are the two basic categories of
platforms used by the NTN. Parameters such as platform altitude, orbit, and beam footprint
size are the basic factors determining the classification of the platforms [150]. In Table 9, we
give a summary of the classifications of the NTN platforms.

Table 9. NTN platform classifications [151,152].

Platform Type Altitude Range Orbit Beam Footprint Size

GEO satellites Spaceborne 35,786 km Fixed position based on elevation, with
respect to a given point on Earth 2000–3500 km

MEO satellites Spaceborne 7000–25,000 km Circular around Earth 100–1000 km

LEO satellites Spaceborne 300–1500 km Circular around Earth 100–1000 km

UAVs Airborne 8–50 km Fixed position based on elevation, with
respect to a given point on Earth 5–200 km

HAPs Airborne 20 km Fixed position based on elevation, with
respect to a given point on Earth 5–200 km

6. The 5G Spectrum Standardization

The International Telecommunication Union (ITU) was founded in 1865 as a result of
a global agreement between the private and public sectors on the visibility of enabling the
connection of communication networks, allocation of radio frequency bands, and develop-
ment of international technical communication standards [56]. The main responsibility of
the ITU is to create standards for unified communications that will allow networks and
technologies to be integrated globally, thus enabling unrestricted access to telecommuni-
cations services. In relation to IMT systems, the ITU regulates each element of the radio
communication system. The ITU is also in charge of harmonizing and standardizing the
frequency band requirements for mobile communication technologies to promote cross-
platform interoperability between current and emerging technologies. The ITU oversees,
assesses, and develops the requirements for 5G technology [153].

The ITU Radio regulations outline the spectrum assignments that ITU-R has been working
on over the years for various applications and other services. There are several spectrums
identified for IMT systems. A list of these bands and the corresponding radio communication
conference that approved them are contained in [154]. Although some preferences are being
established, 5G theoretically can be deployed in any of the specified bands.

The USA is willing to use the 3.5 GHz (3550–3700 MHz) shared band as well as the
600 MHz licensed spectrum (617–652/663–698 MHz). The radio frequency below 1 GHz
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that Europe has selected for 5G is the 700 MHz band (694–790 MHz), but the leading pio-
neering 5G spectrum should be 3.4–3.8 GHz. To enable more downlinks, the 1.5 GHz band
(1427–1452/1492–1518 MHz) is also being considered [12,155]. Other nations are investi-
gating the optimal band to roll out their 5G services. Japan is considering the frequencies
of 3600–4200 MHz and 4400–4900 MHz for the testing 5G deployment. Nigeria is consid-
ering the 3500 MHz and 26,000 MHz frequencies, while in China, the frequencies being
considered are the 3300–3600 MHz and 4800–4990 MHz bands [64,123,154].

Due to the steadily increasing data traffic, more spectrum resources are required to sup-
port upcoming mobile communication networks. Furthermore, it is significant to remember
that each nation will have different specifications for its national spectrum. Therefore, this
section covers discussions on the different spectrum allocations and assignments for the
5G network and the sub-6GHz and above-6GHz frequencies. Furthermore, the worldwide
trials and the different deployment modes of the 5G network are presented.

6.1. Spectrum Allocation and Assignment

A sufficient radio spectrum in the low-, mid-, and high-frequency bands is essential
for the deployment of a 5G network to support the many use cases and applications. The
5G standard separates two carrier frequency ranges known as FR1 (sub-6GHz with TDD
and FDD), and FR2 (mmWave band, 23–53 GHz with TDD) [155,156]. While some of
these frequencies will be allocated particularly for the deployment of the 5G network,
other frequencies will need to be obtained from existing communication services. In [154],
the comprehensive list of available frequency ranges for the 5G FR1 and FR2 frequencies
are presented, where frequencies in FR1 support TDD, FDD, and Supplemental Down-
link/Uplink (SDL UL/DL); frequencies in FR2 support only TDD, which uses the same
frequencies for transmission from both the device and the base station but are coordinated
to transmit at different times to reduce interference. By contrast, with FDD, the base station
and the device each transmit data using a separate frequency.

6.2. The FR1 Band

In addition to supporting wide areas and indoor/outdoor coverage, 5G also offers high
data rates. As a result, the spectrum below 6 GHz is critical to the 5G solution [123,157]. Over
1200 MHz of the spectrum in Europe’s frequency range between 694 MHz and 3800 MHz
has already been harmonized for mobile broadband. The key frequency band appropriate for
the launch of 5G in Europe even before 2020 is in the 3400–3800 MHz range, which has been
harmonized for mobile networks and has up to 400 MHz of the continuous spectrum. This
spectrum could allow Europe to be a global leader in 5G or pre-5G deployment [65].

6.3. The FR2 Band

High data speeds expected from 5G will require substantially wider bandwidths than in
the past. Only higher frequency bands (above 6 GHz) have those extraordinarily high data
rates. In order to provide faster data speeds and lower latency, it is projected that new wireless
solutions at higher frequencies—millimeter wave bands—would be introduced. To fulfill all of
the 5G performance goals, such as multi-gigabit-per-second data rates, frequency bands even
over 24 GHz must be implemented. Very low latency has implications for millimeter wave
deployments because of their small cell sizes and highly directional antennas [64,123].

6.4. Worldwide 5G Trials

Commercial 5G networks have already begun operating in several nations worldwide.
Other nations that have not achieved full implementation have likewise advanced in their
deployment of the network. Table 10 lists the regions and operators for each of the current
global 5G deployments. However, virtually every Asian country has also invested in 5G
technology. The first 5G network was deployed in South Korea, and it is projected that the
country will continue to lead the way in the adoption of the technology. Other nations have
likewise advanced in their deployment of 5G technology recently.
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Table 10. Global 5G Deployment Statistics (source: GSA).

Region Country Sub-Region Operator Status Launch Date Freq. MHz

AFRICA
Nigeria West Africa MTN Live Aug. 2022 3500

South Africa Southern Africa Vodacom Live May 2020 3500

ASIA

Saudi Arabia Western Asia Zain Live Oct. 2019

Hong Kong; SAR China Eastern Asia 3 (CK Hutchison) Live Apr. 2020

Hong Kong; SAR China Eastern Asia China Mobile Live Apr. 2020

Japan Eastern Asia SoftBank Live Mar. 2020 2500

Japan Eastern Asia KDDI Live Mar. 2020

Japan Eastern Asia NTT DOCOMO Live Mar. 2020 3700/450
0/28,000

Hong Kong; SAR China Eastern Asia csl (HKT) Live Apr. 2020 3300

Thailand Southeastern Asia TrueMoveH (True
Corporation) Live Mar. 2020 2600

Thailand Southeastern Asia Advanced Wireless
Network (AIS) Live Mar. 2020 2600

Saudi Arabia Western Asia STC Live Sep. 2019 3500

Philippines Southeastern Asia Globe Telecom Live Feb. 2020

Qatar Western Asia Ooredoo Live Jan. 2020

China Eastern Asia China Unicom Live Oct. 2019

China Eastern Asia China Mobile Live Oct. 2019

China Eastern Asia China Telecom Live Oct. 2019

Qatar Western Asia Vodafone Live Aug. 2019

Maldives Southern Asia Dhiraagu (Batelco) Live Aug. 2019

AMERICA

United States of America Northern
America GCI Live Apr. 2020

Canada Northern
America Rogers Live Mar. 2020

United States of America Northern
America

T-Mobile (Deutsche
Telekom) Live Apr. 2020

United States America Northern
America US Cellular (TDS) Live Mar. 2020

EUROPE

Netherlands Western Europe

Vodafone-Ziggo (Liberty
Global/Vodafone)

(Liberty
Global/Vodacom)

Live Apr. 2020 1800

Hungary Eastern Europe Magyar Telekom Live Apr. 2020 3600

Belgium Western Europe Proximus Live Apr. 2020

Norway Northern Europe Telenor Live Mar. 2020

United Kingdom Northern Europe 3 (CK Hutchison) Live Feb. 2020

Finland Northern Europe DNA Live Jan. 2020

Austria Western Europe A1 Telekom Live Jan. 2020 3500

Latvia Northern Europe Tele2 Live Jan. 2020 3500

Romania Eastern Europe Orange Like Nov. 2019

Ireland Northern Europe eir Live Oct. 2019

United Kingdom Northern Europe O2 (Telefonica) Live Oct. 2019

Hungary Eastern Europe Vodafone Live Oct. 2019 3600

Finland Northern Europe Telia Live Oct. 2019 4500

Austria Western Europe 3 (CK Hutchison) Live Oct. 2019

Ireland Northern Europe Vodafone Live Aug. 2019
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6.5. The 5G Deployment Modes

There are two ways to implement 5G. The first is the Standalone 5G deployment
paradigm, offering services over an entire 5G network. The second mode, Non-Standalone,
uses a combination of 5G and LTE architectures to deliver services [5].

A. Non-Standalone (NSA): The Non-Standalone mode of 5G NR deployment relies
on the 4G core network for control plane operations, such as session management,
resource allocation, handover management, authentication, and policy management.
This deployment option provides 5G services without an end-to-end 5G network
instead of relying on 4G system components. Telecom companies frequently use this
method for the rapid and cost-effective deployment of 5G networks. Deploying a 5G
network in NSA mode can provide faster data speeds but cannot guarantee all of
the 5G objectives. However, with the assistance of an existing 4G network, operators
can implement 5G, promoting early adoption of the technology, which is why the
3GPP released a preliminary set of NSA requirements before the full 5G standard
was released. A cell in the NSA approach performs the control plane activities,
while the user plane connection is provided jointly by both the LTE eNodeB and
the 5G gNodeB [64,158]. NSA architecture will allow mobile operators to start 5G
deployment since the 4G infrastructures can be retained for deployment and, thus,
reduce network operation time. The cost of network deployment will also be reduced
since operators can rely on existing 4G infrastructures. However, it is important to
note that the NSA design is incapable of matching the exceptional performance of
5G networks in terms of speed, low latency, high data rate, and other factors.

B. Standalone (SA): The 5G NR Standalone mode differentiates between LTE and 5G
networks by defining a separate core and radio access network for each network.
This enables the true realization of 5G goals and end-to-end 5G connectivity. A
simpler core network with lower operating costs is possible with 5G. The ability
to arrange different types of UEs in separate network slices, each with a different
QoS and set of rules, is a new feature in the 5G core network when compared with
the 4G core network. Because UEs with lower resource requirements can be placed
on a separate network slice, systems with the same capacity can handle more UEs
more effectively than if a single policy was used for all UE types. This prevents
the allocation of unnecessary resources. This is especially helpful in facilitating
significant IoT installations. Since most IoT devices are sensors that do not need
very low latency or high data rates, these UEs can be placed in a different network
slice. Critical Internet of Things deployments can be placed in a different network
slice with low latency [159]. The SA deployment method ensures operators can
achieve the highest level of performance promised by 5G implementation. The
revolutionary nature of 5G is a result of the fast data transfer rates and extremely
low latency it offers, among many other enhancements. This mode was created to
function on the 5G FR2 frequency since the entire SA architecture is made up of 5G
infrastructures. This will ensure the 5G network aimed at extremely low latency
and large data speeds is achieved. Huge infrastructure costs associated with the SA
roll-out are a significant obstacle since telecommunication service providers would
need to completely redesign their current LTE networks.

6.6. Application and Device Benchmarking in 5G Networks

In a typical 5G network, application developers and device manufacturers should
be able to test and benchmark new mobile applications, devices, and services. A critical
aspect of the mobile communications market is to guarantee the correct and efficient
behavior of dense applications and massive devices to satisfy the requirements of end users.
Although these mobile devices have been standardized, there is no adequate consensus
on the benchmarking or testing methodologies at the application level. Thus, the need to
identify reference deployment scenarios and the definition of new KPIs and QoE metrics
becomes imperative.
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It is worthwhile considering three distinct areas for testing and benchmarking. These
include applications, devices, and mobile network operators. Interestingly, Small and
Medium Enterprises (SMEs) provide these applications and often find accessing various
testing processes in real-time wireless networks difficult. Another critical challenge for
SMEs is understanding the requirements of standardized testing schemes and their as-
sociated products. Unfortunately, the enormous testing costs and the need for technical
expertise often discourage SMEs from conducting robust tests.

A typical testbed scenario is shown in Figure 14. The architecture comprises the Orbit
Management Framework (OMF), Orbit Measurement Library (OML), and OMF Experiment
Description Language (OEDL). The OMF controls the experimental execution in testbeds.
The OEDL technically describes the execution of an experiment and specifies the results
in readable formats. Also specified is the Experiment Controller (EC) that interprets and
orchestrates the OEDL scripts. Finally, the Resource Controller (RC) manages each resource
in the testbed, and there are RCs for managing smartphones, among others.
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Last, the Advanced Message Queuing Protocol (AMQP) manages communication
between the EC and RCs and measures data obtained through the OML. Finally, the
test automation platform manages the DC power analyzer and the eNodeB emulator for
design verification and signaling testing. In comparison, the DC Power Analyser helps to
characterize power consumption in mobile devices.

7. 5G Radio Propagation Mechanisms

This section presents and discusses the various propagation characteristics of the FR1
and FR2 as well as the atmosphere-induced attenuation. Furthermore, the 5G path loss
prediction models, the 5G models, and the 5G channel modeling are discussed.
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7.1. Propagation Characteristics

The identified bands for the deployment and execution of IMT-2020 and beyond
systems are the microwave and millimeter wave bands (i.e., 0.5–100 GHz). The bands
are divided into FR1 and FR2 frequency ranges, with each band having unique benefits
and applicability. While the FR2 (24.25 GHz–52.6 GHz) band is ideal for short-range
communications and data rate delivery, the FR1 (410 MHz–7.125 GHz) bands are suitable
for communications via conventional cellular mobile communication lines. FR 2 band
transmissions cannot travel more than a few miles or easily pass through structures, in
contrast to FR 1 band signals. Instead, FR2 bands can pass through extremely crowded
communication lines, ensuring effective spectrum usage [160,161]. Since mmWave will
use higher gain antennas to avoid route loss, it will be necessary to take advantage of and
quickly react to the spatial dynamics of the wireless channel [72]. As they have a crucial
impact on the architecture of the 5G system, their propagation characteristics need to be
properly taken into account for effective propagation at these bands [162,163]. However,
some additional loss variables, including rain, vapor, and gaseous losses, are unavoidable
in mmWave networks.

A. Reflection: When an electromagnetic wave in motion collides with an impediment
greater than its wavelength, reflection occurs. A traveling wave may be hampered by
natural obstacles, such as the reflection of the earth’s surface, structures, and walls.

B. Diffraction: This happens when the wave’s tip encounters a solid barrier or a sharp
object. As a result, the traveling wave will bend around the obstacle’s tip, thus
altering its course of propagation.

C. Scattering: This can be seen when a radio wave that is propagating encounters a
rough surface or a very small body whose size is of the order of the radio signal
wavelength. Similar to the physical concept of diffraction, energy from a transmitter
is emitted in numerous directions when scattering takes place [164,165].

7.2. Atmospheric Gaseous Losses/Atmospheric Attenuation

When signal propagation at the millimeter waves passes through the atmosphere, they
get absorbed by water vapor, oxygen, and other gaseous constituents in the atmosphere,
thus attenuating the received signal [166].

A. Rain losses: Since radio wavelengths and droplets are essentially the same size, rain
also attenuates mmWave propagation. As a result, the signal quality is affected when
the radio waves are scattered as they encounter raindrops [167].

B. Foliage losses/Vegetation attenuation: Foliage losses and reduced vegetation foliage
losses at FR2 frequencies are very damaging, in contrast to the microwave, where
they have little impact. Since millimeter waves are far more susceptible to attenuation
by foliage, this sensitivity typically grows as the signal’s route through the foliage
is extended.

C. Free-space path loss: Path loss occurs when clear routes are used for communication
between the transmitter and receiver. Although mmWave has been said to have
a substantial free-space path loss, studies have shown that this is only true if the
gain of the mmWave antenna is considered to be frequency-independent [123,168].
When the antenna area is constant at one link end, path loss becomes frequency-
independent, and when the antenna area is constant at both link ends, path loss
reduces since higher frequencies enable higher antenna gain for a constant area.

D. Outdoor-to-indoor penetration: Higher frequencies result in greater attenuation of
wall and window penetration. Mobile network users are more likely to be found
indoors. Steel concretes, brick buildings, and energy-efficient windows all have
attenuation values between 20 and 40 dB, whereas post and dry-wall dwellings have
a value of less than 10 dB [169,170]. Both attenuation and penetration loss increase as
the carrier frequency increases. In [170], the average attenuation and penetration loss
of ceiling, clear glass, drywall, and plywood were plotted for 28, 39,120, and 144 GHz.
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As presented in Figure 15, their result showed a clear increase in attenuation and
penetration loss with an increase in frequency.
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7.3. The 5G Path loss Prediction Modelling Approaches

There are several path loss prediction models applicable to 5G. The common single-
frequency and multi-frequency models are discussed in this section.

7.3.1. Single-Frequency Models

A. Close-In (CI) Model

The CI model equation for electromagnetic wave propagation is given by [171] in
Equation (5):

PLCI( f , l) = FSPL( f , 1 m) + 10nlog10(l) + XCI
σ [dB]forl ≥ 1 m (5)

where XCI
σ denotes a Gaussian random variable described by the standard deviation

σCI(dB), and the random variable has a mean value of zero (µ = 0).
The free-space path loss is the loss with a reference distance of 1 m, as shown in

Equation (6)

(FSPL)( f , 1 m) = 10log10

(
4π f

c

)2
(6)

where n is the path loss exponent (PLE).
Equation (5) can be arranged using the MMSE-based optimization technique to deter-

mine the optimum n as given in (7):

XCI
σ = PLCI( f , l)[dB]− FSPL( f , 1 m)−10nlog10(l

)
; forl ≥ 1 m (7)

Assuming that K = PLCI( f , l)[dB]− FSPL( f , 1 m) and P = 10log10(l
)
, Equation (5)

can then be written as (8)

σCI =

√
∑
(
XCI

σ )2

D
=

√
∑(K− nP)2

D
(8)

By using the MMSE, the standard deviation of the shadow factor (SF) is calculated
using (9):

σCI =

√
∑
(
XCI

σ )2

D
=

√
∑(K− nP)2

D
(9)
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where D represents the Tx–Rx separation distances, which define the number of different
measurement distances recorded. The SF can be minimized with the standard deviation
σCI when the term ∑

(
K− nP)2 is reduced. To reduce ∑

(
K− nP)2 , the derivative about n

should be zero as in Equation (10)

d∑
(
K− nP)2

dn
= ∑ 2P(nP− K) = 2∑ L(nL− F) = 2(n∑ L2 −∑ LF) = 0 (10)

Thus, from Equation (10), Equation (11) is derived:

n =
∑ KP
∑ P2 (11)

Therefore, the minimum SF standard variation for the CI model is given by (12)

σ
CI
√

∑ (K−nP)2
D

min (12)

B. Floating-Intercept (FI) Model

The FI approach is used by the Wireless World Initiative New Radio (WINNER) II and
3GPP for 5G path loss prediction [171].

PLFI(l)[dB] = α + 10·βlog10(l) + XFI
σ (13)

where the FI in dB is denoted by α, and it is equivalent to FSPL, while the slope of the line
is denoted by β, which is similar to the path loss exponent (PLE).

XFI
σ (µ, σFI) denotes the Gaussian random variable with zero mean (µ = 0) and σFI

represents the standard deviation that defines large-scale signal fluctuations about the
mean path loss over the Tx–Rx spacing. Equation (13) requires two parameters, unlike the
CI model, which requires just the parameter n. If we assume that G and P are defined in
(14) and (15)

G = PLFI(d)[dB] (14)

and
P = 10log10(d) (15)

Then, the optimized lowest-level SF can then be expressed as (16):

XFI
σ = G− α− βP (16)

and the SF standard deviation is given in (17):

σFI =

√
∑

XFI2
σ

D
=

√
∑

(G− α− βP)2

D
(17)

As the minimum variation is anticipated for the term σFI , the expression ∑(G− α− βP)2,
therefore, needs to be reduced; hence, its partial derivatives with respect to α and β return zero,
as in (18) and (19):

∂∑(G− α− βL)2/∂α = ∑ 2(α + βP− G) = 2
(

Dα + β ∑ P−∑ G
)
= 0 (18)

∂∑
(G− α− βP)2

∂β
= ∑ 2L(α + βP− G) = 2

(
α ∑ P + β ∑ P2 −∑ PG

)
= 0 (19)
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Equations (18) and (19) combined give (20) and (21):

Dα + β∑ P−∑ G = 0 (20)

α∑ P + β∑ P2 −∑ PG = 0 (21)

Combining (20) and (21) gives (22) and (23):

α =
∑ P ∑ PG−∑ P2 ∑ G

(∑ P)2 − D ∑ P2
(22)

β =
∑ P ∑ G− D ∑ PG

(∑ P)2 − D ∑ P2
(23)

then, the optimal standard deviation of the SF can be obtained by replacing α and β in (17)
with (22) and (23), respectively. In the dB scale, the mean values of all vector elements can
be determined directly [171].

7.3.2. Multi-Frequency Propagation

A multi-frequency propagation model is deemed necessary in closed-indoor envi-
ronments after a 1 m distance from the transmitter due to the frequency-dependent loss
that exists because of its surrounding environment [72]. The following are the main multi-
frequency propagation models.

A. CIF Model

The frequency-dependent path loss exponent (CIF) can be added to the CI model,
which uses the same free space path loss anchor at 1 m as the CI model. The path loss due
to the CIF method is given by [171] in (24):

PLCIF( f , d)[dB] = L( f , 1 m) + (n(1− n) + nb f / f0)10.log(d/1 m) + SCIF
µ,σ (24)

where d(m) denotes the Tx-Rx separation distance above 1 m, n is the PLE (in dB),

σCIF =
√

∑
(
SCIF

µ,σ )2/N =
√

∑ (F− Z(p + q f ))2/N represents the Gaussian random vari-
able with a zero mean and standard deviation σ (in dB), and b denotes the path loss slope
known as the optimization parameter. L(1 m) is the free-space loss (FPL) at a distance of
1 m, and fc is the center frequency given in (25)

L0(dB) = 20log
(

4πdo

λ

)
= 32.4 + 20log fc(GHz) (25)

where f (GHz) is the operating carrier frequency, and fo is the minimum investigated
frequency of operating frequencies. The frequency f0 can be calculated as (26):

f0 =
∑ K

k=1 fk Nk

∑ K
k=1Nk

(26)

where f0 is the weighted frequency average of all measured frequencies for individual
scenarios, which can be obtained by summing up all frequencies, Nk is the sum of recorded
data at a certain frequency and antenna scenario, fk is the corresponding frequency, and
∑ K

k=1Nk is the sum of all measurements taken across all considered frequencies for a specific
scenario and transmitter/receiver system.

CIF Method: MMSE-Based Parameters

From Equation (24), after changing sides of the equation, assuming Equations (27)–(30):

F = PLCIF( f , d)[dB]− L( f , d0) (27)
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Z = 10log
(

d
d0

)
(28)

p = n(1− b) (29)

q =
nb
f0

(30)

Equation (31) is obtained:

σABG =

√
∑

XABG
σ

2

D
=

√
∑

(A− αL− β− γR)2

D
= F− Zp + q f (31)

The SF standard deviation is given by (32):

σCIF =
√

∑
(
SCIF

µ,σ )2/N =
√

∑ (F− Z(p + q f ))2/N (32)

Minimizing σCIF means minimizing ∑
(

F− Z(p + q f ))2 , which in turn results in its
derivatives with respect to p and q becoming zero, yielding (33) and (34):

∂∑ (F− Z(p + q f ))2/∂p = ∑ 2Z(pZ + qZ f − F) = 2
(

p ∑ Z2 + q ∑ Z2 f −∑ ZF
)
= 0 (33)

∂∑ (F− Z(p + q f ))2/∂p = ∑ 2Z(pZ + qZ f − F) = 2
(

p ∑ Z2 f + q ∑ Z2 f 2 −∑ ZF f
)
= 0 (34)

Simplification and combination give (35) and (36):

p = ∑ Z2 f ∑ ZF f − ∑ Z2 f 2∑ ZF

(∑ Z2 f )2 –∑ Z2∑ Z2 f 2 (35)

q = ∑ Z2 f ∑ ZF− ∑ Z2∑ ZF f

(∑ Z2 f )2 −∑ Z2∑ Z2 f 2 (36)

The closed-loop solution of the assumed terms p and q was derived in Equations (35)
and (36). Inserting p and q into Equation (30) yields the standard derivation of the shadow
factor. By using the initial definition p = n(1− b) and q = nb

f0
, the values of n and b can

be computed.

B. ABG Model

To determine the propagation loss at various frequencies, the ABG model, which is a
three-parameter multi-frequency model consisting of frequency- and distance-dependent
terms can be exploited.

The ABG model equation is given by (37)

PLABG( f , d)[dB] = 10αlog10

(
d
d0

)
+ β + 10γlog10

(
f

1 GHz

)
+ XABG

σ (37)

where α and γ are the link’s path length and frequency components of path loss, respectively,
f is the frequency in GHz, and β is a term with no physical significance.

The XABG
σ

(
µ, σABG) parameter is a Gaussian random variable that describes large-

scale variations in the mean path loss between transmitter and receiver. Essentially, the
ABG model is a multi-frequency extension of the FI model. It can be shown that when
γ = 0 or 2 is used and deployed for a single frequency, it transforms into an FI model. The
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MMSE-based optimization technique can be used to find the best values for the α, β, and
γ coefficients.

If the ABG model is reduced to the CI, it will resemble the CI model in shape. If
α = 20log(4π/c), β will reduce to PLE n, and γ will reduce to 2.

The values of the parameters obtained through the MMSE-based optimization can be
calculated by assuming that in (37), Equations (38)–(40) hold:

A = PLABG( f , d)[dB] (38)

L = 10log10(d) (39)

R = 10log10( f ) (40)

while the SF is given by (41):

XABG
σ = A− αL− β− γR (41)

and the SF standard deviation is (42):

σABG =

√
∑

XABG2
σ

D
=
√

∑(A− αL− β− γR)2/D (42)

As the slightest variation is expected for the term σABG, that is, the expression
∑(A− αL− β− γR)2 is to be zero, this can be achieved through the partial derivatives of
α and β and by setting γ with respect to zero as follows (43)–(45):

∂∑(A− αL− β− γR)2

∂α
= ∑ 2L(αD + β + γR− A) = 2

(
α∑ L2 + β∑ L + γ∑ LR−∑ LA

)
= 0 (43)

∂∑(A− αL− β− γR)2

∂β
= ∑ 2(αL + β + γR− A) = 2α∑ L + Dβγ∑ R−∑ A = 0 (44)

∂∑(A− αL− β− γR)2

∂γ
= ∑ 2R(αL + β + γR− A) = 2

(
α∑ LR + β∑ R + γ∑ R2 −∑ RA

)
= 0 (45)

From (43)–(45), it is clear that (46)–(48) hold:

α∑ L2 + β∑ L + γ∑ LR−∑ LA = 0 (46)

α∑ L + Dβ + γ∑ R−∑ A = 0 (47)

α∑ LR + β∑ R + γ∑ R2 −∑ R = 0 (48)

By solving the matrix in (49), the numeric values of α, β, and γ for the ABG model are
as follows: α

β
γ

 =

∑ L2 ∑ L ∑ LR
∑ L D ∑ R

∑ LR ∑ R ∑ R2

−1∑ LA
∑ A

∑ RA

 (49)

7.4. General 5G Models

As illustrated and explained below, there are up to nine general 5G models that have
been created over time for various frequency bands.

A. COST 2100 Channel Model: The COST 2100 channel model, which focuses on
frequencies less than 6 GHz band, was derived from the COST 259 channel model
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and the COST 273 channel models [27]. It categorizes clusters into three types,
namely single-bounced clusters, local clusters, and twin clusters. The local clusters
are close to the BS or MS, the single-bounced and twin clusters are far from the BS and
MS, and the single clusters can be located using the delays and angular parameters.
However, both sides must describe the twin clusters’ locations.

B. QuaDRiGa: The QUAsi-Deterministic RadIo channel GenerAtor (QuaDRiGa) is a
GBSM that evolved from the WINNER+ channel model and added many other
enhancements. The most recent form of QuaDRiGa can be used for frequencies
ranging from 0.45 to 100 GHz. One major improvement in the QuaDRiGa is its
ability to generate correlated large-scale parameters (LSPs). The correlated maps in
QuaDRiGa were created using a 2D map covering all receiver locations.

C. mmMAGIC Channel Model: The mmWave-based Mobile Radio Access network
channel model for fifth Generation Integrated Communications (mmMAGIC) was
developed using the 3GPP channel modeling approach and the QuaDRiGa as a
foundation. In the mmMAGIC, the measurement data for modeling in frequency
bands ranging from 6 GHz to 100 GHz can be obtained through measurement
campaigns in environments such as airports, indoor offices, outdoor-to-indoor, UMi
open square, and indoor offices.

D. METIS Channel Model: Mobile and wireless communications Enablers for the
Twenty-twenty Information Society (METIS) uses a map-based model, a stochastic
model, and their combination, that is, a hybrid model, to achieve flexible and scal-
able channel modeling. The stochastic model and the map-based approach support
frequency ranges of up to 100 GHz and 70 GHz, respectively. The map-based model
was created using an RT methodology, a simplified 3D geometric description of
a propagation environment, and additional random shadowing objects. Specular
reflection, diffraction, diffuse scattering, and blocking were all considered propaga-
tion mechanisms. Specular and diffuse components can be enabled or disabled to
improve accuracy or reduce complexity.

E. The 5GCMSIG: The special interest group (SIG), which is made up of several aca-
demic and industrial institutes, proposed the 5G Channel Model Special Interest
Group (5GCMSIG) channel model. It has a large bandwidth and a wide frequency
range (0.5–100 GHz) (100 MHz for below 6 GHz and 2 GHz for above 6 GHz).
The 5GCMSIG extended the 3GPP 3D model to support higher frequency bands
on the basis of extensive measurements and ray tracing simulations. This channel
model consists of known models, such as shadowing, path loss, LOS probability,
preliminary fast fading, and blockage models.

F. The 3GPP Channel Model: The most recent 3GPP channel model (3GPP TR38.901)
is an expansion of the 3GPP 3D channel model and incorporates a number of addi-
tional modeling components. It has a large bandwidth and a wide frequency range
(0.5–100 GHz), providing up to 10 percent of the carrier frequency. The 3GPP channel
model was used to model the oxygen absorption at 53–67 GHz as a function of center
frequency, delay, and 3D separation between the transmitter and the receiver.

G. IMT-2020 Channel Model: In order to add many new features, such as support
for a broad frequency range up to 100 GHz, large bandwidth, 3D propagation
modeling, spatial consistency, large antenna array, blockage modeling, and other
emerging features, the IMT-2020 channel model was developed. It is a GBSM that
builds on the IMT-Advanced channel model and the 3GPP TR36.873 channel model.
The vegetation effects, which are based on the fact that mmWave signals can be
attenuated and diffusely scattered by leaves and diffracted around the canopy of
trees, in addition to gaseous absorption, were taken into consideration in this model.

H. IEEE 802.11ay Channel Model: The IEEE 802.11ad channel model, which was created
for the 60 GHz range, is extended in IEEE 802.11ay (57–68 GHz). The IEEE 802.11ay
model’s multipath comprises D-rays, R-rays, and F-rays. It uses the Q-D channel
modeling methodology inherited and extended from the MiWEBA model. The LOS
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ray, ground-reflected ray, and other rays reflected from scenario-relevant objects are
all examples of the relatively powerful D-rays.

I. MG5GCM: Recently, a More General 5G Channel Model (MGCM) 3D non-stationary
5G channel model was proposed [172]. The model can cater to important 5G commu-
nication scenarios, such as massive MIMO, HST, V2V, and mmWave communication.
The proposed model was created on the basis of the WINNER II and SV models. The
array–time cluster evolution, i.e., the appearance and disappearance of clusters on
the time and array axes, was modeled as a birth–death process. The delays, powers,
and angles for newly generated clusters were generated at random on the basis of
certain distributions at every time instant. Parameters for the survived clusters were
updated on the basis of their geometrical relationships. To support massive MIMO
communications, the spherical wavefront was calculated on the basis of the physical
location of clusters.

J. NYUSIM Channel Model: The model was developed using millimeter wave (mmWave)
field measurements. The NYUSIM was created using measurements from multiple
mmWave frequencies ranging from 28 GHz to 73 GHz. The model is applicable for
frequency ranges ranging from 0.5 to 100 GHz and RF bandwidths ranging from 0 to
800 MHz:

PLNYU( f , d) = FSPL( f , 1 m) + 10nlog10(d) + AT + XCI
σ (50)

Note that AT[dB] = α[dB/m]× d[m] where α is the frequency and AT is the atmo-
spheric attenuation. In Table 11, a comparison of the general 5G channel models, with
respect to their respective features, is given.
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Table 11. Comparison of the general 5G channel models.
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7.5. The 5G Channel Modelling

The radio channel is a core pillar of wireless communication; it provides the desired
understanding of radio signal performance. Essentially, the accuracy of the propagation
channel determines all expected performance of a wireless communication system. As
a result, it is critical to conduct a wide range of studies on the accurate modeling of a
communication channel. Stochastic channel models and deterministic models are the two
types of channel models covered in this review. Various approaches to propagation channel
modeling are discussed in this section, and a summary of all applicable channel models
is provided.

7.5.1. Deterministic Channel Model

Deterministic models utilize electromagnetic (EM) wave propagation principles to de-
termine signal strength in any communication scenario. The reflection and diffraction laws
are used to estimate the received signal strength at a specific geographical location, which
can be specified using a 3D map of the targeted propagation scenario or environment [173].
Even though the deterministic modeling approach predicts signal propagation with high
accuracy, it lacks computational efficiency and involves quite complicated processes. The
following are some well-known deterministic modeling approaches:

A. Ray Tracing Model: The ray tracing deterministic approach is based on Geometric
Optics (GO), Geometric Theory of Diffraction (GTD), and Uniform Theory of Diffrac-
tion (UTD), most of which can be used to simplify and approximate high-frequency
electromagnetic propagation. Diffraction paths can be determined using GTD and
UTD, while GO is used to determine direct, reflected, and refracted paths [174].

B. Map-Based Model: The map-based channel model is a deterministic modeling ap-
proach developed by METIS following extensive radio propagation research [73].
The model uses ray tracing and simplified three-dimensional geometric approaches
for the description of the environment and, as such, can capture significant propaga-
tion mechanisms, such as scattering, specular reflection, blocking, and diffraction.
This modeling approach provides accurate and realistic spatial channel properties
and can also be applied for evaluating beamforming and massive MIMO, as well as
realistic path loss modeling in V2V and D2D scenarios. To begin, a map is drawn
with random objects. Then, diffuse scattering point sources and Tx/Rx locations are
defined. Paths are then calculated using path lengths and arrival/departure angles.
Shadowing loss, LOS, reflection, diffraction, and scattering are all components of
the CIR.

C. Point Cloud Model: A point cloud model is a prediction tool used to characterize
the environment with greater precision, comparable to ray tracing. The point cloud
model data can be obtained using common methods, such as laser scanning, which
produces accurate results and fine object structures. However, point cloud data
cannot be used directly in ray tracing tools because no surface representation is
available. Cloud points are first filtered to form local surfaces, and neighboring points
are found, followed by normal and plane depths. Next, propagation mechanisms
such as LOS, specular, and diffuse paths are considered. MPC parameters, such
as amplitudes, delays, and angles, are computed. Finally, PDP is calculated from
combined paths with bandwidth constraints.

7.5.2. Semi-Deterministic Model

Quasi-Deterministic (Q-D) Model: The Q-D modeling approach for mmWave channels
in non-stationary environments was proposed and adopted by MiWEBA and the IEEE
802.11ay on the basis of measurements and ray tracing simulations. It is composed of
various types of rays with varying activity percentages, known as deterministic rays (D-
rays), random rays (R-rays), and flashing rays (F-rays). In the Q-D modeling approach, the
D-rays are modeled deterministically, while the R- and F-rays are modeled stochastically. It
employs the IEEE 803.11ad model to simulate power delay profiles (PDPs) [123]. A hybrid
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approach, such as ray tracing, is far more accurate than pure statistical approaches and
does not require a detailed scenario description. The modeled channel includes power,
delay, arrival and departure angles, and a ray polarization matrix.

7.5.3. Stochastic Model

Stochastic (Statistical Model): Combining measurements and observations yields
stochastic models. These models, which are based on substantial experimental data and
statistical analysis, allow us to compute the received signal intensity in a particular propa-
gation medium. A stochastic model takes into account all environmental impacts or effects
on model development. Regardless, the model produces more accurate and effective predic-
tions when utilized in contexts comparable to the one for which it was built. Consequently,
the models are more accurate and suited for the region where the measurement campaign
was carried out, and they will need to be modified for use in other places. Some stochastic
models are discussed in more detail as follows.

A. Geometry-Based Stochastic Models (GBSM): GBSMs have been extensively employed
for channel modeling in a variety of situations, which include performance, coverage,
and rate analysis of 5G and beyond communication systems at both the FR1 and FR2
frequency bands [175–177]. The two types of GBSMs are those with a regular shape
(RS) and those with an irregular shape (IS). It is assumed that scatterers in RS-GBSMs
are stochastically dispersed in accordance with a particular geometry and a regular
form. Effective scatterers are thought to be found in regular forms, such as ellipses,
cylinders, one-ring, and two-rings. However, scatterers in IS-GBSMs are assumed
to be stochastically distributed rather than situated in a regular shape. It manifests
as effective scatterer locations with various shapes [123]. IS GBSMs include the
WINNER II and 3GPP spatial channel models (SCM). The channel modeling process
starts with the network layout definition and determination of antenna parameters.
Following that, the LOS/NLOS condition is assigned using the LOS probability
model, and the PL is calculated using the PL model’s small-scale parameters, such
as delays cluster powers, and arrival and departure angles are then generated and
randomly coupled. Finally, random initial phases are assigned, followed by the
computation of channel coefficients.

B. Non-Geometrical Stochastic Models (NGSM): In V2V channel modeling, non-geometrical
stochastic models, such as the tapped delay line (TDL) and clustered delay line (CDL)
models, can also be employed. The channel impulse response (CIR) in TDL models
is represented by a linear finite impulse response (FIR) filter. Each TDL model tap is
made up of several MPCs with non-resolvable delays [178]. Using a correlation matrix,
the TDL model provides a statistical description of the correlation between different
antennas. In the 3GPPP report [179], three TDL models, known as as TDL-A, TDL-B,
and TDL-C, were defined for representing three distinct channel profiles for the NLOS
scenario, while TDL-D and TDL-E are for the LOS scenario. On the other hand, the CDL
models are used for modeling signal direction in phase. It performs modeling on the
basis of the description of directions of arrival and departure of the signal in space and
the corresponding number of clusters to the number of channel reflections [178]. Just
like for TDL, 3GPP defined three CDL models, namely CDL-A, CDL-B, and CDL-C, for
representing NLOS channel profiles, while CDL-D and CDL-E are for LOS channels.
Another type of NGSM is the Correlation-Based Stochastic Model (CBSM), which tends
to model the correlation between antenna elements to describe the spatial structure of a
wireless channel (such as MIMO).

C. Saleh–Valenzuela (SV) Model: The SV-based model is commonly employed to sim-
ulate Channel Impulse Response (CIR) in indoor scenarios. In the SV model, it is
assumed that rays reach clusters in the delay domain. The delay distribution follows
a Poisson distribution, while the inter-arrival times are distributed exponentially.
Cluster power decay rate, ray power decay rate, cluster arrival rate, and ray arrival
rate are some of the parameters used to describe CIRs. The SV model is modified in
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the IEEE 802.11ad channel model to include both pre-cursor and post-cursor decay
rates in each cluster.

D. Propagation Graph Model: Forecasting the exponentially decaying PDP with specu-
lar to diffuse components is possible using the propagation graph channel model.
As a result, it is suitable for simulating mmWave channels. The propagation graph
model operates on the basis of the graph theory, and a graph is made up of two
unconnected sets of edges and vertices. In this model, vertices represent transmit-
ters, receivers, and scatterers, and probability-valued edges represent propagation
conditions between the vertices. Angle information can be obtained from the ge-
ometry distributions of transmitters, receivers, and scatterers. Figure 16 gives a
taxonomy of 5G channel models. Table 12 presents a summary of approaches to
channel modeling [174].

Sustainability 2023, 15, 5173 58 of 75 
 

Poisson distribution, while the inter-arrival times are distributed exponentially. Clus-
ter power decay rate, ray power decay rate, cluster arrival rate, and ray arrival rate 
are some of the parameters used to describe CIRs. The SV model is modified in the 
IEEE 802.11ad channel model to include both pre-cursor and post-cursor decay rates 
in each cluster. 

D. Propagation Graph Model: Forecasting the exponentially decaying PDP with specu-
lar to diffuse components is possible using the propagation graph channel model. As 
a result, it is suitable for simulating mmWave channels. The propagation graph 
model operates on the basis of the graph theory, and a graph is made up of two un-
connected sets of edges and vertices. In this model, vertices represent transmitters, re-
ceivers, and scatterers, and probability-valued edges represent propagation conditions 
between the vertices. Angle information can be obtained from the geometry distribu-
tions of transmitters, receivers, and scatterers. Figure 16 gives a taxonomy of 5G chan-
nel models. Table 12 presents a summary of approaches to channel modeling [174]. 

 
Figure 16. Taxonomy of 5G Channel Models. 

Table 12. Summary of approaches to channel modeling. 

Model 
Deterministic/ 

Stochastic Example Environment Features 

Ray Tracing Deterministic IEEE 802.11AD Indoor/Outdoor 
Site-specific and high 

complexity 

Map-based Deterministic METIS Indoor/Outdoor 
Support massive MIMO and 

beamforming  

Point Cloud Deterministic - Indoor 
Characterize the environment 

with precision 

Q-D Semi-deterministic 
MiWWEBA and 
IEEE 802.11ay Outdoor 

Support non-stationary 
environments 

SV Stochastic 
IEEE 802.15.3c 

And 
IEEE 802.11ad 

Indoor For CIR simulations 

Propagation 
graph Stochastic - Indoor 

Predict PDP transition from 
specular to diffuse 

GBSM Stochastic 
NYU WIRELESS, 3GPP TR 38.901, 

METIS, and mmMAGIC Indoor/Outdoor 
Characterize 3D and non-

stationary properties 
NGBSM Stochastic - Indoor/Outdoor - 

Figure 16. Taxonomy of 5G Channel Models.

Table 12. Summary of approaches to channel modeling.

Model Deterministic/Stochastic Example Environment Features

Ray Tracing Deterministic IEEE 802.11AD Indoor/Outdoor Site-specific and high
complexity

Map-based Deterministic METIS Indoor/Outdoor Support massive MIMO and
beamforming

Point Cloud Deterministic - Indoor Characterize the environment
with precision

Q-D Semi-deterministic MiWWEBA and IEEE
802.11ay Outdoor Support non-stationary

environments

SV Stochastic IEEE 802.15.3c and
IEEE 802.11ad Indoor For CIR simulations

Propagation
graph Stochastic - Indoor Predict PDP transition from

specular to diffuse

GBSM Stochastic
NYU WIRELESS, 3GPP
TR 38.901, METIS, and

mmMAGIC
Indoor/Outdoor Characterize 3D and

non-stationary properties

NGBSM Stochastic - Indoor/Outdoor -



Sustainability 2023, 15, 5173 56 of 71

8. Challenges, Future Directions, and Lessons Learned

The key challenges and future research directions are broached in this section.

8.1. Challenges

Despite the enormous advantages of the 5G network, several challenges must be
overcome to have a seamless and effective network deployment. Radio frequency (RF)
spectrum scarcity is one of the most critical challenges. The available frequency has been
heavily used, making it difficult for operators to obtain new ones. A few of the several
challenges are discussed as follows.

a. Interference Management: A common issue with 5G networks is handling inter-
ference among 5G devices, especially as the number of communicating devices
increases [180,181]. This is because, as the number of communicating devices and
user applications increases, the interference in the network will also increase. The 5G
network interference may be a result of the UE receiving interference from multiple
macro-cell base stations (MBSs), other UEs, or interferences from small-cell base
stations (SBSs) [182]. It is, thus, essential to find an effective interference manage-
ment approach for 5G processes, such as power control, channel allocation, and
load balancing.

b. Environmentally Unfriendly: Wireless communication technologies consume lots
of energy, leading to very high carbon emissions, which are very harmful to the
environment. The current radio access network consumes approximately 70% to
80% of the total power [183]. It is, thus, very important to develop communication
systems, technologies, and hardware that will be more energy-efficient and friendly
to the environment.

c. Network and UE Security and Privacy: The several encouraging features of 5G
networks pose difficult challenges in the design of secure 5G networks. A large
number of new communication devices, for example, may be the source of various
types of attacks, such as impersonation, denial-of-service (DoS), eavesdropping,
repudiation attacks, and other cyber-attacks. Another issue occurs when a large
volume of data needs to be transmitted quickly and securely.

d. Economic Challenges: In terms of deployment and user incentive, a paradigm change
in future mobile communications technology would have substantial economic reper-
cussions. Because of the extraordinarily high demand for communication services
in urban and rural regions, communication equipment costs are growing rapidly.
Another element contributing to the high cost is the requirement for mobile operators
to construct a whole new infrastructure to fulfill the tremendous demand. As a
result, from the standpoint of government, regulatory bodies, and network operators,
the cost of infrastructure development, maintenance, administration, and operation
should be affordable. Furthermore, the cost of utilizing D2D communication should
be affordable, with D2D communication devices charging no more than the cost of us-
ing a BS’s services. Furthermore, revenue growth is expected to be significantly lower
than traffic growth; hence, 5G networks must be built to benefit all stakeholders,
including the government, network operators, and customers.

e. Health and Safety: This is another critical challenge of the 5G network because
the network utilizes the millimeter wave (mmWave) in addition to the microwave
utilized in the previous generations and as discussed earlier. Although the millimeter
wave has a very large bandwidth, it cannot travel over a long distance because
various atmospheric parameters easily attenuate it. This, then, presents the need
to install the 5G antennas very close to one another and to the users in small cells,
which, thus, results in the constant exposure of the users to the millimeter wave
radiation [184]. This had raised concerns even before the deployment of the network,
where different analyses and experiments were conducted to evaluate the radiation
level and its effect on human health [185].
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f. Commercialization challenge: various factors can hinder the commercialization or
deployment of the 5G network, which include inadequate optical fiber penetration,
lack of civil infrastructure, lack of electrical power supply, cost of spectrum and
equipment, etc., in some regions or countries, particular in Nigeria where the 5G
network is yet to fully deployed [186]. This poses a great challenge to the 5G network
for both the users and the telecommunication operators, as the need to provide these
amenities in the regions or countries can further increase the cost of deployment,
which can lead to an increase on the part of the users of the network. Thus, there is a
need to design the network such that the cost of using the network would be minimal.

8.2. Future Directions

This paper provides an in-depth look at the 5G mobile network and the technologies
that enable its adoption. These technologies make 5G more trustworthy, scalable, and cost-
effective. As previously described, several technological obstacles occur when deploying
such technologies or offering services via a 5G mobile network. Undoubtedly, several studies
have been carried out on 5G communication, especially as it relates to enabling technologies,
frequency standardization, and propagation models [17,70,156,187–189]. However, there are
still open research directions that are yet to be thoroughly explored. In this section, we identified
some key areas where further research is needed. We have also considered proposals from
several researchers on the integration of new technologies to facilitate the development and
quick implementation of the 5G technology.

a. Blockchain technology for improved security: Since the development of 5G and
beyond 5G networks must accommodate millions of networked devices, security
and privacy are crucial considerations. Networks for 5G and beyond must address
user data confidentiality and privacy concerns. To ensure the effective deployment
of such networks, these difficulties must be addressed from the perspectives of ser-
vice providers, network operators, and vendors in addition to those of consumers.
Researchers are working on several ways to enhance security and privacy in 5G net-
works. Some of such recent attempts are works on the implementation of blockchain
technology in 5G networks for better security and privacy [190,191]. To further im-
prove security and privacy in 5G and future networks, the possibility of combining
blockchain technology with other technologies, such as the NFV and SDN, will be a
promising area for researchers to explore.

b. Energy efficiency: low-complexity and low-cost optimization models are essential
to meet the next-generation wireless systems’ critically demanding green standards,
streamlined deployment, and effective energy-saving. Because of the higher density
of wireless access points, wider bandwidths, and more antennas used in 5G and
beyond-5G systems compared with past generations of wireless communication
networks, there are now more environmental and financial problems. As a result,
EE is now a crucial prerequisite for constructing a new wireless network. Highly de-
tailed power models, effective energy management approaches, and more advanced
optimization techniques are needed to overcome this challenge.

c. Green 5G communication: Mobile network operators and device manufacturers have
repeatedly tried to create an energy-efficient network in response to the mounting
concerns over harmful carbon emissions and their negative environmental impact.
Numerous cutting-edge solutions have been proposed to lower conventional energy
usage and establish a 5G communication network that is sustainable [192–195], as
one of the primary goals of the 5G system is to develop an energy-efficient network.
One of these topics that require more research by academics is the utilization of green
energy. Two examples of green 5G enablers that show potential for boosting energy
efficiency and lowering reliance on traditional energy sources while also promoting
environmental safety are energy harvesting and smart grid integration [194].

d. Multi-connectivity: Finding a suitable solution to handle a large number of users
who will be using the 5G network as a result of the ongoing rise in user demand
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for high bandwidth is important. The prospect of combining multiple radio access
technologies, such as satellite and cellular technologies, with various types of new
technologies, such as femtocells and picocells, to create a 5G network communica-
tion system is an ideal topic to investigate. Multi-connectivity, which is based on
heterogeneous architecture and enables the user equipment to employ component
carriers from different base stations and Wi-Fi access points, is one of these unique
approaches [196,197]. The performance aspect of interference, mobility, and spectrum
management for 5G technology may be improved with more studies focused on
this area.

e. Spectrum management mechanism: Modern wireless applications have significantly
raised the demand for spectrum resources. To overcome the issue of spectrum scarcity,
achieve high data rates, and ensure good quality of service, spectrum sharing is seen
as a crucial method for 5G networks (QoS). Even though various studies have been
conducted on coming up with a suitable plan for 5G spectrum management [198,199],
more work needs to be done to obtain cutting-edge technology that will satisfy future
spectrum demands.

f. Introduction of Reconfigurable Intelligent Surfaces (RIS): An RIS is a specifically designed
human-made surface of electromagnetic (EM) material that is electronically controlled
with integrated electronics and has unnatural wireless communication capabilities. In the
most commonly considered case, the large number of small-sized, low-cost, and almost
passive elements that comprise a RIS can simply modify the incident signal over the air
to improve the signal coverage and quality [200,201]. RISs offers a potential solution
to achieve a software-configurable smart radio environment. The most distinguishable
property of RISs is their inexpensive, nearly passive panel of unit cells. Even though
some works [200–202] have been conducted in this area, further research efforts are still
necessary, especially on its application to solving the 5G millimeter wave propagation
challenges, such as blockage and absorption experienced at higher frequencies.

g. Application of the emerging graph-based deep learning methods: Graph Neural Net-
works (GNNs) are forms of artificial intelligence techniques that use the graph-based deep
learning method to predict the nodes, edges, and graph-related tasks after training the
graph-based data sets. They are used for graph and node classification, link predictions,
graph clustering, and generating, as well as image and text classification [203]. Traditional
challenges in 5G systems, such as routing, load balancing, power control and resource
allocation, and emerging ones, such as virtual network embedding in Software Defined
Networking, can be solved when deep learning models, such as the GNN, are applied.
Researchers use GNN to mine deep information hidden in graph-structured data to fur-
ther improve the abilities to learn and simulate interactions between network nodes [204].
These Deep Learning techniques are being applied to wireless communications to com-
bat problems such as resource allocations, physical layer design, and networking [205].
Further research efforts on applying the GNN deep learning approach to 5G technology
will undoubtedly pose solutions to routing, power control, and QoS issues.

h. Introduction of Semantic Communication (SemCom): The introduction of very ad-
vanced artificially intelligent approaches needs to be investigated to achieve the
high transmission rate needed for 5G communication systems that go beyond the
requirements of the traditional enabling technologies. Semantic communication
integration is one of these strategies, as it integrates all aspects of the network,
including users, their specific service needs, and the meaning of the information
being transmitted into data processing and transmission [206,207], by leveraging AI
technology to communicate the most pertinent information to the receiver. Unlike
traditional data-oriented transmission, SemCom recognizes and uses the meaning
of information during the process of communication over the Internet, thereby re-
ducing network load. Because SemCom strives to convey the meaning of the data
and not only replicate the actual transmitted data, other undesirable phenomena,
such as obstruction and air absorption observed at higher frequencies, will also be



Sustainability 2023, 15, 5173 59 of 71

avoided [208,209]. The 5G system will successfully communicate the meaning of
transmitted information while utilizing a significantly reduced amount of bandwidth,
thanks to SemCom [207]. Integration of this novel technology into the 5G network is,
thus, an area that requires more research effort [210].

8.3. Lessons Learned

In this section, a summary of lessons learned from this survey is presented.

1. Just as noted above, the demand for greater mobility and coverage, communications
with microsecond latency, and ultra-high data speeds have soared exponentially. To
keep up with the rapid advancement of ground-breaking applications, wireless service
requirements, and sophisticated social needs, wireless networks are currently being
updated beyond 4G systems. Even if current technologies, such as the 4G architecture,
are made to offer ubiquitous wireless access and significantly reduce latency, they
also have to contend with growing technological demands for better QoS, more
system capacity, and faster data rates. The deployment of flexible frequency plans,
small cell technology, energy-efficient transmission techniques, and other disruptive
technologies in conjunction with cutting-edge security and blockchain approaches are
envisaged to address these requirements in 5G and beyond technologies.

2. With the introduction of 5G technology, greater frequency allocation and adaptable
spectrum management methodologies will surely be necessary to offer seamless
mobile broadband support for current and future data-hungry applications. This
new frequency standardization should be compatible with the more contemporary
technology and services that enable 5G and other wireless communication standards.
Because 5G has been designed to operate on many spectrum bands, including the
licensed, unlicensed, and shared bands of the FR1 and FR 2 bands, the combination
of both frequency divisions will ensure a perfect balance between providing short-
range and long-range communication. Thus, it is imperative that to satisfy a range of
requirements, such as those for high data rates, high reliability, the Internet of Things,
and low-latency communication, these frequencies must be carefully chosen.

3. The adoption of Device-to-Device communication approaches in the current 5G net-
work and beyond will provide better spectrum efficiency, power management, cover-
age, and capacity expansion, especially when radio resource reuse is implemented.
Additionally, to avoid the problem of intra-cell interference, solutions such as network
coding and interference avoidance multi-antenna transmission can be employed.

4. Network virtualization can reduce the load on the 5G network, allowing for more
flexible service operation and simpler deployment across several sites. The NFV
interface contains several virtual tools, such as machines, hypervisors, and network
operations, requiring high security. To guarantee data security and the detection of
malicious software in virtual functions, trusted computing can be used to make sure
that only trusted software is operating on the NFV interface.

5. Blockchain technology can be used to deploy 5G and future networks. It offers many
security advantages, such as full control over information when transmitted over an
unsecured, unprotected network, better system performance because it does not need
a centralized system to work, and network simplification.

6. Multiple antennas can be used at the transmitter and receiver ends as a successful
strategy to increase spectral efficiency while lowering hardware complexity. However,
addressing inter-cell interference causes the implementation to be more challenging
due to the energy-intensive nature of signal processing at the BS. One of the best
techniques for simplifying the MIMO network is spatial modulation (SM), which sees
the antenna arrays as a spatial constellation diagram, with each antenna carrying a
series of data bits.

7. When many base stations are employed, green communication can be introduced to
reduce energy consumption by the base stations and, hence, lessen environmental
hazards. Energy efficiency can be increased by utilizing less RF transmit power.
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Another tactic for achieving energy efficiency is utilizing a duty cycle device, which
disables some base stations with low traffic.

9. Conclusions

This paper reviewed the enabling technologies underpinning the seamless deployment
of 5G networks. The article systematically evaluated more than twenty 5G major enabling
technologies identified in previous review studies which were conducted between 2010
and 2022. The evolution of mobile networks tracing from 1G to 6G, different 5G use cases,
and significant future research objectives are all presented. Findings from this review work
revealed that, while there are numerous enabling technologies for 5G, the mmWave and
massive MIMO technologies are the most prominent that have undergone in-depth and
critical study by researchers. This study similarly found that the global 5G deployment trials
are predominantly in Asia, America, and Europe; only a few trials were found in African
nations. Furthermore, the favored Non-Standalone approach for the early commercial
roll-out of the 5G networks has focused on the 5G FR1 bands, whereas the FR2 bands have
been given little attention despite their superior bandwidth. It is worth noting that the QoS
requirements of applications must be carefully defined in order to choose the best band for
deployment. This work identified a number of important explorable research directions to
improve the 5G communication networks further, particularly as they will aid the transition
to the envisioned 6G technology. Certainly, this review will allow 5G researchers to quickly
gain a general understanding of the various 5G technologies and other key topics without
wading through a large pool of existing literature. Last, this survey reveals the benefits of
these diverse technologies in developing a robust, flexible, dependable, and scalable 5G
network. Future work would review system modeling and propagation measurements in
5G and beyond 5G wireless communication systems.
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ETRI Electronics and Telecommunication Research Institute
EDGE Enhanced Data Rates for GSM Evolution
EE Energy Efficiency
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IoT Internet of Things
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KPI Key Performance Indicator
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LSA Licensed Shared Access
LTE Long-Term Evolution
LTE-A Long-Term Evolution Advanced
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LTE-LAA Long-Term Evolution Licensed Assisted Access
LTE-M Long-Term Evolution Machine
LTE-U Long-Term Evolution Unlicensed
MAC Media Access Control
MEC Multi-access Edge Computing
METIS Mobile and wireless communications Enablers for Twenty-twenty (2020)

Information Society
M-LWDF Maximum-Largest Weighted Delay First
mMTC Massive Machine-type Communications
MBMS Multimedia Broadcast/Multimedia Service
MGCM Meridian General Packet Module
MIMO Multiple Input Multiple Output
M-MIMO Massive MIMO
MU-MIMO Multi-User MIMO
MMS Multimedia Messaging Service
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M2M Machine-to-Machine
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NR New Radio
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NFC Near Field Communication
NFV Network Function Virtualization
NGSMs Non-Geometrical Stochastic Models
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NYUSIM New York University Simulator
NLOS Non-Line-of-Sight
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OFDMA Orthogonal Frequency-Division Multiple Access
OMA Orthogonal Multiple Access
PAL Priority Access Licensed users
PDP Power Delay Profiles
PoC Push-to-Talk over Cellular
PL Path Length
PLE Public Local Exchange
PWS Public Warning System
PSTN Public Switched Telephone Network
QAM Quadrature Amplitude Modulation
Q-D Quasi-Deterministic
QoS Quality of Service
QoE Quality of Experience
RF Radio Frequency
RMS Record Management System
R-rays Random Rays
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RAT Radio Access Technology
RS Regular Shape
RS-GBSMs Regular Shape Geometry-Based Stochastic Models
RT Real Time
Rx Receiver
SA Standalone
SV Saleh–Valenzuela
SAE System Architecture Evolution
SCM Sub Carrier Multiplexing
SC-NOMA Single Carrier Non-Orthogonal Multiple Access
SC-FDMA Single Carrier Frequency Division Multiple Access
SMS Short Message Services
SNR Signal-to-Noise Ratio
SU-MIMO Single User MIMO
SUDAS Shared User Equipment-Side Distributed Antenna System
SAS Spectrum Access System
SF Shadowing Factor
SFC Service Function Chaining
SLAs Service Level Agreements
STFT Short-Term Fourier Transform
TCP Transmission Control Protocol
TDD Test-Driven Development
TDL Tapped Delay Line
TDMA Time Division Multiple Access
TVWS Television White Spaces
TTA Telecommunications Technology Association
TTC Telecommunications Technology Committee
TSDSI Telecommunications Standards Development Society of India
Tx Transmitter
UCs Use Cases
UDN Ultra-Dense Networks
UE User Equipment
UHD Ultra-High Definition
UL Uplink
UMTS Universal Mobile Telecommunication System
URLLC Ultra-Reliable Low-Latency Communication
UTD Uniform Theory of Diffraction
VNFs Virtual Network Functions
VR Virtual Reality
V2X Vehicle-to-Everything
V2P Vehicle-to-Pedestrian
V2I Vehicle-to-Infrastructure
V2V Vehicle-to-Vehicle
WCDMA Wideband Code Division Multiple Access
WiMAX Worldwide Interoperability for Microwave Access
ZSA Zenith Angle Spread of Arrival
ZSD Zenith Angle Spread of Departure
List of Symbols
H Channel vector
X User signal
α Floating intercept
β Slope
γ Path length and frequency component of the path loss of the link
hk Channel vector between kth user and base station
σFI Standard deviation
b Optimization parameter
n Path loss exponent
fc Center frequency
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f Carrier frequency
fo Operating frequency
fw Weighted frequency
Nk Total number of recorded data
fk Corresponding frequency
L Free space loss at a distance of 1 m
AT Atmospheric attenuation
ndownload Additional noise
nnoise Receiver noise
XCI

σ Gaussian random variable
D Transmitter-to-receiver separation
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