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Abstract: In this study, we present next-generation Generalized Frequency-Division Multiplexing (GFDM)
based Sth-Generation (5G) systems which are designed to overcome the drawbacks of 4th-Generation (4G)
systems. In 5G systems, the number of cyclic prefixes required is reduced by adding one to the header of each
frame (subsymbeols), rather than to each symbol and then transmitting the data in blocks of subcarriers and
subsymbols. To meet the growing demand for reliable ubiquitous commectivity, lugher energy efficiency, lower
network latency and higher data rates, 5G communication networks will require a majo rqualitative shift. These
systems have been predicted to be launched soon and many techniques have been proposed to meet the
requirements of 5G technology. The primary techmiques include new radio access techniques, green
communications, device-to-device connectivity, the internet of things, big data and mobile cloud computing,
network ultra-densification, massive multiple-input multiple-output, use of the millimeter-wave spectrum,
network function virtualization and wireless software-defined networks. This study presents an extensive
survey of these techmques. In addition, MATLAB was employed to compare the Symbol Error Rates (SERs)
and spectra of GFDM (5G) and Orthogonal Frequency-Division Multiplexing (OFDM) (4G) signals,
demonstrating that GFDM uses the spectrum more effectively than OFDM and yields lower SERs.
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INTRODUCTION
A new generation of wireless communication
systems 1s developed each decade. The 4th-Generation
(4G) wireless communication systems, i.e., systems of the
current generation were made available by Anonymous
(2010). The standardization and arraying of 4th-Generation
(5G) wireless systems will commence 1 the early 20207s.
The upgrading of the existing systems to 5G has
attracted considerable interest following the World
Radiocommunication Conference (WRC) held in 2015
which was attended by mdividuals associated with or a
part of the global International Telecommurcation Union
Radiocommunication Sector (ITU-R).

According to  industry  professionals  and
mstructional researchers, the 5G structure will provide
considerably higher data rates (on the order of 10 Gbps)
for cellular devices, despite issues such as static and
irregular mobile transmission. Furthermore, Dlobal System
for Mobile commumnications (GSM) and Enhanced Data
rates for GSM Evolution (EDGE) users can avail
themselves of 3G services at speeds >300 km/h owing to
the extensive coverage expected from the 5G 1 Gbps
network. In addition, 5G systems are expected to reduce

round-trip times 1 cellular communications. The average
round-trip time is expected to decrease from 20 msec in 4G
systems to approximately 1 msec in 5G systems. These are
the cumrent targets of 53 International Mobile
Telecommumcations (IMT) systems but they have not
been confirmed, thus far.

To ensure worldwide interoperability, realize financial
systems of scale, achieve ubiquitous connectivity and
enable harmomzation among multiple vendors, it is
essential to develop a foundation for the global
requirements of 5G systems. In general, the IMT
specifications are defined by the ITU-R for each wireless
technology generation. Specifically, the ITU-R defined the
requirements of the previous two generations of wireless
systems, namely, 4G (IMT-A) and 3rd-Generation (3G)
(IMT-2000) systems. It has now commenced defining
specifications for 5G systems. WRCs are orgamzed every
3-4 years to review the radio regulations set by the ITTU-R.
The primary agenda for discussion at the next WCR is a
new mobile commumnication spectrum.

To understand the upgrades of the existing networks
in future 5G systems, it is necessary to review the
history of wireless network advancement (Rodriguez
2015).
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Before the 1980°s, an analogue voice system based
on Single-Sideband (SSB)
technology was used for wireless communication. The

frequency modulation

1st-Generation (1G) systems as they later became known
were the most widely used voice service systems in
the 1980°s. However, before 1966, the fabrication of
digital radio structures was difficult, therefore, to
obtain a system with high mobile capacity, Bell Labs
developed and applied analogue technology based on
Frequency-Division Multiple Access (FDMA). Thus, they
established the Advanced Mobile Phone System (AMPS)
a 1G system.

In North America, Bell Labs and related research
mnstitutes continued to research on the advancement of
2nd-Generation (2G) network systems. These systems
were officially implemented mn 1990 and soon, made
available to the public. In particular, this upgrade involved
a shift from analogue to digital systems. The GSM in
Europe and Interim Standard (IS)-54 i North America
were based on Time-Division Multiple Access
(TDMA). Following the discontmuation of IS5-54, the
introduction of the Second-and-a-Half Generation (2.5G)
technology led to the development of completely
wireless communication systems in 1997, This technology
provided high voice capabilities with limited data
service. The US adopted a 1.25-MHz-bandwidth-based
Code-Division Multiple Access (CDMA) system whiles
European countries adopted General Packet Radio Service
(GPRS) as an upgrade to GSM and commenced using the
enhanced data rates provided by EDGE. The 2G wireless
technology was so called because of its improvements
over the previous GSM technology. In 2000, the ITU
defined specifications for 3G systems.

The 3G technology included both voice and data
the first generation to meet

capabilities. It was

international wireless communication requirements and
was based on a 5 MHz bandwidth that used Wide CDMA
(WCDMA) technology. Operation was
Frequency-Division Duplexing (FDD) and Time-Division

based on

Duplexing (TDD) approaches. Hence, the upgrade of
network systems from 2-3G enhanced system data and
voIce services.

Subsequently, 4G communication systems were
introduced in 2010 with the highest data rates, thus far.
Technology in this generation can be classified into
two  types: the Worldwide Interoperability for
Microwave Access (WIMAX) technology developed by
the US and Long-Term Evolution (LTE) technology
developed subsequently. WIMAX is Orthogonal
(OFDM)  based

Frequency-Division  Multiplexing

technology that depends on Wi-Fi. The bandwidth of
both WIMAX and LTE technology 1s 20 MHz However,
most mobile users use L.TE technology. The 4G licenses
required to use advanced LTE systems are auctioned in
most countries. The upgrade from 3-4G technology led to
improved data speeds that enabled video streaming on
mobile devices. It has been predicted that by 2020, the use
of 5G technology will be approved by communication
regularization authorities. As part of the 5G evolution,
extremely high internet speeds and bandwidths with
efficient energy utilization are predicted based on new
layout parameters, custom design and low operating
costs. It 1s expected that 5G technology will enable the
creation of technological systems mvolving Wi-Fi
networks working in synergy with mobile networks
which will provide with
communication channels. Consequently, a design-model

customers continuous
shift from single to multiple-discipline will be a core
feature of the upgrade from 4-5G. Table 1 summarizes the
general features of the main wireless network generations
(Ramadhan, 2017).

Tt is necessary to provide faster data rates because of
the ever-growing consumer demands for safer, smarter
and faster Wi-Fi networks. The evolution of the Wi-Fi
communication industry is based on efforts to increase
data rates by improving system performance. In
summary, such technologies have witnessed various
transformations including the upgrade from analogue to
digital, the change from circuit switching to packet
switching and the move from cumbersome hand-held
cellular phones to smart watches (Akyildiz ef af., 20144, b,
2015a-¢). Despite the significant brealthroughs in
communication technology, wireless communication
networks require further improvement considering the
drawbacks of current systems n terms of spectral
resource utilization.

Evaluating overall system performance is difficult
because of the restrictions posed by the available
bandwidth in each generation of wireless systems. It is
predicted that additional spectral allocation will be
necessary in the next generation to allow network use by
more subscribers at faster data rates. Furthermore, it 1s
important to utilize the current spectrum efficiently
(Ghosh et al., 2014). Ultra-dense networks and small-cell
deployment are necessary to realize greater network
flexibility and deliver good connectivity to subscribers at
any location and time. In addition, new Wi-Fi access
technologies aimed at faster data rates should be
baclward compatible with established solutions to ensure
the lmghest possible quality in terms of overall network
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Table 1: Comparison of the features of different wireless generations

Primary features/

Generation Launch Primary standard  System Primary technology  Average data rate (bps) Primary service

0G 1946 MTS Analogue FM-S8B - Wireless voice

0.5G 1970 ARP Analogue FM-S8B - Remote communicationl G1G
1980 AMPS Analogue FDMA - Mobile commminication

2 G systems

2G 1990 GSM Digital TDMA 296K Tnternational communication
1993 CDMA One Digital CDMA 296K Coded communication

25G 1997 GPRS Digital FDMA/ TDMA 35-171 K SMS

275G 1999 EDGE Digital FDMA/ TDMA 120 K-384 K MMS

3 G systems

3G 2000 UMTS Digital WCDMA 34 K-1M Multimedia

35G 2007 HSDPA Digital WCDMA 1-2M Intemnet

375G 2009 HSUPA Digital WCDMA 2-3M High data rates/Speed

4G 2010 WIMAX Digital OFDM 3-10 M Higher data rates/Speed
2013 LTE Digital OFDM 20-100 M Higher data rates/Speed

535G 2020 (expected) SWWIWW Digital GFDM (candidate) 1-100 G 1T

performance (Boccardi et al, 2014). Therefore, we
describe the current states of 10 enabling technologies
that could contribute to the realization of these goals and
discuss their potential roles n 5G wireless commumcation
systems.

Requirements of 5G technology: Until recently, mobile
phones were the only type of device that required
cellular networks. However, with the proliferation of
internet-based content and evices, traffic issues need to
be 1dentified and resolved to fulfil the Quality-of-Service
(Qo8) preconditions for different applications such as
video streaming and voice over internet protocol calls.
Furthermore, 5G cellular networks can support various
devices including autonomous vehicles, smart watches
and Internet-of-Things (IoT) devices that cannot be
suitably supported by existing wireless systems
(Alyildiz ef al., 2016). The three primary categories of
services defined by the ITU that require the support
of 5G technology are Machine-Type
Commumnication (MTC), mobile broadband services and

massive

ultra-reliable low-latency communication (ITU-R, 2015).

Moreover, various devices and applications require
complicated networks to ensure high throughput,
low-latency information delivery, energy efficiency,
high scalability and ubiquitous connectivity for
customers. In this study, the expected objectives of
5G  technology are discussed as a preface to
understanding the potential technological means of

achieving these objectives.

High data rates: Data rates have long been the primary
metric for evaluating wireless communication networks.
Recent years have witnessed rapid increases in the use of
services such as High-Defimtion (HD) streaming and

sharing of videos (including pervasive video and virtual
reality) on mobile devices mcluding tablets and laptops
that can access wireless networks. The driving force in
communication markets 13 the demand for higher data
rates. Applications such as extremely HD 4K gaming, 3D
content and video streaming require data rates of
approximately 25 Mbps to ensure satisfactory user
experiences. However, these rates are significantly higher
than the highest available data rates currently used to
support HD video streaming (Akyildiz et al., 2016).

With 5G networks, the peak data rates are expected to
be around 10 Gbps, 1.e., 100 times greater than the current
4G network rates (Hossain and Hasan, 2015). The rate of
cell-facet record which 13 generally, the worst-case
scenario for users in terms of data rates should be
enhanced to 100 Mbps, 1.e., 100 times greater than those
of 4G networles. This rate should satisfy the worst-case
scenarlo requirements for customers. However,
intercellular mterference and transmission loss make it
difficult to achieve the maximum possible data rate. From
the perspective of network engineering, the EDGE data
important because it will support

approximately 95% of users who eventually connect

rate will be

to 5G services. Capacity 1s another important metric used
to characterize networks. Tt refers to the total data rate per
unit area that a network can provide. Area capacity 1s
typically represented in bits per unit area per second. Tt is
expected that this capacity will be increased by
approximately 100 times in 5G networks. Such growth
could be
technologies mto communication networks mecluding
Wireless Software Defined Networking (WSDN),
massive Multi-Input Multi-Output (MIMO) systems and
millimeter-wave-based
(Akyildiz et al., 2016).

accomplished by incorporating various

communication  technology
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Low latency: The roundtrip latency of an L.TE network for
an information plane is approximately 15 msec (Fettweis,
2014). However, for recently developed applications such
as tactile internet, multiplayer gaming and virtual reality
which might eventually use 5G networks, the latency must
be improved to approximately 1 msec, i.e. by at least one
order of magnitude (Andrews ef al., 2014). A recently
mtroduced utility for tactile internet employs a Wi-Fi
network for real-time control. In particular, the interaction
time between steering and mampulation of virtual and real
items is set to approximately 1 msec to avoid cyber
sickness and ensure application feasibility. Current
state-of-the-art smartphones use
interfaces for interaction. However, future devices might

contact or touch

use different interfaces including haptic, auditory and
visual inputs and outputs to offer different interactions
within online surroundings for programs related to
healthcare services, sports, gaming and virtual reality. As
users of such applications will require real-time
mteractiory, system delays can degrade user experience
(Akyildiz et al., 2016).

MTC which mvolves device automation is another
technology that can be assisted by future 5G networks
(Shenatmadari et af, 2015). MTC requires very low
latency which is important in applications such as
Vehicle-to-Vehicle (V2V) communication. The mobile
wireless commumnication Enablers for Twenty-twenty
Information Society (METIS) project has proposed the
use of efficiency, traffic and safety as metrics for
evaluating latency. Furthermore, in the case of intelligent
traffic systems, vehicles should be able to prevent
accidents via. communication in a timely manner. These
and other mtelligent systems are firther discussed m the
description of the METIS project (Ossewran et al., 2014).
In addition, low latency will enhance user experience in
applications such as multiplayer gaming. To reduce
latency based on application requirements, technological
innovation is required for appropriate waveform design.
This can be achieved using WSDN which emphasizes
architectural flexibility for high-layered networks
(Alyildiz et al., 2016).

Low energy consumption: IoT devices should also be
supported by future 5G networks (Al-Fugaha ef af., 2015).
These devices include sensors that collect information
from their surroundings and transmait it to central servers.
Such devices do not require much energy and are highly
cost-effective owing to their long lifespans. However,
they are rarely connected to Base Stations (BSs) and are
rarely turned on as their short battery lives do not always

permit synchronization with BSs, a process that
requires more energy than data transmission. These
1ssues can be addressed using radio access to 5G
networks as little to no synchronization will be
required if 53 networks are used. In particular, the
decoding power, packet-forwarding scheme and packet
header length constrain IoT services (Akyildiz et al,
2016).

Furthermore, with the expected proliferation of
connected smart devices, the number of BSs required will
increase to support such devices adequately. Thus, the
BS density will increase when small cells are deployed.
Considering this expected trend, BSs must be highly
energy efficient. In particular, small improvements in
energy efficiency can be scaled to larger IoT
networks to save energy and increase efficiency further

(Akyildiz et al., 2016).

High scalability: Network scalability 1s an important
consideration when designing new-generation wireless
communication networks, given the large number of
mobile devices expected to be connected to such
networks. ToT devices further add to this burden.
Furthermore, V2V communication whose usage 1s
expected to increase considerably will negatively affect
network scalability. Tt is anticipated that 50 billion devices
will be connected to wireless networks by 2020 (Cisco,
2015). Scalable networks can efficiently accommodate
such large numbers of devices. Furthermore, high
scalability is an important factor in achieving high
performance i  current and future applications.
Similarly, scalable cellular networks are necessary for
efficient V2V commumication under high traffic density
(D1 Taranto et al., 2014).

Network scalability requires a complete upgrade of all
the necessary layers. The outer layer should mclude
resources with sufficient bandwidth to support multiple
signals and large data transfers. Furthermore, the network
structure should be able to control the transmission
power for channel estimation to counter interference
(Akyildiz ef al., 2016). The design of effective Medium
Access Control (MAC) layer protocols can promote
scalability and allow appropriate handling of several
comnected devices. Protocols developed to enhance
network performance considering user environments can
decrease latency and enhance spectral efficiency
(Alyildiz et ad., 201 6). For networlks and transportation on
surfaces, mtelligent routing algorithms are required to
ensure high scalability at reliable speeds for large groups
Furthermore,

of users. for highly mobile users,
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vehicular networks must possess scalability and
ensure user satisfaction through effective and reliable
handoffs over the travel routes and through different
routing algorithms based on user movement predictions.
Network scalability can be achieved using WSDN and
Network Function Virtualization (NFV) (Akyildiz et al.,

2016; KaiTen ef al., 2008).

Enhanced reliability and connectivity: “Tn 5G networks,
coverage and handover effectiveness must be enhanced
for improved user experience, especially, in the case of
millimeter-wave spectrum usage. Considering the expected
mcreases 11 the densities of BSs and linked devices as
well as the introduction of picocells and femtocells, the
number of handovers that a BS can handle should be
increased by at least two orders of magnitude. To support
this expected mcrease i demand, novel handover
algorithms and methods are required to provide better
coverage around cell edges. Another related issue
mvolves authentication and privacy during handovers
(Duan and Wang, 2015). Current approaches cause
delays of hundreds of milliseconds when contacting
servers for handovers which is not suitable for 5G
applications. In addition, when too many frequency
bands are used in millimeter wave spectrum-based
applications, the signal transfer range is reduced.
Therefore, maintamning cormectivity in 5G systems in such
cases would be difficult which could pose problems for
several applications such as mission-critical services
(Akyildiz et al., 2016).

TImproved security: Since, 2015 wireless networl security
has drawn mcreasing attention, partly owing to the
increased popularity of online payments, mobile payments
and digital wallets (Akyildiz et al., 2016). Retrospective
appraisal which focuses on network security has been
developed to ensure wireless connectivity and protect
user privacy in previous generations of communication
technology. However, with the expected increase in
data traffic owing to the adoption of 5G systems,
security establishing  trusted
connections using Authentication, Authorization and

1ssues  including
Accounting (AAA), as well as security and management
of data and tasks in the cloud will need to be re-evaluated
and improved. In particular, novel encryption protocols
must be developed. Notably, no universally agreed-upon
standard was developed for 4G networks to protect the
private mformation of users. It 1s wnportant for 5G
networks to address this oversight (Akyildiz et al.,
2016).

Furthermore, as 5G networks are expected to
include large-scale ToT applications, AAA activities
for mterconnected devices should employ the best
protection methods. Network controllers,
manufacturers and standardization carriers should assist
one another to ensure the security of the personal

device

information of their customers. In addition as with the
internet, power grids must be used to strengthen legal

regulations related to wireless network security
(Akyildiz et al., 2016).
MATERIALS AND METHODS

5G technology enabling solutions: The 10 technologies
described below can be considered to work together
effectively in the 5G network architecture. Radio Access
Network (RAN) architectire can be mmproved by
implementing the following technological solutions
(Akyildiz et al., 2016):

Ultra-densification

WSDN

NFV

Device-to-Device (D2D) commumcation
Massive MIMO

Millimeter-wave and new RAN technologies

In contrast, the primary network can be improved by
using the following (Akyildiz et al., 2016):

Big data

Green communication

NEV

loT

WSDN and mobile cloud computing

WSDN: In general, incorporating flexibility into network
architecture is difficult and has become a major challenge
i 5G network design. However, Software-Defined
Networking (SDN) can overcome this problem
(Akyildiz et al., 2014a, b). The emergence of SDN has
primarily facilitated network activities at data centers and
has helped improve next-generation mternet technologies
(Akyildiz et al,, 2014a, b, Jain et al., 2013). Its principal
characteristics are separation of the data and management
planes and functicnalities of novel network control based
on network abstraction. SoftAir (Alyildiz et al., 201 5a, b)
15 a new WSDN architecture and equipment designed
for its implementation is already available (Alcyildiz et al.,
2016).
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SDN and 5G network integration has been discussed
n the literature from industrial and academic perspectives
(Alyildiz et al., 201 5a, b; Anonymous, 2016, Bansal et al.,
2012, Dely et al, 2012, Aponymous, 2014a-c;
Gudipati et al, 2013; Jin et al, 2013; Anonymous,
2015a-c; Suresh et al., 2012; Wu et al., 2015; Yap et al,,
2010). Detailed WSDN solutions were presented by
Akyildiz et al (2015a-c) where the core factors that
degrade or prevent network scalability were noted to
influence all of the proposed solutions directly, except
SoftAir (Akyildiz ef al., 201 5a-c).

First, all of the designs have incomplete architectural
solutions for 5G structures. However, partial designs were
mcluded, e.g., software-defined RANs. SoftAir involves
measurable software-defined planning which provides a
crucial layout and allows access to networks using
seamless OpenFlow incorporation, thus, facilitating
central management o f the control plane. Second,
prior designs such as that of the well-known cloud-RAN
(Wu et al, 2015) have limited scalability because of
their coarse-grained front-haul network decoupling
approach where the sinusoidal in-phase and cquadrature
components are amplified and modulated and are
supposed to be channeled within the processing
servers. Such transmission burdens the optical
transport network, particularly in the case of highly
advanced Wi-Fi technology. In contrast, SoftAir
provides a fine-grained front-haul network structure that
front-haul bottlenecks and significantly
unproves system capacity. Finally, 1 contrast to other
available solutions, SoftAir includes a full control kit that
enables traffic balancing, traffic classification, carrier
scheduling and network virtualization, thereby, maximizing
performance (Akyildiz et al., 2016).

To the best of our knowledge, SoftAir 1s best suited
for 5G cellular systems because it not only improves
forwarding  infrastructure  and
algorithms but also enables flexible and efficient resource
sharing. These advantages lead to high spectral
efficiency, enabling different networks to converge and
improving energy efficiency (Akyildiz et al., 2016).

eliminates

hardware software

NFV: NFV which is functionally equivalent to SDN,
allows virtualization of an entire network based on a
previous hardware comnection and is therefore, suitable
for cloud systems. The conventional network
architecture involves operators purchasing and 1installin
proprietary devices to execute network functions for
every subnetwork. However, such specialized hardware is

expensive and difficult to configure. Therefore, network

subscribers experience low agility, leading to longer
product cycles. In contrast, NFV decouples the physical
hardware and its associated network functions, enabling
them to be executed centrally on generic cloud servers
which is advantageous in terms of flexibility and
scalability. NFV decreases the capital required for the
acquisition of hardware devices as well as the operational
costs by aggregating resources crucial for virtual network
functions that operate on a centralized server pool
(Akyildiz et al., 2016).

Furthermore, NFV can be extended to IoT. IoT,
together with its wide applications, involves a large
number of connected devices on a single network. By
using NFV, the expense associated with implementing IoT
can be significantly reduced. The number of physical ToT
devices on the network can be reduced by virtual
implementation. For instance, in a function, virtualization
1s performed by a sensor (Van den Abeele ef af., 2015)
which enables it to distribute information among the IoT
devices based on the concept of modular blocks. The
details of IoT and NFV interaction will be discussed in
greater detail in section 3-G. Network re-planning is time
consuming and expensive in the case of mflexible mobile
networlks. Moreover, NFV can make vital networks more
scalable, expansive, smart and flexible by virtualizing most
entities (e.g., Packet data network Gateways (PGWs),
mobility control entities, Serving Gateways (SGWs) and
home server subscribers). In addition, it is free from the
geographical disadvantages of other services. For
mnstance, PGWs and SGWs can be co-located with
BSs, thus, eliminating the need for distantly located
links. Furthermore, NFV can eliminate the bottlenecks of
vital networks by merging computing
(Akyildiz et al., 2016).

The solutions that assimilate WSDN and NFV
layouts are described by Akyildiz et al (2015a-c).
Notably, owing to its complex architectural design,

resources

SoftAir (Jain et al., 2013) mcludes an entire solution
wherein NFV is used to create a system based on a
combmation of NFV and WSDN. By considering NFV
(network cloudification), SoftAir includes a fine-grained,
front-haul network disintegration solution that reduces
the amount of transferable data among Baseband Servers
(BBSs) and Remote Radio Heads (RRHs) by partially
processing the baseband m RRHs and directing the rest
of the processing toward BBSs. Furthermore, when the
Spectral Database for organic compounds (SD-BS)
implements the OpenFlow interface, acquisition of
systematic among  distinct

requirements 18 achieved. OpenFlow allows

interfaces wireless

vertical
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mobility which in turnpermits consumers touse SD-BSs
alongside their distinct wireless requirements. SoftAir
also, leverageshigh-performing controllers, improving
network flexibility and management optimization
scalability (Akyildiz et al., 2016).

Millimeter-wave transmission: As indicated by the
Federal Commumnications Commission (FCC) and several
industrial and academic research groups, millimeter-wave
transmission uses large bands. Thus, 1t has considerable
potential for realizing throughputs on the order of gigabits
per second. Millimeter-wave transmission occurs mn the
frequency range of 30-300 GHz However, scientists
usually include the closest centimeter-wave frequency
band in the 24-28 GHz range when defining it. Numerous
spectral resources are available through light-licensed and
unlicensed millimeter-wave frequency bands which
support systems that provide high data rates, low latency
and flexible connectivity to many users (Akyildiz ef al,
2016).

In October 2015, the FCC proposed some rules for the
release of millimeter-wave spectral bands for 5G
services (Anonymous, 2015a-c). The frequency bands
authorized for mim-mobile platforms are the 39 GHz band
(from 38.6-40 GHz) and 28 GHz band (from 27.5-28.35 GHz).
A 60-GHz-based Wireless Local Area Network (WLAN)
that was allocated for TEEE 802.11ad has shown great
potential for supplying high data rates in short-scope
(especially, indoor) environments; Hence, the FCC
proposed the use of the 64-71 GHz band for such
shortradius activities. This 71 GHz band not only
mcreases the bandwidth for WLANs but also mmproves
WLAN service data rates. In addition, the FCC proposed
a hybrid-licensing scheme which allows carriers that
provide services m the 37 GHz band to perform
decision-making. The hybrid band ensures broadband
network improvement and can supplement traditional
mobile networks (Anonymous, 2014).

The current requirements of 4G LTE
models include many frequently learned propagation
environments such as indoor shopping malls/centers,
indoor offices, highways, highly populated metropolitan
enviromments and rural places. The mfrastructure
arrangement of wireless commumnication networks 1s based
on the environment m which the system is located. The
arrangement mcludes the configurations of the primary
chammnel specifications, the defimte mechanical and
electrical down-tilt angles of the BS sector antenna and a
number of systematic aligned arrays that should be in the
antennas of all sectors for both the BS height and the
estimated inclusion of sectors. In future, wireless
systems, novel mobile arrangements could be used to

channel

fulfil customer requirements. Modifications to
propagation-based infrastructures should consider direct
communication among devices that invelve multiuser
communication scenarios, millimeter waves and
autonomous vehicular communication using millimeter

waves (Alyildiz et al., 2016).

MIMO: In addiion to millimeter-wave
communication, massive MIMO 1s a key technology that
could be incorporated mto 5G mnetwork solutions. In
contrast to multiuvser MIMO used m 4G network
structures where tens of aeral components are installed
at the BSs and consumer terminals, the massive MIMO
layout includes several groups of antennas around the

Massive

BSs to account for the growing volume and required
system throughput, thus, allowing greater freedom in
terms of scalability (Larsson et al, 2014). In massive
MIMO, TDD and spatial multiplexing are employed for
multiple-user spaces with accessible time-frequency
assets. The three viable massive MIMO designs for BS
anterma arrays are cylindrical, rectangular and linear
designs. Notably, the use of rectangular and linear arrays
1s more viable on high-rise building surfaces for indoor
customers at different heights or for outdoor pedestrians.
In addition, the rectangular design allows access to
many customers via. spatial multiplexing. In contrast,
cylindrical arrays are used for moving consumers and are
deployed to monitor their travel routes (Akyildiz et al.,
2016).

Massive MIMO has several benefits, including
increased spectrum  efficiency, reduced latency and
scalable structured air mterfaces. Owing to the presence
of more antenna elements at the BSs than at the mobile
terminals, the pre-coding steps are simple, leading to a
considerable ncrease m spectrum utilization efficiency
(Marzetta, 2010, Rusek et af., 2013). Furthermore, latency
reduction is realized because of the numerous antennas in
massive MIMO architecture, countering the channel
dependency on  frequency and enswing that
frequency-selective fading does not affect signal
strength. Therefore, no stream of transmitted data
experiences latency reduction due to channel distortion.
In addition, owing to the numerous components of the
antermas, the design of the primary air interface
structure 15 flexible and/or scalable to the traffic
conditions of real-time data. For instance, if a mobile
device accessing a massive-MIMO BS has several other
consumer terminal conmections not all of the elements
the BS antenna need to be active simultaneously.
Therefore, the energy consumption of each element can
be reduced to the least possible value while still satisfying
the operational requirements. Tn contrast, in the case of
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heavy data traffic in the range of a single massive-MIMO
mobile device all of the components can become active to
ensure rapid data transmission to the consumers.
Researchers who have studied 5G architecture are very
mnterested in the scalability benefits provided by massive
MIMO and believe that it will play an important role in the
development of 5G networks (Akyildiz ef al., 2016).

Ultra-densification: The traditional macro-mobile network
architecture is the foundation of 4G networks. It was
estimated that the worldwide monthly mobile data traffic
would exceed 15 exabytes by 2018 (Osseiran et al., 2014)
due to the increased use of smartphones, tablets wearable
devices and other mobile devices which require adequate
bandwidths for streaming videos and roaming data.
Considering unforeseen developments in cellular device
types as well as services and applications, 5G cellular
networks should be highly flexible in every network layer.
However, high-tower-mounted traditional BSs cannot
fulfil such demand increases. Thus, the two most highly
recommended propositions for accommodating the
ever-increasing number of consumer terminals and
unloading some data flows which are already congested
in the 4G BSs are spectral aggregation and spatial
densification. These approaches can facilitate the
development of additional mobile layers to use spectral
that can be efficiently shared, thereby
mncreasing capacity. In particular, spatial densification
depends on Heterogeneous Network (HetNet) principles
which were first introduced m the 4G LTE system. Smaller
element groups for HetNets including femtocells, picocells
and well-dispensed antenna elements can be of great
unportance. Furthermore, spectral aggregation counters
can address the challenges of non-continuous bandwidth
fragmented resources and shared use of the spectrum to
control licensed and unlicensed spectra, thus, providing
higher efficiency (Akyildiz et al., 2016).

resources

Big data and cell cloud computing: Data storage
techniques also need to be modified for 5G networks to
allow higher network throughput. Traditional data storage
on local devices 1s insufficient to handle substantial
increases 1n data caching requirements, considering user
requirements for large file downloads and HD video
streaming. Recently, storage  has
considerable attention because it enables convenient data
recovery. Consumers can upload data to the cloud via. the
internet, thus, saving storage space on local devices
(Akyildiz et al., 2016).

In cellular devices and networks, the amount of
generated data highlights the sigmficance of big data

cloud drawn

analysis. Currently, data analyses are executed on
different physical machines using platforms such as
Apache Hadoop (in-house Hadoop). This platform
requires infrastructure setup and regular
maintenance. Moreover, reconfiguration s
expensive and results i reduced efficiency. However,
efficiency, cost and scalability benefits are greater in large
data cloud computing than in in-house Hadoop. Big data
analysis is expected to develop into an efficient and
powerful approach owing to benefits in terms of
software-defined switching and control based on WSDN
(Akyildiz et al., 2016).

Big data and cellular cloud computing offer flexibility
to 5G networks along with lughly efficient data control.
Cellular cloud computing will increase the speed of data
control and file sharing over cloud servers. In contrast, to
cellular systems m which the downlink quality is
important for system performance, cellular
computing depends on the uplink quality. Specifically,
back-haul cellular cloud computing depends on the
uplink quality while the baclk-haul itself depends on the
cloud server. Consequently, traffic-smart data routes need
to be provided for back-haul gateways (Kaewpuang et al.,
2013).

manual
often

cloud

IoT: IoT network devices mnclude physical objects,
buildings, vehicles and everyday apphances. Examples of
such devices mclude microwave ovens, health monitors
and smart watches. Such devices send sensed information
to remote databases through the mternet. A server can
also control the appliances. The collected information is
processed to understand the underlying processes in the
devices. Such mformation is useful for building smarter
systems. This approach can be adopted to develop smart
environments including smart homes, smart cities and
towns, smart transportation systems and smart healthcare
systems (Vermesan and Friess, 2013). Owing to its
potential applications in various areas, [oT could promote
internet connectivity in many devices. This shift from
consumer-commected concepts to connections to other
entities will result in a sigmficant improvement in the
number of devices m these network systems. Owing to
the sheer volume of expected IoT devices as well as
their warious applications, ToT will be of great
importance in designing 5G systems (Akyildiz et al.,
2016).

D2D communication: In conventional cellular networks,
most communication occurs between BSs and cellular
Even when two users

devices. In a range are

performing explicit communication, a link is created
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via. a BS. However, this process is inefficient for real-time
services that require high data rates and low latency. The
concept of mnproving spectrum efficiency using direct
communication between devices was proposed by
Lin and Hsu (2000). It mvolves developing multthop
relays alongside cellular network devices. Since then,
many D2D communication systems have been researched
and have become parts of LTE-A networks. These
systems have been proposed for licensed and unlicensed
spectral bands. Further, detailed information regarding the
classification and characteristics of D2D communication
was presented by Asadi ef al. (2014). It is expected that
5G networks will continue offering support for
applications requiring explicit communication connections
(Tehrani et al., 2014). Such applications include games,
social networks and file sharing (Bangerter ef al., 2014).
Furthermore, D2D commumnication will enhance the QoS of
mobile networks because relaying can effectively increase
data transfer rates for consumers, thereby ensuring traffic
alleviation at the BSs and nearby devices wiich could
unload the BSs and subsequently improve customer
experiences. In summary, D2D commumnication provides
three advantages: proximity gain due to the shortened
distance between the transmitter and receiver, allowing
high data transfer rates with lower power consumption
gain reuse which refers to spectral resource reuse at
different locations when the commumnication range 1s short
and hop gain through a single connection in D2D
on uplhnk and downlink
requirements in  BS-based regular
(Fodor et al., 2012).

D2D communication can provide a platform for many

comrnunication based
comimurnication

mventive applications and services. For example, a
crucial application mvolves public safety and security
(Fodor et al., 2014). In mountainous areas and long
tunnels which are susceptible to landslides as well as in
zones that experience earthquakes, mobile networlks could
fail or be unavailable. In such cases, D2D communication
can be useful for relief and rescue missions. Furthermore,
D2D communication can be applied to MTC, particularly
i V2V commumnication where it can be used to retrieve
accident information and warn self-driving cars. For
example, D2D commumnication was included in 3GPP
Release 12 for proximity services to enhance public safety
(Lin et al., 2014). Furthermore, D2D communication is
useful for comecting devices such as smart watches to
smartphones. Although, this type of connection can be
achieved via. Bluetooth, a unified protocol will lead to
reduced costs and power consumption considering the
device Furthermore, D2D

design and usage.

communication is more reliable because Bluetooth is not
D2D
communication could also lead to the development of
advanced social networking applications (Akyildiz et al.,
2016).

intended for high-mobility  environments.

Green communication: Over the next decade, the number
of devices linked to wireless networks and the volume of
data generated by these devices are likely to increase 100
and more than 1000 times, respectively. Such growth will
pose major challenges for which affordable and
sustainable approaches should be considered. Even
though mobile communication currently accounts for less
1% of the global carbon footprint, it should be reduced
further. Operators have already been forced to consider
power charges as important components of their
operational Therefore, reduced energy
consumption and a shift to green communication are

CXPEIISES.

important from environmental and economic perspectives
(Akyildiz et al., 2016).

Radio access techniques: Section 2 stated that the current
underlying techniques for radio access need to be
redesigned to support the expected higher data rates of

5G networks. Furthermore, because of spectrum
scarcity and associated costs, improvements in
spectral efficiency should be considered. Many

applications that will partially utilize 5G networks such
as tactile internet, require latency as low as 1 msec. This
requirement constrains radio access technique design.
In addition, reduced latency should be realized when
the number of layers is greater. Similarly, ToT applications
include contexts m which device commnection to BSs
15 time-limited. The power
devices require them to fully
synchromized BSs. The employed multiple-access
technique supports systems with no or loose BS

constramts  of such

research  with

synchronization.

As with any other wireless system when the
multiple-access technique is employed for radio access,
interference becomes a problem. Thus, the selected
approach should have minimal OQut-of-Band (OOB)
emissions to mimmize the guard bands among those of
the other carriers. Reduced interference requires a lower
guard bandwidth which effectively increases the spectral
efficiency. In addition, the numerous access methods
should efficiently utilize the multiple existing antennas
present in most devices. Thus, when a multiple-access
method i3 selected, its compatibility with MIMO
technology must be considered. Finally, the selected
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radio access technique must be energy efficient
(Akyildiz et al., 2016). Radio access technologies can
be mamly classified as bemng based on full-duplex
communication approaches and multiple-access methods
(Alyildiz et al., 2016).

Full-duplex communication: Full-duplex commumication
systems can simultaneously transmit and receive signals
in the same frequency band. This process represents a
major shift from previous half-duplex commumcation
systems in which FDD or TDD was used to realize duplex
communication. The 4G LTE RAN technology evolved
mto the Evolved-Universal Terrestrial Radio Access
Network (E-UTRA) which provides support for FDD and
TDD operation modes (Anonymous, 2016). However,
both modes suffer from low efficiency and performance in
the cases of obsolete Channel State Information (CSI),
guard intervals and band requirements for frequency and
mflexible bandwidth allotment (Mahmood et al., 2015).
Even though full-duplex systems
disadvantages these modes were found to be infeasible

overcome these

for the inplementation of a practical full-duplex system
because such a system would suffer from considerable
self-mterference from the transmitter which would obscure
the signals to be received. Current full-duplex systems
have been realized by cancelling such self-interference
(Alyildiz et al., 2016).
The proposed

self-interference cancellation

techniques involve interference suppression at
different stages of the receiving chain (Zhang et al.,
2015). For example, the propagation-domain techmque
of suppressing interference involves protecting
amplifier input of radio frequency from overwhelming
contrast, the

analogue-domain interference ensures that Analogue-to

self-interference. In cancellation of
Digital (A/D) converters are not overpowered by self
interference whereas the cancellation of digital-domain
interference eliminates residual self-interference resulting
from nonlmearities in the A/D converters and noise
in the oscillator phase. Some articles have reported
of these methods
superior self-interference cancellation (Alkyildiz et al.,
2016).

Full-duplex commumication can be utilized by 5G
cellular networks to increase their capacities in two ways
(Zhang et al., 2015). First, when the User Equipment
(UE) transmits data to a BS or another device using
D2D communication, the BS or other device can
simultaneously transmit its own data to the same UE. The
BS and UE can decode the collected data while

on the combinations to attain

simultaneously  transmitting them in the same
frequency band. This operating mode is known as
Second, umdirectional
transmission similar to full-duplex relaying can be
implemented (Alves ef al., 2015). In this method, data are
transmitted from the first to the second and then to the

third node. Although, one might expect the spectral

bidirectional  transmission.

efficiency in full-duplex communication to be twice the
attainable spectral efficiency, the increase in throughput
15 approximately 30-40% m practice (Mahmood et al.,

2015). Thus, these methods can be improved
further.
Although, self-interference cancellation 1s the

primary problem to be addressed when implementing
full-duplex communication it 1s not the only ssue. The
entire current stack network has been developed using
half-duplex systems and this characteristic must also be
considered. Therefore, network performance needs to be
reassessed and redesigned to attain true full-duplex
commurication. For instance, a water-filling algorithm
would be useful for power allocation to boost the spectral
efficiency of a half-duplex system. However, because it
does not account for self-interference, it is not optimal for
a full-duplex system. Furthermore, some MAC conduct
rules applied in previous systems such as carrier access
systems, innately assume the systems to be half-duplex.
Therefore, they cammot be used diectly for full-duplex
systems. Thus, as proposed by Zhang et al. (2015), the
development of novel MAC protocols for full-duplex
systems is important. In addition, redesigning the
application layers of full-duplex systems 15 crucial
(Akyildiz et al., 2016).

Multiple-access techniques: For the downlink channel,
E-UTRA uses orthogonal FDMA (OFDM) whereas for
the uplink channel, Single Carrier-FDMA (SC-FDMA)
is employed to conserve power and reduce the Peak-to
Average Power Ratio (PAPR) (Anonymous, 2016).
Although, the techniques employed m 4G LTE networks
worlk smoothly they will suffer setbacks under the
numerous new conditions in 5G networks. This problem
should be considered when designing 5G networks. The
techniques  that
considered for 5G structures presently are discussed.

different multiple-access can be

OFDM: Various advantages such as structural simplicity,
robustness against frequency-selective fading channels,
ease of implementation, compatibility with MIMO and
efficient execution using Fast Fourier Transforms (FFTs)
have promoted the widespread application of the OFDM
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technique in mumerous frameworks involving broadband
over power lines and TEEE 80211 wireless LAN.
Moreover, OFDM 15 the
modulation and multiple-access technique for 4G LTE
(Alyildiz et al., 2016).

However, OFDM suffers from several disadvantages.

best-known multicarrier

It requires perfect synchronization because of the
orthogonality among subcarriers which 1s difficult to
attain in uplink and downlink frameworks (Morelli et al.,
2007) because the BSs cooperate to dispatch information
(Banelli et al., 2014). Furthermore, low latency cannot be
achieved using OFDM because of the requirement of a
Cyclic Prefix (CP). In addition, OFDM sufters from a high
PAPR, pilot contamination and high OOB emission.
Several studies have been conducted with the objective
of overcoming these drawbacks (Farhang-Boroujeny,
2011). For example, Schaich ef al. (2014) proposed a
method of minimizing the side lobes and thus, reducing
pilot contammation was proposed. However, no study
has been able to address all of the above-mentioned
issues.

Filter Bank Multicarrier (FBMC) technology: The
FBMC approach can be considered a generalized version
of OFDM. Tt involves transmitting sets of data through
modulated filter banks. FBMC systems individually filter
each subcarrier whereas OFDM involves filtering the
complete band. FBMC systems replace the sync-pulses of
subcarriers in OFDM systems with different shapes. A
filter design that required  spectral
characteristics can be developed via. freedom m filter
selection. FBMC devices
staggered and filtered multitone carriers between which
the former are more popular (Schaich and Wild, 2014).
By using different prototype filters, FBMC
technology can achieve good frequency localization. In
particular, the spectral efficiency of a wireless system

satisfies the

shape are classified as

increases because CP i3 eliminated. Polyphase filter
structures, Inverse FFT (IFFT) and Feature Triangle
Tracking (FTT) blocks can be used to implement FBMC
systems efficiently. Furthermore, symbol synchronization
is not required because FBMC is useful in cases of
frequency offset (Akyildiz et al., 2016).

Nevertheless, FBMC  systems
disadvantages. First, they cannot use other forms of

have  some
modulation and only research with offset Quadrature
Amplitude Modulation (QAM). As with OFDM, FBMC
technologies suffer from high PAPRs. Although, high
spectral efficiency can be provided by an FBMC
system when there are numerous transmitted symbols,

the spectral efficiency decreases at the ramp-up and
ramp-down times at the ends of the intervals when
filtering 1s performed and the transmaission time 1s on the
order of milliseconds. This issue is important in
applications such as IoT and MTC because the packet
sizes in those applications are small. Furthermore,
pulse-amplitude modulation 15 the only type of
modulation supported by some FBMC systems.
Higher-order modulation techniques such as 64-QAM
cammot be used because of this restriction. In particular,
64-QAM is employed in the LTE E-UTRA approach and
provides limited data-rate support. In addition, FBMC
systems are more error-sensitive in terms of channel
measurements, especially when errors are present in CSI
FBMC modulation which results in lower efficiency
compared with the modulation provided by OFDM.
Inter-Symbol (ISI) and
Interference (ICT) are caused by these imperfections.
Consequently, FBMC is less compatible with MIMO
systems than OFDM systems. Moreover, FBMC
technology cannot be used with Alamouti space-time

Interference Inter-Carrier

block codes and spatial multiplexing with maximum
likelihood detection which are advanced wireless
methods for mformation transmission (Akyildiz er af.,
2016).

Universal Filtered Multicarrier (UFMC) technology:
UFMC technology is a combination of the OFDM and
FBMC technologies. As mentioned previously, the
difference between the OFDM and FBMC techniques is
that the entire band 1s filtered in the former whereas each
subcarrier is individually filtered in the latter. In contrast,
groups of subcarriers are filtered in UFMC systems to
minimize OOB emissions. UFMC systems split data
streams into several subsystems. Then, a pulse-shaping
filter 1s applied to each subsystem. Therefore, the UFMC
technique is the most successful in reducing interference
from adjacent subbands. Furthermore, the subsymbols are
shortened because of the frequency subband aggregation
which increases the bandwidth. Consequently, UFMC
systems are more suitable than OFDM and FBMC
systems for applications requiring short-packet
transmission. UFMC systems that do not need CPs also
increase the spectral efficiency. Moreover, inherent
protection against IS8T is provided by the filter ramp-up
and ramp-down periods at the begimings and ends of the
frames, respectively. In the presence of Carrier Frequency
Offset (CFO) and under both imperfect and perfect CSL
conditions, UFMC systems outperform OFDM systems.
Thus, UFMC iz useful for coordinated multipoint
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transmission where achieving synchronization among
transmitters is difficult. Furthermore, MIMO systems
are supported by the UFMC technique (Akyildiz et al,
2016). Despite these advantages, the UFMC equalization
method is complex and cannot be implemented in devices
that are highly power constrained or in those with limited
computational abilities. In addition, UFMC systems are
sensitive to small timing misalignments, rendering them
unsuitable for deployment in MTC and ToT applications
which require loose or no synchronization. Therefore,
even though UFMC technology has several advantages
over OFDM and FBMC technologies, 1t does not meet all
of the requirements for use in 5G mobile networks
(Akyildiz et al., 2016).

Generalized FDM (GFDM): GFDM was first proposed for
applications involving a high degree of spectrum
fragmentation, e.g., spectral holes that are present in
television bands. Its advantageous properties have
rendered 1t one of the best waveform options for 5G
mobile networks (Michailow et al, 2014). GFDM is a
block-based multiplexing approach in which each
independently modulated block 15 composed of many
subsymbols and subcarriers. Time and frequency
domain-shifted branches of the existing and prototype
filters are used to filter these subcarriers (Akyildiz et al.
2016). The GFDM approach can be considered a
single-carrier frequency-domain equalization method as
well as a generalization of the OFDM approach. In
this approach, only one symbol is transmitted per carrier
mm a block mn contrast in the OFDM approach, a block
consists of several subcarriers.

Furthermore, only one subcarrier in the entire
frequency band 1s i the single-carrier
frequency-domain equalization and serial transmission of
several symbols. To meet the demands of different
applications, the number of subsymbols in each
subcarrier, number of subcarriers and prototype filter
structure can be modified. In GFDM, a CP can be added
only once m a block. GFDM provides higher spectral
quality than OFDM (Michailow et al., 2014) because each
block has subsymbols that are serially
transmitted. For applications that involve loose or no
synchronization, the need for only one CP per block
can be exploited by using a sufficiently long CP.
Furthermore, the use of a CP can be entirely avoided by
mcluding a window function together with smooth
ramp-up and ramp-down at the edges of the time block.
Most studies related to timing estimation and
synchronization are based on OFDM systems because
GFDM waveforms correspond to OFDM waveforms
(Alyildiz et al., 2016).

mnvelved

several

The primary drawback of GFDM systems is their
computational complexity. Furthermore, unlike OFDM
and FBMC systems, GFDM systems cammot employ
FTT/IFFT blocks for modulation and demodulation. In
addition, OFDM systems are less sensitive to CFO than
GFDM  systems. GFDM systems may have limited
applications as they cammot be used in several IoT
devices because of their complexity. Owimg to their
inherent non-orthogonality, GFDM waveforms have
higher bit error rates than OFDM waveforms. Moreover,
although, interference cancellation technicues have been
proposed, the deployment of smooth -cancellation
techmques would only increase the computational
complexity (Akyildiz ez al., 2016).

Review of GFDM and OFDM Device Models: The OFDM
technique 1s highly sensitive to ICL In addition, the CP 1s
not efficient within the spectrum and stalls, if it is
considerably shorter than the delay distribution inside the
chanmel, leading to ISI. OFDM 1s a well-studied technique
that is widely used in many wireless and state-of-the-art
data-transmission methods. In the OFDM approach, a
sum of subcarriers with various stages is used, resulting
in a high PAPR and high OOB emission because a
rectangular pulse-shaping filter is used at the transmitter
(Ramadhan, 2015).

An mmportant technological advancement in OFDM
is passband leakage reduction. The OFDM approach
requires only a single modification to the final structure
while in the GFDM approach, frequency and time-based
pulse-shaping optimization are adopted for spectral and
energy efficiency. Consequently, more than one symbol
can be transmitted which 1s consistent with a multicarrier
system in a two-dimensional block structure (frequency
and time) using GFDM.

Each subcarrier 13 cuwcularly convolved using a
shaping pulse to obtan the block structure. The
transmitted signals are appropriately placed in the
frequency range which is the
successful for the radiation inside the stopband
because of the pulse-shaping filters. In addition,
small-CP time-windowing systems may be implemented
in the GFDM blocks to control leakage inside the
stopband more effectively, leading to ICI and ISI
production.

As GFDM systems permit the use of layouts with
simple transmitters, the need for synchronmization is
elimmated, thus, lowering the signaling load. These
GFDM  properties, together with the
processing at BSs should contribute to reduced power

subcarrier most

reduced
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Fig. 1. General block diagrams of OFDM and GFDM transceivers: a) OFDM and b) GFDM

expenditure at the terminals. However, the signal design
i the GFDM approach leads to self-interference wlich
is  similar to the issue suffered by 4G networks in
certain access scenarios. Furthermore, time-windowing
cannot be implemented using GFDM

of sync-pulse leakage and GFDM systems

systems
because
needs to be synclromzed such that the orthogonality
among the subcarriers is maintained. As a generalized
version of OFDM, GFDM 1is the most effective 1n
cases in which a single subservice image is
required.

The notation KM is used to represent samples
contained 1n a GFDM system where K refers to the
carriers and M refers to the symbols that are appropriate
for minimum latency and minimum time synchronization.
As specified previously, a GFDM system involves only a
single CP following the KM symbol block, thus,
facilitating spectral efficiency improvement and MIMO
configuration which are more important 5G community
parameters than frequency localization, simplicity and
robustness agamst CSI errors. The block diagrams of
OFDM and GFDM systems are shown in Fig. 1. The
principal differences between these two systems are in
the IFFT and Discrete FFT (DFET) stages. In the GFDM
system, the A matrix replaces the TFFT degree and the B
matrix (Zero-Foreing (ZF) equalizer) replaces the DFFT
stage.

OFDM systems: In the OFDM approach, multiple carriers
are employed without using complex equalization filters

which are applied in SC-FDMA structures. In addition, a
guard mterval system 1s used to reduce the bandwidth
consumption and avoid IST while ensuring that the data
rate 13 ligher than that in an SC-FDMA structure. The
general block diagram of an OFDM system 1s
provided in Fig. la. The data bit stream that is sent
by the sender 1s passed to the encoding stage (in
which a high rate is split into lower rates), mapping
stage (in which the digital data are converted into complex
form), S/P conversion stage (in which serial-to-parallel
conversion is performed), TFFT stage (in which the
subcarriers are made orthogonal) and CP stage (in
which a copy of the end part of the symbol 1s made
and 1inserted at the head of the sequence as a guard
between the symbols to reduce the multipath effects and
ISI). Thus, the symbol length 1s increased (it must be
greater than chammel delay spread) and consequently, the
time delay and time synchronization increase. Next,
the data are passed to the D/A stage (in which the
digital data are converted inte a continuous analogue
signal) and then sent to the destination (receiver) through
the channel. At the receiver side, the data are passed
through the at  the
transmaitter side.

reverse processes performed

GFDM systems: GFDM 15 an example of a flexible,
multicarrier system. Figure 1 shows that the difference
between OFDM and GFDM 1s that the IFFT and FFT
stages are replaced with the A and B matrix stages,
respectively. In addition, Fig. 1b clearly shows that similar
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Fig. 3: General frame structures of the OFDM and GFDM systems

operations are performed in GFDM and OFDM in the
first three modulation stages. After encoding (b),
mapping (d: spreads complex data symbols d(k, m)
through K carriers and M symbols) and 5/P
comversion (d™), the data (d") are passed to the A
matrix stage (in which each subcarrier is shaped with a
transmit pulse filter g(n-mN) and modulated with the
center frequency of subcarrier e~) which makes the
data a block of carmriers and symbols (KxM) as shown
mn Fig. 2-4:

d~(0,0) .. d*(0,M-1)
ar=| z (1

dMKA) - dM (KA M-

Here, d" is a complex symbol of information. Matrix
K»xM will be addressed as an information block.
Hence, k =0, ..., K-1 represents the subcarrier and m = 0,
.y M-1 represents the time slot. To apply the Nyquist
criteria, every symbol is sampled N times which gives MN
samples per subcarrier. Filter gTx(n) 1s chosen to have
MN periodicity. The A matrix (g(n-mN). e~ 1s multiplied
times the modulated input signal (d™) to achieve
GFDM modulation. After, the data symbols in the
d™k, m) column are located and followed by up-
sampling, circular convolution with superposition
calculations, up-conversion and pulse shaping, the
following equation is obtained:

Axd™ =x (2)
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Fig. 4 Frequency and time partitioning in the OFDM, SC-FDMA and GFDM systems: a)OFDM; b) SC-FDM and ¢)

GFDM

where, x contains the samples transmitted in time x(n) and
the transmitted signal is as follows:

M-1 pK-1 jmkj
x(n) :_[ f d*(k, mjg(n-mNj}.e N, 0<n<NM
m=04k=0

3
To equalize the frequency domain in the recewer
before broadcasting, CP (N. length) is added to obtain:

[x(N-NCP: N-I)T, xT|T = x" 4)

Both GFDM and OFDM have the same CP length but
i OFDM, the CP 1s added between every two symbols to
reduce the ISI whereas in GFDM, it is added between
every two frames to reduce the Inter-Frame Interference
(IFI) as shown i Fig. 3. Let, y represent the modulated
data (after exchange with a continuous analogue signal)
that are transmitted through the radio channel to the
destination. Then, y" represents the received signal and
can be represented as follows:

n(n)+x""h(n) = v (5)

where, * represents the convoelution in discrete tume, n is
a vector of the Gaussian noise samples with an
average of zero and variance of ., h(n) represents the
unpulse response and x™ represents the broadcasted
signal with CP. If h(n) is known at the receiver and
the effects of noise mterference n(n) are ignored, the
equation after A/D conversion is:

g = x (6)
Then, after removing the CP, we obtain:
x = x*(Ngp: Nep +N-1) (7)

When weighting 1s performed using the ZF matrix (B.
= A’), the following signal can be derived:

(Bzp). (x) = (A*d" (A1) =d" (®)

The above-mentioned steps can be performed in
reverse at the receiver to obtamn the transmitted bit stream
(b). According to, the discussion presented above
regarding the transmitter and receiver, it can be concluded
that the difference between the GFDM approaches and
the OFDM or SC-FDMA structures 1s that the former
allow given time-frequency resources to be divided
mto K subcarriers and M subsymbols as shown in
Fig. 4.

Consequently, 1t 1s possible to select the spectrum
based on the platform requirements and perform pulse
shapmg accordingly for every subcarrier. By using
either a large number of slim band subcarriers for
OFDM systems or a small number of subcarriers with
large individual bandwidths for the SC-FDMA
structures, the GFDM approach can be used to cover
part of the band width without changing the
sampling rate. Further, although, filters are used, the
GFDM approach is primarily a block-based technique.
This property 1s important for mndividual scheduling in

many different situations to achieve low-latency
transmission.
RESULTS AND DISCUSSION

We used MATLAB to simulate GFDM signals. The
parameter values are listed in Table 2. The Symbol Errors
Rates (SERs) obtained for the OFDM and GFDM signals
when the Signal-to-Noise Ratio (SNR) was 15 dB and 20
dB are presented in Fig. 5a, b, respectively. The OFDM
spectra, together with the GFDM spectra were obtained in
our simulations for 512 and 1024 subcarriers and are
presented in Fig. 6a, b, respectively. The results
demonstrate that the GFDM approach reduces the
OOB emission to a greater degree than the OFDM
approach.
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Fig. 5: SERs of the OFDM and GFDM signals: a) SERs obtained with SNR = 15 dB and b) SERs obtained with SNR =
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Fig. 6: Spectra of the OFDM and GFDM signals obtained from our simulations: a) Spectra obtained with 512 subcarriers
and b) Spectra obtamed with 1024 subcarriers
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Table 2: Input parameters for the GFDM system

Parameters Value or types

Length of TFFT/FFT N =4096

Subsymbols (M) M=15

Subcarriers (K) K=512and K=1024

Pulse filter OFDM: Rect. and GFDM: RRC, . =0.1

Modulation 16 OQAM

SNR 15 and 20 dB

Randwidth B=%MHz

Period of symbol 224 e

Period of baseband 1.0938 e

Charmnel AWGEN
CONCLUSION

In this study, we conducted a comprehensive
evaluation of 10 technologies that are expected to
improve or change future 5G communication structures
significantly. The requirements of 5G mobile
networks were explained and the ways in which the
above-mentioned technologies can facilitate the fulfilment
of these requirements as well as their expected
applications were described. According to, our simulation
results, the spectra obtained using the GFDM technique
might be better suited to 5G networks than those obtained
using the OFDM technique. Tn addition, the use of GFDM
leads to SER reduction owing to its design. This
simulation-based evaluation was primarily performed to
predict and counter the drawbacks of OFDM structures.
By decreasing the CP value and broadcasting information
in the form of a block, the transmission-time delay can be
minimized, thereby improving synchronization and
latency. In addition, this process could improve the
spectral efficiency and allow the integration of MIMO
technology. All of these factors are critical upgrades that
align well with the predicted requirements of 5G
structures. Furthermore, the reduced IFI, ICI, SER, OOB,
PAPR and ISI will facilitate better utilization of the
available chammel capacity, thereby mcreasing data
rates.
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