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Abstract
For many decades, the amount of wireless voice and data communications has grown at an

exponential rate from one generation to other generation. Power domain non-orthogonal

multiple access (NOMA) is one of the promising approaches for achieving high data rates,

high energy efficiency, high spectral efficiency, very low bit error rate, good quality of ser-

vices, and low latency, as well as serving a large number of users over a single resource

and maximizing bandwidth utilization. Increased channel capacity represents an important

point in order to get higher rates.The proposed system also reduces the number of unserved

users in the given cluster. This study was conducted to explore the performance evaluation

of advanced modulations based Power domain non-orthogonal multiple access (PD-NOMA)

for 5G.

This thesis work specifically consists of three different 5G advanced modulations, such as

orthogonal frequency division multiplexing (OFDM), filter bank multi carrier (FBMC), and

universal filter multi carrier (UFMC), with the Power domain non-orthogonal multiple ac-

cess techniques in order to increase the channel capacity and minimize interferences among

different bands. The performance is compared interms of power spectral density(PSD), bit

error rate (BER), spectral efficiency (SE), Capacity, interference, outage probability(OP) and

computational complexity. The matlab simulation results show that, out of the three types of

advanced modulation, filter bank multi carrier can achieve the highest channel capacity en-

hancement and better bit error rate compared to other waveforms. The combination of power

domain, non-orthogonal multiple access, and filter bank multi carrier techniques combined

with offset quadrature amplitude modulation allows a significant increase in throughput and

a significant reduction in unserved users. Using the simulation, it has been observed that

from the result the maximum capacity value obtained for FBMC/OQAM based PD-NOMA

is greater than UFMC based PD-NOMA and OFDM based PD-NOMA in both cases of inter-

fereces. Intems of system complexity orthogonal frequency division multiplexing (OFDM)

is less complex than filter bank multi carrier (FBMC) polyphase network (PPN) and universal

filter multi carrier (UFMC) is the third.

Key words: BER, FBMC, OFDM,PD-NOMA, SE and UFMC.
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Chapter1
Introduction

1.1 Background

Wireless communication technology has fundamentally changed the way we communicate.

Cellular mobile communication is gaining popularity. For many decades, wireless voice and

data communications have increased at an exponential rate from generation to generation

[1, 2]. Wireless communication is based on radio, which means the electromagnetic waves

are designed to carry information from a transmitter to one or more receivers. The cellular

network is the one used for wireless communication. The remarkable success of cellular

mobile radio and other wireless technology has fundamentally changed the way people com-

municate and conduct business [3]. This cellular network consists of a set of base stations

(BSs) and a set of user equipment (UE). Each UE is connected to one of the BSs, which

provides services to it [4].

In communication systems, the DL refers to the signals sent from the BSs to their respective

UEs. Whereas the UL refers to transmission from the UEs to their respective BSs. OMA

was the backbone for previous generations, but NOMA is the backbone for 5G, MA.NOMA

is going to be one of the key enablers for cellular technologies. It provides high SE, user

fairness, better connectivity, an enhanced data rate, and reduced latency for future RA. 5G is

defined to have a maximum bandwidth of 100 MHz for frequency bands below 6 GHz [5].

Figure 1.1 depicts 5G spectrum considerations in terms of coverage and application areas.

5G is a wireless broadband technology based on the IEEE 802.11ac standard. In wireless

networks, SE, EE, PSD, OOBE, BER, and throughput are the most important metrics in 5G

networks. According to paper [6] one of the promising technologies for achieving broadband

green communication is the improvement of 5G networks. Compared to OMA, the NOMA

technique can further improve SE, EE, BER, PSD, and the achievable rate, but NOMA alone

cannot fully satisfy the system’s performance while advanced modulation-based PD-NOMA

further improves the above metrics. NOMA techniques have been proposed recently as an

emerging RA technology for 5G in order to achieve high SE, maximum EE, very low BER,
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Figure 1.1: 5G Frequency band considerations [5].

good QoS, and low latency. This NOMA technique is used to serve multiple users at the

same time, frequency, and code, but with different power levels in the case of PD. NOMA

techniques have a significant SE gain over the traditional ones that were used in previous gen-

erations, i.e., OMA. There are different broad classifications of NOMA techniques. Those

classifications are PD-NOMA and CD-NOMA [7]. From the above two classifications, this

thesis work focuses on the combination of PD-NOMA with advanced modulation in terms

of SE, maximum EE, OP, and low BER for 5G applications.

Because of their high EE, lower latency, and higher reliability, 5G technologies provide

reliable connections anytime, anywhere and are applicable in areas such as M2M, D2D, IoT,

the internet of things in vehicles, and mobile gaming [8, 9]. Also, 5G technology works

in dense microcells, relay stations, a massive number of antennas per BS, and also in other

devices, beam forming antennas, using mm waves, CR, spatial modulation, and NOMA

[10]. Applying new multiplexing techniques for channel access is one way to improve high

data rate and low latency communication in a 5G mobile cellular network.5G technology is

envisioned to improve major key performance indicators (KPIs), such as peak data rate, SE,

power consumption, complexity, connection density, latency, and mobility, significantly.

Some points to be considered in 5G are briefly explained below:

High SE: The modulation order, type of pulse shaping filter, and density of the lattice play

an important role in determining the SE. The guard/CP units in time or frequency domains,

as well as other extra overheads, reduce the SE, which is especially important for eMBB

communication.
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Low Latency: For URLLC applications, 5G aims for latency of less than 1 ms. This goal

can be managed by shortening the transmission time interval or increasing the sub-carrier

spacing [11].

High Reliability: The reliability is evaluated by the BER, or block error rate, and it is ex-

tremely important for mission-critical communications where errors are less tolerable. In

addition, the re-transmissions due to errors cause an increase in latency, so high-reliability

links are desirable to provide low latency as well.

Massive Asynchronous Transmission: For mMTC services, it is anticipated that a sizable

number of nodes will communicate through the 5G network..

Low Device Complexity: Another crucial parameter for waveform design is computational

complexity, which is based on the quantity of operations needed at the Tx or Rx. Ad-

ditional windowing, filtering, and interference cancellation algorithms increase complex-

ity substantially, and the system designer should consider them when designing cost- and

energy-efficient transceivers.

High EE: Low computational complexity and low PAPR provide high EE. PAPR is a statis-

tical metric that is evaluated by the complementary cumulative distributive function (CCDF)

of the signal. Low PAPR is required to operate power amplifiers (PAs) efficiently, which are

one of the most energy-hungry components in a transceiver.

Capacity enhancement is a major goal and target of 5G communications. This capacity en-

hancement can be obtained by using suitable NOMA, which is a strong for systems beyond

5G due to its capability of supporting massive communications. For 5G mobile communi-

cation, data speed and end to end latency are the major points to be considered. The main

objective of the RA technique is to provide the mobile terminals with a connection to the

core network.

Using a suitable MA technique is the most important point in improving the system capac-

ity in terms of SE and EE. NOMA can utilize the BW more efficiently by accommodat-

ing multiple users over the same spectrum, time, and code. OMA and NOMA are the two

most well-known MAs. There are different classes of OMA techniques: OFDMA, FDMA,

TDMA, and CDMA. In the case of OFDMA, it allows multi-user communications through

an OFDM mechanism in which sub-carrier frequencies are chosen so that the sub-carriers

3



are orthogonal to each other. While in TDMA, several users share the same frequency on a

time-sharing basis. The main advantage of NOMA is that it allows multiple users to share

a single frequency channel within the same cell at the same time, which was not possible

in previous generations. The other benefits of NOMA are that it offers improved SE, higher

cell edge throughput, relaxed channel feedback, and low transmission latency [12].

This thesis work focuses on the different parameters of advanced modulation techniques

in order to identify which type of modulation meets the goal of PD-NOMA. One of the

most important aspects of a cellular wireless system is mobility. The mobility of 5G mobile

communication is achieved through the handover mechanism. This handover mechanism

enables the UEs to move seamlessly within the coverage area of the network. The handover

technique entails transferring control of an active session from one cell to another cell [13].

With the use of SC at the BS and SIC decoding techniques at the users, the NOMA scheme

enables the simultaneous service of all users by utilising the entire BW to convey the data. In

PD-NOMA multiple users are assigned to one RB through different power levels by utilizing

SC and SIC [14]. The CD-NOMA maximizes user detection while minimizing symbol error

rates by employing random Gaussian coding at the transmitters and compressive sensing

at the receiver. The higher SE can be achieved by using efficient, advanced modulation-

based PD-NOMA for 5G mobile communication. In 5G communication, reducing energy

consumption has become of prime importance. For a given SE, each user’s maximum EE

performance can be achieved. This degree of efficiency can be adjusted by varying total

power using power control schemes.

PD-NOMA allows the optimization of multi-user operation and allocates the same frequency

resources to all the users in DL, where no spatial separation is needed. This can be achieved

by using the SC technique. In the PD-NOMA, the users data is superimposed based on

power level, while sharing the same frequency channel at the same time. At the receiver

side, SIC is applied to retrieve a signal [15]. The figure 1.2 below shows the difference

between traditional OMA and NOMA.

Properly selecting and using better advanced modulation techniques are essential for 5G ap-

plications. There are different advanced modulation waveforms for 5G applications; some
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Figure 1.2: The difference between OMA and NOMA [16].

of them are GFDM, UFMC, FBMC, and OFDM; three of them analyzed with PD-NOMA

in this research work. From different waveforms, this thesis work focuses on three of them,

i.e., FBMC, UFMC, and OFDM. OFDM waveform has a high PAPR, which results in low

efficiency of PA and increases battery consumption due to this reason it is not suitable for a

large number of users in NOMA. GFDM is a block-oriented, non-orthogonal multi-carrier

transmission scheme capable of spreading data across a two dimensional (time/frequency)

block structure (multiple symbols per multi-carrier). The circular pulse shape of the individ-

ual sub-carriers in GFDM makes it possible for block-oriented transmission. But, in GFDM,

the OOBE of the transmit signal is the problem, which is controlled by an adjustable pulse

shaping filter that is applied to the individual sub-carriers [17].

Adding a pulse-shaping filter to individual sub-carriers leads to system complexity and in-

creased cost. In order to get better diversity gain and SE, the FBMC modulation technique

is combined with PD-NOMA. Using a guard band and CP, the OFDM system may prevent

interference between symbols and carriers. Interference between sub-carriers and symbols

brought about by synchronization issues, time and frequency variations on users’ transmis-

sion channels, and other factors. The new waveforms such as FBMC, GFDM, and UFMC are

proposed to solve the drawbacks of OFDM. GFDM-based NOMA systems were investigated

in different research works and found to have lower PAPR as well as OOBR performance

than OFDM-based NOMA systems [18]. But FBMC-based PD-NOMA is better than the

others.In this thesis work, their performance in terms of SE, PSD, OP can be analyzed and

evaluated. Under the conditions of equal SE, the complexity of the GFDM system is lower

than that of the OFDM system.

5



The advanced modulation assisted NOMA technique is a critical future technology that will

serve multiple users on the same frequency resource by utilizing NOMA principles, whether

PD-NOMA or CD-NOMA. It gives a high SE, better cell edges, and reduces resource waste

since communication resources are scarce. It allows allocating one frequency channel simul-

taneously to numerous users within the same cell. It serves multiple users at the receiver side

by using multi user detection (MUD) algorithms, such as SIC, to detect the desired signals.

In terms of network, NOMA is very crucial for 5G mobile communication. NOMA also has

the innate ability to modify the transmission strategy in response to traffic and users’ chan-

nel state information (CSIs) [19]. FBMC/OQAM based PD-NOMA is preferred for different

reasons to meet the goals of 5G applications.

There are different phases to accomplishing this thesis successfully. The first step is a lit-

erature review. In this step, we review the articles that have been done before. The second

step is data collection, method selection (an algorithm), and software selection, which are

the most appropriate. The overall system design is the next step after algorithm selection.

After overall system design, the next step is system implementation and software simulation

(Matlab simulation). The next step is finding a suitable advanced modulation for PD-NOMA

for 5G mobile communication following investigation of the results. The next stage is to pre-

pare the draft report and then submit it after the results have been analyzed. The next step is

final report preparation and final report submission. The thesis presentation follows.
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1.2 Statement of the Problem
Nowadays, 5G networks are deployed in most part of the world. With this regard, 5G wire-

less networks has been deployed in capital city of Ethiopia and different countries. In 5G

wireless communication networks, the system performance metrics like; overall capacity,

throughput, system interference, SE, PSD, sum rate, and computational complexity are re-

quire if they optimal as compared to the previous 4G networks. Therefore, to fulll such

requirements, it requires maximizing SE, lowering OOBE, and reducing interference, lower-

ing BER can be achieved with efcient advanced modulation. Thus, different 5G waveforms

like; OFDM, UFMC and FBMC being used.

However, unlike FBMC, the OFDM has a much larger sideband spectrum which results in

loss of the BW and there by overall system data rate is low. To use the limited resource in

efficient way and then enhancing throughput and capacity, different NOMA techniques has

been investigated. But, it does not clearly imply which type of NOMA with an advanced

modulation technique is suitable for 5G applications. Therefore, the integrated waveforms

with the NOMA techniques is highly required to enhance the system performance and way

of utilizing the limited resources which are the requirements of 5G communication systems.

The advanced modulation techniques with PD-NOMA schemes are formulated for 5G ap-

plications to overcome the previous system drawbacks. Besides, interference is another a

major impediment sense it has a negative impact on the system reliability, and efciency and

coverage are. However, there is a lack of a complete and fair comparison between advanced

modulation and NOMA. Thus, to mitigate the above system limitation, in this thesis work,

FBMC, UFMC, and OFDM techniques have been investigated with PD-NOMA to increase

the number of connected users without increasing BS.
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1.3 Objectives of the study
The study has the following general and specific objectives.

1.3.1 General Objective

The main objective of this thesis work is to evaluate the performance of PD-NOMA along

with advanced modulation techniques for 5G wireless applications.

1.3.2 Specific Objectives

The specific objectives of this thesis work are the following:

• To review the different types of modulations techniques that can be used efficiently for

PD-NOMA

• To analyze and identify advanced modulation techniques for PD-NOMA used 5G

wireless systems

• To simulate the different types of modulations in MATLAB.

• To analyze PD-NOMA pe4rformance in terms of probability of BER, OOBE, PSD,

achievable rate, SE, OP, Interference, and Capacity

• To evaluate the performance of PD-NOMA by combining it with the FBMC/OQAM,

UFMC and OFDM techniques

1.4 Scope and Limitations of the Thesis
The scope of this thesis work is to study the three types of advanced modulation techniques

with PD-NOMA for 5G applications. Finally, choose the sort of advanced modulation tech-

nology for PD-NOMA that is preferable for interference minimization and EE and SE uti-

lization without power and bandwidth waste. The limitations of this thesis are limited to

three advanced modulations with PD-NOMA and two user scenarios.

1.5 Significance of the Thesis
The significance of this thesis work is to investigate a particular type of advanced modula-

tion techniques for PD-NOMA and as well as examine the potential effects of the different
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advanced modulation techniques will have on the 5G applications. This thesis work provides

an overview of fundamental NOMA and advanced modulation technique properties, the per-

formance characteristics of the particular advanced modulation based NOMA schemes. This

information can be used to establish NOMA and advanced modulation techniques selection

criteria for optimum system performance. This result will be an input for practical imple-

mentation of reliable and efficient advanced modulation with PD-NOMA for 5G application

industries.

1.6 Contribution of the Thesis
In order to meet the demands in 5G systems we need better performance in SE, EE, Ca-

pacity, BER, OP and throughput in order to address the demands. To overcome such issues

different types of advanced modulation for PD-NOMA, with their basic model, with their

working principles, with their technical aspects, with their KPIs investigated. This thesis

work contributes the analysis of three advanced modulation with PD-NOMA techniques in

order to sight better SE, PSD, BER, OOBE, OP, and channel capacity. This thesis work also

contributes which type of advanced modulation with PD-NOMA minimizes the interference.

The hybrid structure that combines FBMC, OQAM and PD-NOMA has been developed for

5G applications.

1.7 Organization of the Thesis
This thesis work contains six chapters. The first chapter deals with the introduction part of

5G cellular networks and the multiple access techniques, motivational overview, statement

of the problem, objectives, methodology, scope and the significance of this thesis work.

The second chapter deals with theoretical background and literature review which includes

OMA and NOMA. The third chapter discusses the advanced modulation methods used for

5G applications. In chapter four, various parameters, system modeling, and PD-NOMA are

discussed. The simulation findings and discussions of various advanced modulations with

PD-NOMA for 5G applications are covered in chapter five. A conclusion and recommenda-

tions can be found in the final chapter.
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Chapter2
Technical Background and Literature

Review

2.1 Technical Background

Mobile communication has become an essential tool for modern society. In wireless commu-

nication, 5G is the standard for broadband cellular networks, which cellular phone companies

began deploying worldwide in 2019, it provides connectivity to most current cellphones. As

it was mentioned earlier, 5G cellular networks offer 1,000-fold gains in system capacity,

peak data rates of up to 10 GB/s and 1 GB/s for low mobility and high mobility, respectively,

and at least 100 billion device connections per km2, whereas 4G only supports 4000 devices

per km2 and ultra-low power consumption with low latency [20, 21]. 5G technology creates

never-before-seen opportunities for people and businesses.

5G replaces the 1G, 2G, 3G, and 4G networks as the most recent worldwide wireless stan-

dard. With the help of 5G, a brand-new sort of network can connect practically everyone and

everything, including machines, objects, and gadgetry. The major goal of 5G is to provide

faster peak data throughput of multiple gigabits per second (Gbps), extremely low latency,

increased dependability, enormous network capacity, increased availability, etc. Improved

efficiency and greater performance enable new user experiences and link new industries. For

the next generation of cellular networks to be both EE and SE, the ever-growing number of

mobile applications and user demands eventually led to new technological and architectural

solutions.

In D2D communication, the cellular devices work as D2D users communicate with each

other, bypassing the BS. The traditional technique of OMA-supported cellular mobile com-

munication is expensive due to the limitations of the spectrum. 5G infrastructure is much

more efficient when compared with other generations supported by OMA in terms of energy

consumption, service creation, and hardware flexibility. Recent technologies, including 5G

cellular communications, are characterized by numerous accesses to service multiple users

with constrained BW resources.
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Some examples of MA in OMA are FDMA, TDMA, CDMA, and OFDMA. Those types

of MA were used in the history of mobile communications, from 1G to 4G. Here below

the overview of mobile generations with their respective MA techniques. This section also

discusses the distinctions between previous generations and 5G. The previous generations of

mobile networks are 1G, 2G, 3G, and 4G, each of them discussed in the next section under

OMA.

The NOMA approach is used in 5G cellular networks to give users access that is orthogonal

to them in terms of time, frequency, code, or space. Each user of these techniques operates

simultaneously in the same band, where their power levels serve as a means of differentiation.

Using SC on the transmitter side, the NOMA approach enables the SIC receiver to identify

between users in the UL and DL channels.

All of the previous generations 1G, 2G, 3G, and 4G led to 5G, which is intended to offer

greater connection than has ever been possible. In order to support new deployment methods,

empower next-generation user experiences, and provide new services, it has been developed

with a larger capacity, high speeds, improved reliability, and minimal latency.

A 5G cellular network is designed to provide peak data rates of up to 20 GB/s, according to

IMT-2020 specifications. In addition to offering faster peak data speeds, 5G is intended to

increase network capacity by utilizing additional spectrum, such as mmWave. In addition to

offering a more consistent user experience overall and a significant reduction in latency, 5G

cellular networks can maintain high data rates even when users are moving about. Addition-

ally, the new 5G New Radio (NR) mobile network is supported by a gigabit LTE coverage

base, which can offer ubiquitous gigabit-class connections [22]. Use cases and requirements

of 5G are hilighted in the figure below.
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Figure 2.1: Usage Scenarios of IMT-2020 [22].

Figure 2.1 shows the usage scenarios of IMT-2020 for 5G applications in different areas .

The concept of eMBB, mMTC and URLLC are explained in chapter one. How is 5G tech-

nology better than 4G technology? There are several reasons why 5G technology is better

than 4G technology:

5G is significantly faster than 4G: It can be significantly faster than 4G, delivering up to 20

Gbps peak data rates and 100+ Mbps average data rates.

5G has more capacity than 4G: it is designed to support a 100x increase in traffic capacity

and network efficiency.

5G has significantly lower latency than 4G: It features a 10x drop in end-to-end latency down

to 1 ms, which enables it to give more rapid, real-time access.

5G is a unified platform: that is more capable than 4G. While 4G LTE concentrated on pro-

viding substantially faster mobile broadband services than 3G, 5G is intended to be a unified,

more powerful platform that enables new services like mission-critical communications and

the vast IoT, in addition to improving mobile broadband experiences. Additionally, all spec-

trum types (licensed, shared, and unlicensed), bands (low, mid, and high), and a variety of

deployment strategies are natively supported by 5G.

5G uses spectrum better than 4G: In addition, 5G is intended to maximize spectrum utiliza-

tion across a variety of spectrum regulatory regimes and bands, including low bands below

1 GHz, mid bands between 1 GHz and 6 GHz, and high bands known as mm wave.

12



Some of the basic requirements of 5G systems are [23]: High network speed in terms of Gbps

(>=1Gbps) means the time required to download the video may be less than a second, it has

low latency, it can handle a large number of devices simultaneously, it has a long battery life,

and it has 100 percent connectivity in any place and anywhere.

But, the above requirement is not applicable in the case of 4G, 3G, 2G, and 1G cellular

networks. The 4G, 3G, 2G, and 1G cellular network technologies are unable to handle

the extreme and ever-increasing data rate and provide simultaneous connectivity to a large

number of users because of the absence of NOMA in the previous generations. Because of

OOBE and high PAPR, LTE systems, in particular, are unable to handle the rapid growth of

data rates and connectivity.

In general, 5G networks fulfill several requirements, including the points below. A minimum

peak data rate of 10 GB/s (100 times more than that in the 3GPP long-term LTE), a latency

of 1 ms (ten times lower than that in 4G networks), and a connection density of 1,000,000

devices per km2 (100 times more than 4G networks). All the points above drive the concept

of NOMA.

2.2 Orthogonal Multiple Access Schemes

This type of MA is also applicable to wireless cellular networks. This type of MA resource

block is orthogonally divided into time, frequency, and code domains. Using OMA MA

has its own benefits and limitations. One of its benefits is that there is minimal interference

among adjacent blocks, which makes signal detection relatively easy. Its drawback is that it

can only support a limited number of users due to limitations in the number of orthogonal

resource blocks, which limits the SE and the capacity of the cellular networks. Each of the

OMA classes is discussed below:

2.2.1 Frequency Division Multiple Access

1G: It was introduced during the 1980s. This generation only delivers analog voice. In the

case of FDMA, the frequency spectrum is divided into different slots. In this MA, there is

wastage of BW. The FDMA assigns specific frequency channel to each available users out

of the given BW. In the case of FDMA the given BW B is divided into frequency channels F
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which serves K users where in this case each user allocated its individual channel. But, it is

not true in case of 5G cellular networks which uses the principles of NOMA.

Figure 2.2: FDMA [24].

2.2.2 Time Division Multiple Access

2G: It was first introduced in the early 1990s. This generation introduced digital voice (e.g.,

CDMA). In TDMA, the information for each user is sent in non-overlapping time slots. In

the case of TDMA, the device is assigned to different time slots. TDMA-based networks

require accurate timing synchronization, which is challenging, especially in the uplink.

Figure 2.3: TDMA [24].
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2.2.3 Code Division Multiple Access (CDMA)

3G: This technology was introduced in the early 2000s. This generation brought mobile data

(e.g., CDMA 2000). There is a limitation in the case of FDMA and TDMA, so in order to

overcome their limitation, CDMA was introduced. This multiple technique employs codes

to separate users on the same channel.

Figure 2.4: CDMA [24].

2.2.4 Orthogonal Frequency Division Multiple Access

4G LTE: This technology was introduced in the 2010s.This generation is used in the area of

broadband. In OFDMA, the frequency allocation is basically at right angles. In this case,

a number of users use the data at the same time. Information for each user is assigned to a

subset of sub-carriers. The orthogonality avoids the need for separating the sub-carriers by

means of a guard band that places empty frequency between adjacent sub-carriers [26].

The BW resource is saved by OFDMA. OFDMA has its own benefit, for instance, its robust-

ness in the presence of multi-path fading. This technique has a high PAPR in the UL, which

is taken as the limitation of using OFDMA for 5G applications. This high PAPR reduces

power efficiency and imposes a power consumption burden on the UE; this effect reduces

battery life on the UL side. However, because of the availability of power supplies at the

BSs, this limitation is not as severe on the DL side.
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Figure 2.5: OFDMA [24].

As it is mentioned in the above paragraph above OFDMA is not suitable for UL. SC-FDMA

(Single Carrier FDMA) is siutable for UL in LTE. from figure 2.6 below it is possible to

observe the difference between OFDMA and SC-FDMA.

Figure 2.6: The difference between OFDMA and SC-FDMA [25].
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2.3 Taxonomy of 5G PHY Layer Enhancement Techniques

According to the 5G New Radio 3GPP standard, the PHY layer modules are described in

this 5G NR physical layer. From the figure below this thesis work focuses on 5G advanced

waveform and PD-NOMA.

Figure 2.7: Taxonomy of 5G PHY layer enhancement techniques.
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2.4 Literature Review

Different researchers have been worked on 5G modulations for different applications in [28]

the comparison of UFMC, FBMC and F- OFDM with OFDM are dealt in terms of PSD,

PAPR and constellation. But it is not dealt interms of SE, OP, and complexity. In [29] mul-

tidimensional index modulation for 5G application discussed in terms of different KIP’s but,

not dealt with the siutable type of NOMA whether it is CD-NOMA or PD-NOMA. Different

studies on NOMA and modulation techniques, particularly PD-NOMA, have been conducted

for the 5G requirements. Researchers works day and night to fulfill the demands of 5G during

the past few years [19]. In different research, OFDM based NOMA was discussed in order

to overcome the problems of capacity gain, PAPR, and DC power allocation [27, 30]. But,

OFDM based NOMA has large PAPR which limits the capacity of the cystem. Various re-

searchers have demonstrated that NOMA can be used effectively to meet both network-level

and user-experienced data rate requirements for 5G. The design of a suitable MA technique

is one of the most important aspects of improving the system’s capacity. IM-modulation

based OFDM-NOMA has been discussed in [39] but, it is discussed only interms of BER,

not in terms of PSD, SE, OP, interference and OOBE. By its nature OFDM based NOMA

has large PAPR which limits the system capacity.

Researchers all over the globe have started investigating NOMA as a promising MA scheme

for RA. Also, the evolution of wireless networks to 5G poses new challenges for EE since the

entire network will be ultra-dense. In [19] PD-NOMA attains multiplexing in PD, whereas

CD-NOMA achieves multiplexing in CD. Also, CD-NOMA shares the entire set of avail-

able resources (time and frequency). In contrast, CD-NOMA utilizes user-specific spreading

sequences that are either sparse sequences or non-orthogonal cross-correlation sequences of

low correlation coefficient. But, they are not clearly explained with efficient modulation

interms OOBE, PSD SE.

The SC and SIC, first proposed in [31], it is a technique in PD-NOMA for simultaneously

communicating information to multiple receivers from a single source. This implies that the

transmitter transmits multiple users information at the same time and at the same frequency.

To decode the superimposed information at each receiver the SIC was used.
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In [16] the concept of power allocation for two users rised, the NOMA scheme controls the

throughput of each user by adjusting the power allocation ratio, P1/P2. But, which type of

ower allocation is not discussed whether FPA or DPA for wireless networks. According to

[32] the concept of cooperative communications has gained a great deal of attention due to its

ability to offer spatial diversity to mitigate fading while resolving the difficulties of mounting

multiple antennas on small communications terminals . NOMA for a multiple-antenna relay

network has been studied in [33, 34]. These studies analyzed the outage behavior of mobile

users and derived closed-form expressions for the exact OP.

According to [35] with a relatively large number of users, the combination of NOMA and

MIMO can achieve a good throughput gain, but it does not rise to the concept of efficient

modulation with PD-NOMA. According to several studies, it is advantageous to employ

extreme low-density CD-NOMA in large systems where the number of resource elements

and users increases without bounds while their load ratio remains constant [36]. Although

PD-NOMA versus CD-NOMA has been studied, it has not been studied in terms of EE and

SE for 5G mobile communication. Controllable interference among REs may be added to

the CD with an appropriate complexity of receivers in order to resolve interference brought

on by the absence of enough REs [36, 37].

In [19] the use of LDS-CDMA helps to limit the impact of interference on each chip of

the basic CDMA systems, but, more or less, it was not studied in PD-NOMA. As stated in

[19] SCMA provides low-complexity reception techniques and also offers improved perfor-

mances. Most previous work on NOMA focuses on power allocation in order to improve the

data rate [38]. But the data rate improvement is not only through power allocation; it also

needs proper advanced modulation.

As it was studied in [40, 41] the appropriate power control mechanism for NOMA employing

MMSE-based linear filtering to mitigate inter-cell interference can be ensured by employ-

ing PF-based multi-user scheduling. FBMC modulation technique was first proposed by

Chang and Saltherg in the middle of the 1960s [42]. FBMC mainly has three kinds of mod-

ulation modes: cosine modulated multi-tone, filtered multi-tone, and OQAM-based OFDM

(OQAM-OFDM). But, each of them are not compared with other type of modulation.
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According to [43, 44], the GFDM and OQAM-FBMC both have a well-frequency-localized

characteristic. Hence, it is suitable for high-mobility scenarios and provides more immu-

nity to synchronization errors. Although GFDM provides flexibility in the waveform, the

non-orthogonal transmission scheme but, it requires requires complex SIC algorithms at the

receiver.

However, there is a lack of a complete and fair comparison between advanced modulation

and NOMA. After the literature reviews, efficient advanced modulation with PD-NOMA has

been identified for 5G communication by comparing different types of advanced modulation

techniques for PD-NOMA schemes. Depending on this, three advanced modulations are an-

alyzed and selected with PD-NOMA. Finally, FBMC, OQAM, and PD-NOMA are selected

based on their high performances.
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Chapte3
Advanced Modulations Techniques for

5G Applications
3.1 Introduction

Modulation and waveforms are two of the key components of the physical layer that deter-

mine the system’s throughput, reliability, and complexity. This research work deals with the

most capable waveform contenders for 5G air interface.

The performance of an advanced modulation scheme is measured by different parameters,

like:

Power efficiency: The power efficiency is defined as the required Eb/No (signal energy per

bit to noise spectral density). This parameter describes the ability of advanced modulation

techniques to preserve the BEP.

BW efficiency, or SE: It describes the ability of an advanced modulation scheme to accom-

modate data within a limited BW. As the data rate increases, the pulse width of the digital

symbols decreases, and hence the BW increases [45].

ηB =
Rb
Bwbps/Hz (3.1)

The system capacity of a digital mobile communication system is directly related to the BW

efficiency of an advanced modulation scheme.

PSD: It specifies the power of various frequencies present in the signal and determines the

range of power over which the signal frequencies are operated.

System complexity: It refers to the amount of circuits involved and the technical difficulty of

the system.

Associated with this parameter of advanced modulation, the cost of manufacturing is the

main concern in 5G applications. There are different advanced modulation techniques for

5G applications. Among those, a few of them are covered in the following:

3.1.1 Orthogonal Frequency Division Multiplexing

OFDM is an advanced modulation format used in modern wireless communication systems,

including 5G cellular networks. OFDM is the most popular MCM scheme. OFDM combines
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the benefits of QAM and FDM to produce a high-data-rate communication system. The

concept of OFDM was first proposed by R. W. Chang [46], recognizing that band-limited

orthogonal signals can be combined with significant overlap while avoiding ICI. This type

of modulation technique has been adopted as a major data transmission technique by many

wireless communication standards, even if it does not fulfill the criteria of 5G requirements.

A key enabler for OFDM is the use of the IFFT to efficiently create the time-domain wave-

form from the array of modulated subcarriers. The 5G NR standard uses OFDM on both the

UL and DL. The NR specification is designed with a high degree of flexibility to cover a di-

verse set of applications. The PAPR and degree of computational complexity are the primary

determinants of the EE. Reliability is evaluated by BER; it is the capability of a network to

carry out a preferred operation with very low error rates. 5G’s maximum allowed latency

for the URLLC is less than 1 ms. NOMA has become an indispensable technology for 5G

wireless cellular networks. The main drawback of OFDM-based NOMA is that it has high

PAPR and OOBE radiation [27].

In the case of PD-NOMA, power savings are required, so using efficient power is essential for

lowering OOBE with efficient modulation. Mobile wireless systems employ OFDM in order

to achieve high BW channels. LTE mobile uses OFDM for the DL (base station to mobile

device), with a fixed subcarrier spacing of 15 kHz. The modulation on the subcarriers can

be QPSK or 16QAM. The carrier spacing for 5G wireless is flexible (15, 30, 60, 120, 240,

and 480 all in kHz) with up to 3300 subcarriers. For 5G, the subcarrier modulation can be

QPSK, 16QAM, 64QAM, or 256QAM [47]. In the case of OFDM, a CP is used to remove

ISI. On the receiver side, a one-tap equalizer is employed.

Figure 3.1: Physical layer block diagram of OFDM.
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The discrete OFDM signal on baseband is expressed as the below equation [48]:

sOFDM [t] =
N−1∑
n=0

dne
j2πfnt 0 ≤ t ≤ Ts (3.2)

In the above equation some symbols were used for instance dn is the complex data symbol

which modulate the nth subcarrier, where Ts is time duration of OFDM symbol. The value

of Ts can be found from Ts = NTd where Td is the serial symbol duration. The value of fn

can be found from the below equation:

fn = n/Ts, n = 0, 1, . . . Nc − 1 (3.3)

The CP in the case of OFDM is the cyclic extension of the symbol; this CP duration should

be equal to the channel impulse response in samples minus one sample. The length of each

guard interval in OFDM must be greater than the expected delay symbol, which is given by

the equation below.

Lg ≥
τmax ×Nc

Ts

(3.4)

In the case of the OFDM block diagram above, the output from the IFFT is a CP extension

of this sample result for the sampled sequence with cyclic extended guard interval, as shown

in the equation below:

sOFDM [m] =
1

Nc

N−1∑
n=0

dne
j2πnm/Nc m = −Lg . . . Nc − 1 (3.5)

From the block diagram of OFDM, after the CP, the transmitted signal is up-converted and

the RF signal is transmitted to the channel, then the channel output is down-converted. Fi-

nally, the received signal waveform is obtained from convolution with the channel impulse

response and addition of the noise signal, which is given by equation 3.6:

rOFDM (t) =

∫ ∞

−∞
s(t− τ)h(τ, t)dτ + n(t) (3.6)

From the OFDM block diagram above, the output of FFT is the MC demodulated sequence

consisting of N complex-valued symbols, which is represented by equation 3.7 below:

d̂n =
N−1∑
n=0

rme−(j2πnm/Nc), n = 0, 1, . . . Nc − 1 (3.7)
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Where the received symbol d̂n can be obtained from the frequency domain representation of

the equation 3.8 below:-

d̂n = Hndn +Nn, n = 0, 1, . . . Nc − 1 (3.8)

Hn Stands for flat fading factor and Nn stands for the noise of the nth sub channel. Finally,

the p/s conversion of the output from FFT, the complex data symbols are given to the QAM

demodulator, and the transmitted signal is estimated.

According to the paper [48, 49] some benefits and drawbacks of OFDM are listed.

OFDM has its own benefits: It is computationally efficient to implement the modulation and

demodulation functions, resistant to frequency selective fading, mitigating ISI in frequency

selective channels, allowing flexible spectrum adaptation for channel conditions, and elimi-

nating the need for an equalizer.

OFDM has some drawbacks: MC signals with high PAPR require high linear amplifiers.

Otherwise, performance degradation will occur and OOBE will be enhanced. Loss in SE

due to the guard interval, sensitivity to the Doppler effect, sensitivity to frequency synchro-

nization problems, large dynamic range amplitude, sensitivity to carrier frequency offset and

timing offset, high PAPR, high OOBE, and BW inefficiency.

Generally, due to different reasons, OFDM is not suitable for 5G cellular networks. OFDM’s

drawbacks, such as the need for a high PAPR radio frequency power amplifier, as well as its

sensitivity to carrier frequency offset and high OOBE, make it unsuitable for 5G cellular

networks.

The following factors limit the use of OFDM in 5G applications:

CP overhead: In this type of waveform, the addition of the CP adds redundancy to the signal

transmission since the same content is transmitted twice as the CP is a copy of the tail of the

symbol placed at its beginning. The CP overhead can be expressed as a function of symbol

duration and duration of the CP given in equation below [50, 51].

βoverhead =
TCP

TCP + Tsymbol
(3.9)

Sensitivity to frequency and timing offsets: The orthogonality in the case of OFDM is based

on the assumption that the TX and RX are using the exact same reference frequency. In
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terms of frequency offsets, the orthogonality lost causes the sub carrier leakage known as

inter-carrier interference (ICI).

High PAPR: One of the most difficult aspects of OFDM, resulting in a high crest factor. The

high PAPR compared to a single carrier transmission technique occurs due to the summation

of many individual sub carriers [51].

3.1.2 Generalized Frequency Division Multiplexing

GFDM is also a modulation technique for 5G wireless communication systems, with many

advantages over conventional OFDM. The GFDM modulation scheme has been regarded as

one of the most promising for 5G waveforms due to its properties, such as low latency, low

OOBE, robustness against carrier frequency offset (CFO), and time offset (TO). The GFDM

is also combined with mMIMO technology, which equips each BS with an array of many

active antennas, which are used to spatially multiplex many UE to improve SE.

GFDM is a novel waveform concept in 5G modulation and demodulation; it is also made up

of non-orthogonal sub carriers that distribute data in time and frequency dimensional blocks.

Figure 3.2: Functional block diagram of GFDM.

In this type of waveform, the filtering process is applied to sub carrier-wise, which improves

OOBE but generates ISI, which can be removed by adding the CP when compared to OFDM.

In order to enhance the SE, the tail-biting technique can be applied to reduce the CP length.

The GFDM provides a low-latency signal because it uses circular filtering with prototype

filters instead of the linear convolution that is used in the FBMC [52].

GFDM uses only one CP for one block, slightly less than a CP for every multicarrier symbol,

which results in an enhancement for the system. The other point in the case of the GFDM

waveform is that without CP, as the number of blocks increases, the OOBE radiation also
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increases. The use of RRC filter, allows the GFDM to be flexible, which would be difficult

to achieve with other prototype filters.

GFDM has its own benefits: Low latency, low PAPR, low OOBE, low adjacent channel

leakage ratio (ACLR), and relaxed requirements for time and frequency synchronization

Due to the above benefits, GFDM is applicable to a variety of scenarios, and its parameters

can be adapted to meet the requirements of specific services.

In the case of the GFDM waveform, as the modulation order and the number of antennas

increase, the complexity of the maximum likelihood (ML) detector and the MMSE detector

causes an impediment for real-world applications. This research work focuses on the one

with less complexity as the number of antennas increases.

3.1.3 Filter Bank Multi-Carrier

FBMC is an enabling technology for enhancing the fundamental SE because of the well-

localized time and frequency traits adopted from a pulse shaping filter per subcarrier. As a

result, the overhead of the guard band required to fit in the given spectrum BW is reduced.The

main benefit of FBMC is achieved by expanding the prototype filter pulse and symbol dura-

tion over symbol intervals in the time domain, resulting in overlapping pulses with duration,

where stands for the symbol intervals. In this waveform, by effectively increasing symbol

duration, it is possible to handle the multi-path fading even without using CP overhead [52].

Filter-specific parameters are used in this type of modulation to allow for more sensitive

adjustments and increased flexibility. FBMC does not require CP or guard time, unlike

OFDM and GFDM. For this reason, the SE of FBMC is not degraded by such redundancy.

Sub-carrier filtering is used in FBMC to solve the ISI problem. FBMC is applicable in CR

in order to solve the problem in SE [42].

There are several types of FBMC, one of which is FBMC/OQAM.This type of FBMC is the

most popular filter bank scheme, which results in high SE. The most fundamental parts of

the FBMC/OQAM system are:

• Synthesis filter bank at the TX

• Analysis filter bank at the RX
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Figure 3.3: Transceiver of FBMC a) Transmitter b) Receiver [54].

The figure 3.4 shows that the filter bank used at the transmitter side is called a SFB, and the

filter bank used at the receiver side is called an AFB.

Figure 3.4: Shows the fundamental parts of FBMC [55].

The discrete-time base band signal at the o/p FBMC TX with OQAM modulation can be

expressed as the equation below [56]:

y(m) =
M−1∑
K=0

∞∑
n=−∞

xk[n]βk[n]p

[
m− nM

2

]
ej(

2π
M )km (3.10)

Where m is the sample index at SFB o/p and AFB i/p, n is the sample index at OQAM pre-

processing o/p and post-processing i/p,M is the number of sub-carriers in the filter bank

and βk[n] is given by the equation below: -

βk[n] = (−1)kn exp
(
−j

2πk

M

(
Lp − 1

2

))
(3.11)

xk[n] = dk[n]θk[n] (3.12)

θk[n] = jk+n (3.13)

In order to maintain the orthogonality, the dk[n] is multiplied by θk[n] also in order to achieve

high SE complex modulated filter banks are usually used, this means all sub-channel filters
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are frequency shifted versions of the prototype filter P [m] [56]. Therefore, the kth synthesis

filter gk[m] can be expressed as the below equation:

gk[m] = p[m] exp
(
j
2πk

M

(
m− Lp− 1

2

))
(3.14)

Where m = 0, 1 . . . Lp − 1

Figure 3.5: Block diagram of FBMC/OQAM TX [56].

Figure 3.6: Block diagram of FBMC/OQAM RX [56].

3.1.4 Working Principles of FBMC-OQAM System

The FBMC-OQAM system is one of the most important systems for 5G mobile communi-

cation technologies. As FFT is used for fast implementation of OFDM, the FFT algorithm

is also used for fast implementation of FBMC-OQAM. The FFT algorithm used for the fast

implementation of FBMC-OQAM can be categorized into two commonly used types.
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i. Frequency spreading FFT

ii. Polyphase network FFT

Filter Bank Multi-Carrier with Offset Quadrature Amplitude Modulation(FBMC/OQAM),

the use of FBMC with appropriate filter PPN allows to obtain an almost negligible ISI and

ICI, and provides a better spectral efficiency [61].

From the two classes, PPN-FFT is the most efficient due to the following reasons:

a. Having low computational complexity compared to the FS-FFT

b. It can effectively suppress ISI without frequency expansion and CP.

The figure 3.7 shows that the framework of the FBMC-OQAM is implemented using the

PPN algorithm.

Figure 3.7: FBMC-OQAM PPN based [57].

From figure 3.7, the main objective of OQAM pre-processing is to maintain orthogonality

between the sub-carriers. On the TX side, the IFFT operation is carried out on the transmis-

sion symbols, and then the prototype filter banks with different offsets are filtered. At the

RX side FFT operation is carried out. Therefore, the original signal is recovered by FFT and

OQAM.

In comparison to OFDM, FBMC has the following fundamental distinctions:

i. Uses OQAM mapping in place of QAM mapping to reduce ICI using effective filtering.

ii. To minimize ISI and ICI, PPN filtering is used after the IFFT process to obtain enhanced

frequency and time localization based on the shape and length of the prototype filter.

iii. It does not require CP because it uses frequency and temporal localization with filtering

and QAM modulation. This can reduce side lobes to a minimum level.

iv. The low delay spread guarantees optimal performance with simple one-tap equalizers.
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v. Suitable for a high-mobility environment with a fragmented spectrum for multi-point

coordination.

Some important parameters for providing flexibility in FBMC modulation waveforms are

filter length and filter localization in time or frequency.

FBMC has its own advantages that make it more efficient than others: Better spectrum shape,

better spectrum usage, reduced sides lobe, less OOBE, the signal transmitted without CP,

environmental robustness is high, and robustness to narrow band jammers and impulse noise

are all desirable [58]. As well as having benefits, it also has some limitations: High latency,

very narrow frequency, long filter length, and additional hardware are all required.

3.1.5 Universal Filtered Multi-Carrier

This is also a type of waveform that is used in 5G communication systems. It is a potential

waveform for wireless communication. Sometimes it is called unified filtering OFDM (UF-

OFDM). Some benefits of using the UFMC waveform are: High SE, support for short burst

transmission, a smaller amount of side lobe level, low latency, and no CP addition. Figure

3.8 below deals with the PSD of UFMC, which outperforms OFDM.

Figure 3.8: Comparison between OFDM and UFMC [59].
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F-OFDM: With minor differences, this waveform is similar to UFMC.

.
Figure 3.9: Sub band division in F-OFDM

In this type of waveform, the whole band is divided into multiple sub-bands, and each sub-

band has a different BW according to the user’s requirements. However, in UFMC, the

sub-carrier spacing was the same for each sub-band, whereas in F-OFDM, the sub-carrier

spacing is different in each sub-band to allow the user to use the spectrum efficiently. In this

type of waveform, CP is added in each sub-band to avoid ISI, and the length of CP is added

flexibly as required to avoid extra spectrum usage. Also, the IFFT is performed flexibly as

required by each user [60].

From MCM discussed in [43], the FBMC-OQAM outperforms FBMC-QAM due to its capa-

bility to overcomes the problem of ISI. As the summary of waveforms shows, the filter-based

waveforms have much better OOBE when compared to OFDM for 5G communication sys-

tems. FMBC has the best OOBE as compared to others, but it has higher computational

complexity. FBMC has the best immunity to ICI and is the most vulnerable to ISI. UFMC

and GFDM have better OOBE, but they have complexity and asynchronous transmission ca-

pability issues. While F-OFDM has a greater OOBE and a moderate level of complexity, it

is a good contender for flexible and asynchronous transmission scenarios.

3.2 Comparison Between OFDM, FBMC, UFMC, and GFDM

The OFDM is used as a reference for others to compare in this section. Depending on these

performance evaluations, others are compared in terms of PAPR, BER, PSD, and complexity.
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3.2.1 Comparison of FBMC With OFDM
As previously stated, FBMC and OFDM each have their own set of advantages and disad-

vantages.Under this portion, FBMC and OFDM are compared. In order to overcome the

limitation of the well-known waveform, which is OFDM, the FBMC is computed and com-

pared. In the case of OFDM, as it is known, there is reduced SE and strict synchronization.

CP results in a reduction of the SE in the case of OFDM. In the FBMC waveform, filters

(usually low-pass filters) are uniformly spaced and have a higher selectivity to achieve min-

imum cross-talk. OFDM suffers from poor spectral selectivity compared to FBMC. The

FBMC waveform overcomes the limitation of the OFDM waveform [21, 62].

In the FBMC, the prototype filter is the one used for zero-frequency carriers and is the basis

for the other sub-carrier filters. The filter is characterized by the overlapping factor, which

stands for the number of multi-carrier symbols that overlap in the time domain. The proto-

type filter order for FBMC is chosen for comparison and simulation purposes [63, 64, 65, 66].

In order to achieve full capacity in the case of FBMC, OQAM processing is used. In FBMC,

the real and imaginary parts of the complex data symbol are not transmitted at the same time.

The imaginary part is delayed by half the symbol duration. Figure 3.3 above deals with the

Tx and Rx of FBMC with OQAM.

FBMC provides SE and is a more selective system; CP is not needed in the case of FBMC,

and it provides robust narrow band jammers. The development of MIMO-based FBMC is

very limited and not trivial. To design wider BW and higher dynamic range system will have

more difficulty in achieving RF performance, and it is more complex compared to OFDM.

Even in the presence of complexity, FBMC outperforms.

There are some application areas of FBMC: In CR communications, multiple access net-

works, access to television white space, power line communication, and MIMO commu-

nication. Compared to FBMC, OFDM is more sensitive to the CFO, while FBMC is less

sensitive. Therefore, FBMC performs better with the increase in mobile consumers.

3.2.2 Comparison of UFMC With OFDM Waveform

Under this portion, UFMC and OFDM are compared in order to identify which one is suit-

able or efficient for 5G cellular networks. UFMC was one of the alternate waveforms to
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OFDM in the 3GPP RAN study phase I during 3GPP Release 14. As well known, there is

a loss of SE in the case of OFDM due to higher side lobes, as well as a strict synchroniza-

tion requirement; however, when compared to UFMC, the UFMC overcomes some of the

limitations of OFDM.

Here is a comparison between UFMC and OFDM with their corresponding parameters. In

the case of UFMC, the filtering is used to reduce the OOBE. It is important to note that in this

case, the entire band is filtered in filtered OFDM, whereas individual sub carriers are filtered

in FBMC, and groups of sub carriers (sub-bands) are filtered in UFMC. The sub-carrier

grouping in the case of UFMC allows the way to reduce the filter length (when compared

with FBMC). In this case, a Chebyshev window with parameterized side-lobe attenuation is

employed to filter the IFFT output per subband [67].

Figure 3.10: The transmit-end processing diagram of UFMC.

Figure 3.11: The receive-end processing diagram of UFMC.
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3.2.3 Comparison of GFDM With OFDM Waveform

This type of waveform is a multi-carrier modulation scheme with sufficient flexibility to

meet the requirements for 5G cellular networks. Unlike the OFDM waveform, the GFDM

waveform transmits M symbols per sub-carrier and is oversampled by N, where N >= K and

K stands for the number of sub-carriers. In this waveform, the pulse shaping filter is applied

to each sub-carrier. Finally, the sub-carrier signals are added together in order to form the

final waveform [68]. The mechanism for reducing OOBE in this type of waveform is to filter

each sub-carrier using a pulse shaping process.

Figure 3.12: The basic structure of the GFDM transmitter diagram.

Figure 3.13: GFDM Tx and Rx [69].

According to [70], there is a comparison between OFDM, GFDM, and FBMC. In compar-

ison, the FBMC is chosen as the more efficient advanced modulation. A list of parameters

and comparison results are listed in the table 3.1
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Table 3.1: Comparison between OFDM, GFDM and FBMC [70].

Parameters OFDM GFDM FBMC

SE Low High High

PSD Low Medium High

PAPR High Medium Low

Complexity Low High Medium

ACLR(Adjacent channel leakage ratio) Low − High

In general, the system capacity of a mobile communication system is directly related to the

BW efficiency of the modulation scheme. A fundamental upper bound on achievable BW

efficiency is stated by Shannons theorem. The theorem states: "For an arbitrarily small

probability of error, the maximum possible BW efficiency is limited by the noise in the

channel." This capacity is given by the equation below [45]:

ηB max =
C

B
= log2

(
1 +

S

N

)
(3.15)

Where C is the channel capacity in bps, B is the RF BW and S/N is the signal to noise ratio.

3.3 Introduction to NOMA Techniques in Emerging Wire-

less Systems

NOMA technology focuses on the fundamental idea that more than one user can be served in

each orthogonal resource block, for instance a time slot, a sub-carrier, a spreading code, etc.

In this technique, multiple users share allocated resources through PD. MA is used to maxi-

mize the throughput based on path capacity enhancements, channel error reduction, mobility

enhancement, and latency reduction using improved path switching control, and to mini-

mize handover interruption using re-transmission timeout control and improved device/UE

handover decisions.

In 5G, the benefits of optimization in cellular networks include boosting network perfor-

mance, satisfying diverse QoS requirements, saving energy, and reducing capital expenditure
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Figure 3.14: Classification of MA techniques

and operation expenditure.

Unlike OMA UEs, those in NOMA are allowed to simultaneously use the same sub-channel,

as shown in figures 3.16 and 3.18. To address the diverse demands for low latency, high reli-

ability, huge connections, increased fairness, and high throughput, NOMA is a key enabling

technology for 5G wireless networks. The major role of NOMA is to serve multiple users in

the same resource block, such as a time slot, sub-carrier, or spreading code. NOMA is also

one of the potential for radio access to address the increasing demands of mobile traffic.

NOMA has its own protocols. Its protocol can increase cell capacity, making it a very

promising MA technique among the different medium access control protocols for 5G mo-

bile communication. In OMA, in order to avoid interference, each user uses orthogonal

communication resources such as time slots, frequencies, or codes.

Figure 3.15: OMA resource distribution.

NOMA-based systems employ OFDM for MCM, which induces or produces a high PAPR.

This high PAPR makes conventional modulation-based NOMA systems spectrally and en-
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ergetically inefficient [71]. PD-NOMA and SIC are viable options with low-complexity

receivers. NOMA is forecast to play an essential role in the next generation of cellular

networks for both UL and DL transmission. In NOMA, the multiplexing of signals with dis-

parate power levels allows for the efficient use of SIC and point-to-point capacity, achieving

FEC codes. In many cases, NOMA can score significant performance gains over OFDMA

(OMA) when the power levels are sufficiently disparate. NOMA has resurfaced to emphasize

the importance of allocating more power to distant users in order for them to have acceptable

QoS.

In the case of NOMA, far users should be allocated enough power to reliably recover their

own messages directly by treating the other users’ information as noise. On the other hand,

the near user needs to first recover the message of the far user. Then it subtracts this message

from the received signal to recover its own message. The feature of NOMA is not only to

yield large throughput but also to ensure fairness for wireless communication networks. The

major idea of NOMA is to serve multiple users using the same resource in terms of time,

frequency, and space.

Figure 3.16: NOMA resource distribution.

Recent studies demonstrate that NOMA has the potential to be applied in various 5G com-

munication scenarios, including M2M communications and the IoT. There is some exist-

ing evidence of performance improvement when NOMA is integrated with various effective

wireless communication techniques, such as cooperative communications, MIMO, beam-

forming, space-time coding, network coding, FD, etc. In this thesis, NOMA integration with

modulation waveforms is discussed. With NOMA, all signals are added and separated at the

receivers by considering their different power levels.
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Figure 3.17: Shows how the given BW is used without the concept of NOMA.

The above figure 3.17 shows how the resources are allocated for the two users in FDMA. It

uses different BW for different users. But, in NOMA, the given BW is shared by the two

users with different power levels.

Figure 3.18: Shows that the frequency spectrum is utilized in case of NOMA.

In a NOMA system, the most crucial function at the transmitter is power allocation, followed

by SC, and at the receiver end, SIC. The overall system throughput and performance depend

on user clustering, the power allocation scheme, and the SIC at the receiver, which is ex-

pected to have minimal error. The main features of NOMA include its capability to support

a large number of new mobile connections and its high SE.

Using SC on the TX side and SIC on the RX side makes the system to utilize the same

spectrum for all users. At the transmitter side, all the individual information signals are

superimposed into a single waveform, whereas at the receiver side, the SIC decodes the

signals one by one until it finds the desired signal. For instance, figure 3.19 below illustrates

how the three signals are superimposed at the TX and decoded at the receiver side.

Figure 3.19: The SC at the Tx and SIC at the Rx in case of NOMA [72].
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In this case, the strongest signal at the SIC is decoded first, with other signals treated as

interference.The SIC iterates the process until it finds the desired signal. Simply put, SIC

can be defined in three steps:It detects other users’ text; it removes the other users text; and

it detects its own text.

In this thesis, advanced modulation-based PD-NOMA is discussed with the principle of SCI.

In SCI, the stronger interfering signals will be removed until the desired signal is obtained.
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Chapter4
PD-NOMA Based Advanced Modulation

scheme

4.1 Introduction to PD-NOMA Based Advanced Modula-

tion scheme for 5G Applications

The MA technique lies at the heart of cellular communication systems; it allows multiple

users to share resources. In the NOMA-based system, two users can share the same spectral

band, where each user has different power allocated to them. Beyond the multiplexing sig-

nals, there are different domains like PD, CD, and spatial domains, but in this thesis work,

PD-NOMA with FBMC-OQAM is proposed in order to support massive connectivity for 5G

applications.

The basic principle of PD-NOMA is that it can support multiple users in the same RB by

identifying them with different power levels. Therefore, this PD-NOMA supports more con-

nectivity and provides higher throughput with limited resources. PD-NOMA is the simplest

type of NOMA, which assigns a different power level to each user. Fixed and dynamic power

allocations (FPA and DPA) are two categories for power allocation in PD-NOMA. FPA is

the simpler of the two divisions, but DPA is better suited to mobile environments than FPA

[80].

PD-NOMA is very important in 5G cellular networks. In NOMA, the capacity region of

DL is known, enabling us to find the optimum power allocation. NOMA can also improve

user fairness in a smooth and optimal way through flexible power allocation. This type of

NOMA serves several users with the same frequency and time resources, but with different

power levels according to the channel conditions. In PD-NOMA, the proper power allocation

among mobile users is another major problem in NOMA-based wireless networks. The basic

operation of PD-NOMA includes the SC technique to combine the transmit signals and the

SIC technique to separate the signals at the receiver.

The main attractive point of PD-NOMA is that it has a simple implementation. PD-NOMA
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is implemented on existing networks without modifying the network infrastructure. PD-

NOMA does not need additional BW in order to improve SE, unlike CD-NOMA. The main

advantages of PD-NOMA are that it has a high SE and is compatible with other techniques.

The PD-NOMA is considered as strong for use in 5G applications. PD-NOMA guarantees

that several users are served with the same resources using SC methods at the transmitter and

SIC at the receiver [81]. One of the attractions of using PD-NOMA is that it can be used in

combination with the UL MU-MIMO scheme in order to further overload resources. At the

BS, the UE with a much higher received power is decoded first by treating the other UEs as

noise [82].

Figure 4.1: Principle and Block diagram of OFDM based PD-NOMA scheme for two users

[82].

Figure 4.2: DL transmission of PD-NOMA [73].
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4.2 Combination of Efficient Advanced Modulation With

PD-NOMA

Under this section, efficient modulation waveform and PD-NOMA are combined in order to

produce efficient power and spectrum as well as low PAPR, low OOBE, and low side lobe

for 5G applications. FBMC is applicable in many application areas, like CR and others. The

FBMC has negligible frequency spectrum leakage, which makes it robust to interference

resulting from frequency offset.

The use of FBMC with CR can have a powerful effect on the ICI resulting from timing

offset; this can maximize the total information rates and mitigate the interference constraint

between PU and SU because of the low spectral leakage of its prototype filter. Also, using

FBMC with PD-NOMA increases the system SE and reduces OOBE. The other thing is that

FBMC is a type of multicarrier waveform that meets the NOMA performance requirements

with a simple configuration. Its simple complexity makes it suitable for use with NOMA.

It is also suitable for use when the efficiency of the cellular network is required. FBMC

have lower spectral side lobes compared with the OFDM, UFMC due to the employment

of pulse shaping filters, which means that the FBMC have ability to adjust parameters and

asynchronous transmission.

After analyzing and comparing different types of waveforms, FBMC/OQAM is selected

as an efficient waveform, and it is integrated with PD-NOMA. In the case of FBMC, the

ISI problem due to the overlapping of time symbols is solved due to OQAM modulation.

This thesis focuses on the enabling technology of 5G, which is the new air interface and

specifically the efficient modulation scheme.

The GFDM waveform is non-orthogonal by nature [33], but system complexity matters for

this waveform in 5G cellular networks. In this thesis, FBMC/OQAM is selected for its low

latency, low PAPR, low OOBE, and low ACLR. This waveform also has a flexible transceiver

design. The FBMC/OQAM waveform is useful in many application areas, such as FD radio

and CR.

FBMC is one of the efficient waveform inorder to satisfy the demands of future cellular net-
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works. This type of MCM uses a prototype filter with a lower side lobe and faster spectral

decay, which enables it to have the advantages of reduced OOBE and higher SE. FBMC mod-

ulation with offset performs much better. Furthermore, FBMC and OQAM have the highest

symbol density, which is defined as the time frequency spacing of TF = 1 for complex-valued

symbols. While in OFDM-based schemes, symbol density is lower (TF > 1), additionally

worsening the SE. FBMC also increases the throughput. FBMC performs much better and

has the additional advantage of a maximum symbol density, TF=1 (complex).

Figure 4.3: PSD of different modulations [5].

In terms of throughput, FBMC has a higher throughput than OFDM at 14 MHz. For high

signal-to-noise ratio (SNR) values, the throughput of FBMC is approximately 30 percent

higher than that of OFDM.

Figure 4.4: Comparison of throughput between FBMC and OFDM [5].

43



This type of MCM can also avoid ICI and ISI terms without the use of CP due to the use

of per-subcarrier filtering (prototype filtering). The use of well-localized prototype filters

enables the FBMC/OQAM system to have a lower OOBE when compared with other types

of MCM. It uses multicarrier techniques that are immune to fading caused by transmission of

more than one path at a time and also immune to ISI, besides being able to function compared

to OFDM [83].

4.3 System Model
Under this portion the modeling of the system discussed for efficient modulation based PD-

NOMA. The received signal of mth user at kth subcarrier given that the transmitted symbol

of Sm,k. Under the modeling of a DL NOMA two users served in the single cell by single

BS antenna. This single BS can serve two users UE1 and UE2 using the same resource

block with different power levels. The BS transmits a combined signal X after superposition

coding to both users. It can be modeled as below:

Figure 4.5: Modeling of advanced modulation-based PD-NOMA for DL cellular networks.

This proposed model of FBMC-OQAM replaces the complex orthogonality condition with

the less orthogonality condition.

R {⟨gl1, k1(t), gl2, k2(t)⟩} = δ(l2−l1),(k2−k1) and works in the principle of listed below:

Design a prototype filter with p(t) = p(-t) which is orthogonal for a time spacing of T = To

and a frequency spacing of F = 2/To, leading to TF = 2. Reduce the time frequency spacing

by a factor of two each, that is T = To/2 and F = 1/To, leading to TF = 0.5. The induced

interference is shifted to the purely imaginary domain by the phase shift

θl,k = π/2(l + k)
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The big advantage of FBMC when compared with other non-orthogonal schemes is that the

imaginary interference can easily be canceled simplify by taking the real part after equaliza-

tion.

Figure 4.6: Relationship between the user and the channel gains.

In the above model X at the transmitter is the combination of both message of UE1 and UE2

which is represented as below equation [84].

X = x1 + x2 (4.1)

Where

Xi =
√

PiSi, (i = 1, 2) (4.2)

Both signals at the transmitter identified by the power allocated to them.

X1 =
√

P1S1, X2 =
√

P2S2 (4.3)

From the figure: 4.6 UE1 is nearest to the BS compared to the UE2. For this case UE1

has strong signal with better channel conditions. For this reason large power is assigned to

UE2 and small power is assigned to UE1. At the receiver side UE1 receives Y1 which is

represented by the below equation:

Y1 = h1 (x1 + x2) + n1 (4.4)

and UE2 receives Y2 which is represented as the equation below.

Y2 = h2 (x1 + x2) + n2 (4.5)
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The system model at the receiver side is represented by the below equation: y1

y2

 =

 hn,1

hn,2

 ·
(√

P1S1 +
√

P2S2

)
+

 nn,1

nn,2

 (4.6)

[hn,1hn,2]
T stands for channel path gains corresponding to each reflected path in case of multi

path channels. And [nn,1nn,2]
T stands for AWGN corresponding to each receiver side.

ym,k = HH
m,k

√
Pnsm,k +HH

m,k

√
Pnsm,k + nk (4.7)

The above equation indicates the general overall received signal of mth user at kth sub-

carrier with the given transmitted symbol of sm,k. The term HH
m,k

√
pmsm,k is the desired

symbol while the term HH
n,k

√
Pnsn,k is interference from another user.

FBMC Based PD-NOMA Downlink

In case of two users the base station creates a superposed signal containing data of both users

xs =
√
a1ρsx1 +

√
a2ρsx2 (4.8)

Where a1, a2 are function of total power given to user 1 and user 2 . In order to satisfy power

constraint in PD-NOMA the below equations holds:

a1 + a2 = 1 (4.9)

ρs = Ps/σ
2 (4.10)

Where Ps is total transmit power and σ2 is the variance. While the received signal at user i

is given as the below equation:

yi = hixs + ni where ni ∼N (0, 1) (4.11)

At user 1 the received signal is given by the equation below:

y1 = h1 (
√
a1ρsx1 +

√
a2ρsx2) + n1 (4.12)

The SINR for decoding x1 at u1 is given by the below equation

Υ
(x1)
(u1)

=
(a1ρs|h1|2)

(a2ρs|h1|2 + 1)
=

(a1ρsβ1)

(a2ρsβ1 + 1)
(4.13)
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Where β1 = |h1|2 and the pdf of β1 is given as

fβ1(β1) =
1

σ2
1

e
− β1

σ2
1 , β1 ≥ 0 (4.14)

At user 2

y2 = h2 (
√
a1ρsx1 +

√
a2ρsx2) + n2 (4.15)

The SINR for decoding x1 at u2 is given by the below equation

Υ
(x1)
(u2)

=
(a1ρs|h2|2)

(a2ρs|h2|2 + 1)
=

(a1ρsβ2)

(a2ρsβ2 + 1)
(4.16)

After decoding the first user and cancelling interference

y2 = h2
√
a2ρsx2 + n2 (4.17)

The SINR for decoding x2 at u2 is given by the below equation

Υ
(x2)
(u2)

= a2ρs|h2|2 = a2ρsβ2 (4.18)

Where β2 = |h2|2 and the pdf of β2 is given as

fβ2(β2) =
1

σ2
2

e
− β2

σ2
2 , β2 ≥ 0 (4.19)
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In the case of PD-NOMA users with better channel conditions get less power. In the PD-

NOMA, power allocation strategies play an important role in the capacity enhancement of

the 5G mobile communication systems. Using efficient interference management is used to

improve the cellular network’s capacity. SIC, the most promising IC technique in wireless

cellular networks, is one of the efficient methods of interference management. According to

this principle, the signal with the strongest signal is decoded first.

Figure 4.7: SIC [73].

Figure 4.8: Multi-access schemes for two user scenario NOMA and OMA (OFDMA) [75].
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In the above figure 4.8 single cell DL scenario considered with a single BS, and N users Ui,

with i ∈ N = {1, 2}, and all terminals are equipped with a single antenna. The channels in

this scenario are sorted as the equation below [19]:

|h1|2 > |h2|2 (4.20)

Equation 4.20 implies that user Ui always holds the ith weakest instantaneous channel.

4.4 Achievable Sum Rate and Power Allocation

4.4.1 Achievable Sum Rate

The throughput and achievable sum rate capacity of MA schemes could be efficiently max-

imized by using advanced modulation with PD-NOMA, which is the key parameter for the

fifth generations of cellular communications. Interference in NOMA is controllable by non-

orthogonal resource allocation [76]. The principle for NOMA with SIC is that user 2 first

performs SIC to decode the signal for user 1, since the channel gain of user 2 is greater than

that of user 1, because of the near user and far user. The decoded signal is then subtracted

from the received signal of user 2. This resultant signal is eventually used to encode the

signal for user 2. For user 1 SIC is not executed and user 1 is directly decoded. For NOMA

users, the achievable data rate for users 1 and 2 is given by the below equations [19]:

R1 = log2

(
1 +

P1 | h1|2

P2 | h1|2 + σ2
n

)
(4.21)

R2 = log2

(
1 +

P2 | h2|2

σ2
n

)
(4.22)

Where for OMA, the achievable data rate is given by the equations below:-

R1 = α log2

(
1 +

P1 | h1|2

σ2
n

)
(4.23)

R2 = (1− α) log2

(
1 +

P2 | h2|2

σ2
n

)
(4.24)
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Figure 4.9: Capacity regions of NOMA and OMA for downlink [19].

The NOMA cellular system components are:

i. Multi-user grouping means deciding which users should be grouped together to deploy

NOMA.

ii. Recourse allocation (it may be power, code, etc.); for instance, in the PD-NOMA case,

users with large power differences are favorable.

iii. SIC or MUD interference cancellation techniques to remove the controlled NOMA addi-

tions.

Some of the possible benefits of using NOMA are:

Massive connectivity exists while OMA is limited by the number of orthogonal resources,

but NOMA is not. NOMA supports an unlimited number of users. In terms of latency, OMA

waits for available resource blocks to transmit, which is accomplished by waiting for an

access grant, whereas NOMA can support flexible scheduling and grant free transmission.

Therefore, NOMA has lower latency than OMA. In terms of improved SE (bps/Hz), every

NOMA user can utilize the entire BW, whereas an OMA user can utilize a limited amount.

The data rates of properly grouped users can be increased when compared to OMA [5].50



4.4.2 Power Allocation

Multiple access technology in 5G cellular networks, especially PD-NOMA, is expected to

significantly improve system performance. NOMA uses power in order to serve its users.

Power is also a focal point in this thesis.

4.4.3 Proposed Algorithm for Resource Allocation

For this thesis work, an appropriate algorithm is proposed that maximizes the throughput and

minimizes the number of blocked or unserved users. The combined resource allocation al-

gorithm is known as positioning, clustering, and resource allocation (PCRA). This algorithm

follows four different steps: (1) It determines the position of all UEs; (2) It clusters the UEs

based on geographical distribution into near and far UEs. (3) it associates user pairing, and

(4) it distributes resources. The algorithm below introduces the steps listed above.

Algorithm: PCRA algorithm

Step 1: Initialize: RU = 0, is the index of the last RB used,

US = 0, is the number of served users,

UB = 0, is the number of unserved users,

Ṙ = 0, is the overall system throughput,

Step 2: Positioning:

2a: Receive the requests from all covered users,

2b: Calculate the position of each user u (xu, yu) where,

xu = xα ± du,α cos(φ), yu = yα ±
√
d2u,α − (xα − xu)

2 − h2

Step 3: Clustering & Association:

3a: Split the users into two groups (near, far) according to their positions away from the

transmitter.

3b: Sort each group members in ascending order based on their position.

3c: Construct the NOMA pair by selecting one user from each cluster that has the same order
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3d: Calculate the distance between each pair dup,

dup =

√
(xn − xf )

2 + (yn − yf )
2 ≥ dmin

3e: If (dup < dmin) then, 3e1: Remove one user from a cluster alternately, 3e2: return to

Step 3b

3f. Register highest required rate in each pair Rum .

3g calculate the required resource blocks for each pair,(
Rup =

[
Rutt

Ry

])
.

3h: Distribute the power between the pair users

(near, far ) = (β, (1− β))PsRp

3i Calculate SINR for each user

Rl = S +Bs log2

(
1 + SINR1

)
,

Rh = S ∗Bs log2

(
1 + SINRh

)
,

3j: NOMA will serve the weers with SINR ≥ 14 dB, and the others will be served individu-

ally.

3k : UP = mumber of pair users.

3k: Case select

(1) Minimizing unserved users go to step 4

(2) Maximizing throughput go to step 5

Step 4: Resource allocation (minimize unserved users):

4a: Sort the pair users in ascending order based on the required data rate.

4b: WHILE (RU ≤ S && US ≤ UP )

4b1: serve the pair users that required lowest Rup .

4b2: Update RU = RU +Rup .

4b3: Update US = US + 1.
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4b4: Remove the served users of the list.

4c: Calculate UB = UP − US.

4d: Calculate R =
∑

Actual rate of served users.

Step5: Resource allocation (Maximize Throughput):

5a: Sort the pair users in descending order based on the required data rate.

5b: WHILE (RU ≤ S && US ≤ UP )

5b1: Serve the pair users that required highest Rup

5b2: Update RU = RU +Rµp.

5b3: Update US = US + 1.

5b4: Remove the served users of the list.

5c: Calculate UB = UP − US.

5d: Cakulate R =
∑

Actual rate of served users.

END

The above algorithm can be summarized as below:

Positioning: It is used to determine the location of mobile user with in the coverage area of

the access point. The UE position (xu, yu) can be given by the figure 4.10 below:

Figure 4.10: The schematic diagram of positioning system.
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xu = xα ± du,α cos(φ) (4.25)

yu = yα ±
√

d2u,α − (xα − xu)
2 − h2 (4.26)

Where xα and yα are coordinate of APα, du,α the distance between APα and UEu,φ is the

incident angle to PD, and h is the vertical distance between AP and UE

Clustering and Association: In case of multi user PD-NOMA user clustering or user pair-

ing is an important power allocation algorithm among the users [85]. For multi users after

allocating the position of all UEs they are sorted in ascending order based on their distance

from the BS or AP then divided them in to two clusters (near, far). Clustered PD-NOMA

increases capacity and throughput [86].

Figure 4.11: Number of associated users with BS vs. max throughput [86].

The distance between pair users in the two clusters can be calculated as the equation below:

dup =

√
(xn − xf )

2 + (yn − yf )
2 ≥ dmin (4.27)

Where xn, yn are the coordinates of near users, and xf , yf are the coordinates of far users.

The system capacity and performance of FBMC based PD-NOMA system can be greatly

improved by using the proper user clustering strategy. The absence of user clustering in
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PD-NOMA system increases the system overhead for error propagation. In order to avoid

such overhead user clustering can be utilised to improve the capacity and efficiency of PD-

NOMA.

Through user clustering the power distribution among users becomes an easy assignment.

In clustering the total number of clusters (C) equals or less than half of the total number

of users (C ≤ N/2). Each PD-NOMA cluster can have a minimum of two users and a

maximum of N /2 users. Different steps in order to distribute users among clusters:

(1) Make C clusters with C ≤ N/2

(2) Select a minimum number of users in each cluster to reduce intra-cell interference

(3) Each group must contain users with a maximum distance separation

Resource Allocation:- In PD-NOMA the resource allocation technique should satisfy the

QoS under the constraints of power and bandwidth which maximizes the frequency reuse in

PD-NOMA.

4.5 SE and EE Manipulations of PD -NOMA

The SE of an encoding or decoding scheme is the average number of bits of information per

complex-valued sample that it can reliably transmit over the channel under consideration. It

is the optimal use of spectrum or BW so that the maximum amount of data can be transmit-

ted with the fewest transmission errors. In cellular networks, SE equates to the maximum

number of users per cell that can provide an acceptable QoS. It is measured in bits per hertz

(Hz) per cell.

4.5.1 Evaluation of FBMC-Based PD-NOMA Interms of EE

The EE of a cellular network can be defined by its performance divided by its energy con-

sumption, where the definition of performance depends on the network entity it applies to.

For a unit of energy consumed by the cellular network, the higher its performance is, the

higher its EE is. It demonstrates the efficiency of advanced modulation-based PD-NOMA

for 5G cellular networks. From the PD, radio components (RCs), for instance, power am-

plifiers and radio frequency components in BSs and UEs, dominate the power consumption.

Considering the EE as the performance metric of interest, it can be defined as the ratio be-

tween throughput in bits per second per cell and the total power consumption in watts per
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cell as below [77]:

EE =
Throughput(bit/s/cell)

Powerconsumption(w/cell)
=

R

Υ
(4.28)

Υ Consists of the effective transmitted power ETpower and the circuit power consumption

Cpower . The ET power takes the efficiency of power amplifier [ξ in consideration, such that

γ = ETpower + Cpower (4.29)

ETpower =
1

ξ
ΣU

u=1qu (4.30)

Where qu is the BS transmitted power to user U. The circuit power consumption Cpower is

the sum of different components according to [77]. Also Cp power represents encoding and

decoding pcod/dec power consumed by the signaling of back haul bh and power consumed by

digital signal processing psp.

Cpower = Pfix + Ptc + Pce + Pcod /dec + Pbh + Psp (4.31)

Where Pfix is the load independent power of infrastructure and power of control signaling,

Ptc is the power consumed by transceiver chains which is given by the equation below:

Ptc = APBS + Plo + UPUE (4.32)

Where PBS is the power to operate the circuit components of the Bs, Plo is the power con-

sumed by local oscillator.PUE is, the user equipment power. While Pcod / dec is the power

required to encode and decode throughput.

Pcod

pdec
= (Pcod + Pdec)R (4.33)

Or in terms of bit/joule the energy efficiency can be defined as the below equation [78]:

EE (bit/joule) =
Datarate (bit/s)

Energyconsumption (joule/s)
(4.34)

The SINR is also the primary parameter used to assess how effectively the signal arrived at

the receiver. It is defined as follows:

SINR =
PR∑

i Pi + Pz

(4.35)
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PR is the received power,
∑

i Pi is the sum of the interfering signals, and Pz is the noise

power.

PAPR:The peak factor is a measurement characteristic of a signal. It is usually correlated

with Peak-to-Average Power Ratio which implies the r/p b/n power peak and average power.

PAPR is one aspect of performance needed to be considered in 5G. Mathematically defined

as below [59]:

PAPR =
Peak Power

Average Power
(4.36)

In terms of PAPR the one with high PAPR needs more powerful amplified whereas the one

with low PAPR needs less power amplifiers. Due to simplified structure in terms of PAPR

the FBMC is best compromise compared to UFMC and OFDM. The SE for three waveform

[bit /s/Hz] is given by the below mathematical equation [79]:

ηOFDM =
m ∗NFFT

NFFT +NCP

(4.37)

ηFBMC =
m ∗ S

S +K − 1
2

(4.38)

ηUFMC =
m ∗NFFT

NFFT + L− 1
(4.39)

The best spectral localization is obtained with the use of FBMC-OQAM also SE is high for

FBMC. Spectral efficiency of OFDM PD-NOMA can be expressed as the equation below by

combining equations 4.21,4.22 and 4.37:

ηOFDMPD−NOMA =
m ∗NFFT

NFFT +NCP

∗

(
log2

(
1 +

P1 | h1|2

P2 | h1|2 + σ2
n

)
+ log2

(
1 +

P2 | h2|2

σ2
n

))
(4.40)

whereas for UFMC-PDNOMA its spectral efficiency given by the equation below by com-

bining 4.21,4.22 and 4.39

ηUFMCPD−NOMA =
m ∗NFFT

NFFT + L− 1
∗

(
log2

(
1 +

P1 | h1|2

P2 | h1|2 + σ2
n

)
+ log2

(
1 +

P2 | h2|2

σ2
n

))
(4.41)

whereas for FBMC-OQAM-PD-NOMA its spectral efficiency given by the equation below
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by combining 4.21,4.22 and 4.38

ηFBMC−OQAMPD−NOMA =
m ∗ S

S +K − 1
2

∗

(
log2

(
1 +

P1 | h1|2

P2 | h1|2 + σ2
n

)
+ log2

(
1 +

P2 | h2|2

σ2
n

))
(4.42)

4.6 Outage Probability
The outage probability refers to the scenario when rate of user is lower than the desired rate.

Let R1, R2 denotes the desired rate of user 1 and user 2 . Now let us derive the probability

of outage for user 1 Rate of user 1 is given by [87, 88]:

Cx1
u1

= log2

(
1 + γx1

u1

)
< R̂1 (4.43)

γx1
u1

=
a1ρsβ1

a2ρsβ1 + 1
< 2R̂1 − 1 = R1 (4.44)

β1 <
β1

(a1 − a2R1) ρs
(4.45)

Outage probability for user l is given by [87, 88]

Pr

{
β1 <

R1

(a1 − a2R1) ρs

}
(4.46)

=

∫ R1
(a1−a2R1)ρs

0

fβ1 (β1) dβ1 (4.47)

= 1− exp
(
− R1

σ2
1 (a1 − a2R1) ρs

)
(4.48)

Probability of outage user 2

User 2 decoding fails if either decoding of x1 or x2 fails

Probability of outage user 2 is given by [87, 88]:

Pr

{
Cx1

u1
< R̂1 ∪ Cx2

u2
< R̂2

}
(4.49)

Cx1
u2

= log2

(
1 + γx1

u2

)
< R̂1, Cx1

u1
< R̂2 (4.50)

⇔ a1ρsβ2

a2ρsβ2 + 1
< 2R̂1 − 1 = R1 ⇒ log2

(
1 + γx1

u2

)
< R̄2 (4.51)

⇒ β2 <
R1

(a1 − a2R1) ρs
⇒ a2ρsβ2 < 2β2 − 1 = R̃2 (4.52)

58



⇒ β2 <
R2

a2ρs
(4.53)

On solving, outage occurs if

β2 < max
{

R1

(a1 − a2R1) ρs
,
R2

a2ρs

}
(4.54)

Pr

{
β2 < max

{
R1

(a1 − a2β1) ρs
,
R2

a2ρs

}}
(4.55)∫ max

0

{
R1

(a1 − a2R1) ρs
,
R2

a2βs

}
fβ2 (β2) dβ2 (4.56)

1− exp
(
− 1

σ2
2

max
{

R1

(a1 − a2R1) ρs
,
R2

a2ρs

})
(4.57)

Outage probability for two users NOMA vs FBMC-PD-NOMA has been discussed in the

above section with the behavior of outage probability vs SNR for NOMA and FBMC-

PDNOMA. Different parameters are:

σ2
u2r = 2, a1 = 0.2, a2 = 0.8, ρs = ρr, R̂1 = 3, R̂2 = 0.5

bps

Hz
and ku = ru = 60

The channel capacity of NOMA is given by the equation below:

CPD−NOMA = B log2

(
1 +

PTx

Pz + Pint

)
(4.58)

Where PTx is the transmission power, Pz is the noise power, and Pint is the interference

power

4.7 Computational Complexity
This section deals with the complexity of the system. In MCM the computational completx-

ity of the system is evaluated in terms of multiplications and additions in the given equation.

Complexity highly depends on the number of multiplication operations. Under this section

the computational complexity of three advanced modulations are discussed with the concept

of PD-NOMA for 5G applications.

The computational complexity of OFDM is given by the equation below [89, 91] :

COFDM = 2MFFT (N) + 4(N + LCP ) + 4No (4.59)
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The above equation is for the multiplication.

Also the comutational complexity of FBMC/OQAM for PPN is given by the equation below

for multiplication [90, 91] :

CFBMC/OQAM = 4MFFT (N) + 8NK + 4No(1 + Leq) (4.60)

For UFMC the computational complexity of the system is given by the equation below for

multiplication [90] :

CUFMC = MFFT (2N) + 4No (4.61)
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Chapter5
Result and Discussion

Here, the simulation results are provided to validate the most efficient advanced modulation

techniques for 5G applications. Also, the simulation results provide PD-NOMA with effi-

cient advanced modulation in terms of SE, BER, PSD, OP, capacity, and EE, as well as the

advantages of efficient advanced modulation over conventional modulation techniques. For

comparison purposes, the simulation parameters of FBMC and UFMC are highlighted in the

table 5.1.
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Table 5.1: Parameters for FBMC and UFMC

Name of parameters of FBMC Values

Number of FFT 1024 and vary

Symbol Mapping 4,16,64 and 256QAM

Number of Guards 212

K 4

Number of symbols 100

Bits per sub carrier 2

SNR dB 30

Name of parameters of UFMC Values

Number of FFT 1024 and vary

Sub band size 20

Number of sub bands 10

Sub band offset 156

Dolph chebyshev window design parameters Values

Filter length 43

Side lobe attenuation 40 dB

Bits per sub carrier 4

CP of OFDM Length 43

Bw dB 5MHz

Total Transmit power 40dBm

Power coeifficients of a1and a2 0.2 and 0.8

62



5.1 FBMC, OFDM, and UFMC Interms of PSD

PSD deals with the variations of energy as a function of frequency. It shows which frequency

variations are strong and weak. Side lobe variation is also determined by using the PSD

concept. The interferences of side lobe radiation in advanced modulations are the focus

considerations. Here in the figure 5.1, the PSD of the FBMC, OFDM, and UFMC are

Figure 5.1: Spectrum of FBMC, OFDM, and UFMC in terms of PSD.

plotted in order to identify which have low OOBL and which have high OOBL. From the

matlab simulation result, it has been determined that the FBMC waveform has a low OOBL

while the OFDM waveform has a high OOBL. The OFDM waveform used in the above

comparison fully occupied the given band. According to the comparison of OFDM and

FBMC, the FBMC has lower side lobes while the OFDM has higher side lobes, resulting in

lower utilization of the given spectrum.Having lower side lobes of FBMC allows for higher

utilization of the given spectrum, which also leads to increased SE.

UFMC and OFDM are compared in that UFMC has a low side lobe and a low PAPR. In

contrast, OFDM has a high PAPR, a high OOBE, and a large side lobe value. Specifically

for the above-given parameters in the table, the PAPR for UFMC is 8.2379dB. The PAPR

of OFDM is 8.884 dB. BER = 0 at SNR = 15 dB for UFMC reception as well. Having

a lower side lobe of the UFMC allows for efficient utilization of the allocated spectrum.

Therefore, effective spectrum use results in enhanced SE. In the above figure, it shows that

the PSD for OFDM is around -30 dB, the PSD for UFMC is around -100 dB, whereas for
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FBMC it is equal to around -325dB. Therefore, there is a lot of OOBE power leakage in the

case of OFDM compared to UFMC and FBMC. High OOBE reduces the QoS transmitted.

The OOBE must be sufficiently low in order to efficiently support different use cases within

the same band. Also, low OOBE reduces the synchronization requirements. This effect is

reduced by using advanced modulation in FBMC and OQAM-based PD-NOMA.

5.2 EE of FBMC, UFMC and OFDM

Energy efficiency is another important parameters for 5G waveforms. In this section the ef-

ficieny of energy considered with the total transitted power. Spectral leckage determines the

effect of energy efficiency of 5G communication systems. The energy efficiency depends on

the application. FBMC is an efficient waveform for applications which require high spectral

efficiency, such as cellular networks, cognitive radio and satellite communications. UFMC

is an efficient waveform for applications which require low latency and/or low complexity,

such as wireless local area networks. OFDM is an efficient waveform for applications which

require high data rates, such as broadband wireless access. From the three waveforms con-

sidered in this thesis work OFDM has the worst performance among all the three waveforms

due to its significant spectral leakage. Whereas, FBMC and UFMC have similar performance

due to their similar interference. As a reult shows, the less the spectral leakage is, the higher

energy efficiency can be achieved.

Figure 5.2: FBMC, OFDM, and UFMC in terms of EE.
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Interms of EE versus SE the FBMC outperforms both OFDM and UFMC for large burst

which ranges from 0 to 180ms which was shown in fig 5.3b of SE. The value of CP and filter

length are 43 while the value of N=512 EE vs SE. the simulated result is shown as fig 5.3 a

and b for short and larg burst duration.

Figure 5.3: FBMC, OFDM, and UFMC in terms of EE vs SE.
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5.3 BER of FBMC, UFMC, and OFDM

BER is one of the most important metrics to measure the modulation waveforms for 5G ap-

plications. Taking OFDM as a reference and comparing the BER of FBMC vs OFDM vs

UFMC. In this simulation, the BER for OFDM, UFMC and FBMC. OFDM system has CP,

Figure 5.4: FBMC, OFDM, and UFMC in terms of BER.

which reduces the performance and modulation scheme is QAM, and number of subcarriers

1024, while FBMC is modulated with OQAM and no CP is used for the same subcarriers

number. The simulation result indicate that FBMC performs better than OFDM and UFMC

in wireless mobile channel. Due to the absence of the cyclic prefix, the FBMC has better SE

than the OFDM for increasing SNR. Also no CP for UFMC Fig.5.4 indicates that FBMC has

lower BER for the range of SNR [0 : 30 dB ].

Despite its high transceiver complexity resulting from the large filter length puts FBMC/OQAM

with PPN on the second complex next to OFDM as shown in the figure 5.14 below, but the

FBMC exhibited low OOBE, low BER, and the most optimal spectral efficiency owing to

OQAM modulation. Therefore, it is the most suitable for both eMBB and URLLC applica-

tions. Additionally, UFMC is suitable for mMTC applications owing to its short data burst.

The figure 5.5 shows the SE of the three waveforms for FBMC, OFDM, and UFMC. This

result is generated by varying the duration of the burst from 0 to 30. Since the numbers for
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Figure 5.5: Shows the spectral efficiency of FBMC vs UFMC vs OFDM.

CP and filter length are equal, the UFMC and the OFDM overlap each other over the given

burst. From the result, it is observed that the FBMC SE increases with an increase in the

duration of bursts. It is greater than the other two if the duration of the burst is larger. For

larger burst the spectral efficiency of FBMC is greater as it is shown in figure 5.6 below.

Figure 5.6: Shows the spectral efficiency of FBMC vs UFMC vs OFDM for larger burst.
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FBMC-OFDM: Prototype filter comparison

Having different values of prototype filter the OFDM and FBMC have been analyzed

Figure 5.7: Having different values of prototype.

Figure 5.8: Increasing the value of k from 2 to 4.

As the value of k goes from 2 to 4 it becomes more linear and the out of band is also reduced

5.4 Outage Probability

The below simulation result shows the OP of FBMC based PD-NOMA and non FBMC based

NOMA for 5G applications evaluated. The two users are located at different locations user 1
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Figure 5.9: Outage probability of FBMC-PD-NOMA.

is far from BS and user 2 is near to BS. The one with the lowest OP performs the best. Figure

5.9 shows the OP of two users versus the SNR for FBMC based PD-NOMA and NOMA

without FBMC. In terms of outage probability for two users, the FBMC-based PD-NOMA

outperforms compared to NOMA without FBMC or OQAM in both cases for user 1 and user

2. The simulation result shows that the lowest OP means the best performance.

5.5 Sum Rate

The simulation result below shows that the sum rate of different parameters for 5G applica-

tions.

Figure 5.10: Sum rate versus total number of users.
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5.6 Capacity

In 5G communication, the capacity of the system is limited by interference. PD-NOMA

with FBMC/OQAM reduces the effect of interferences. The Matlab simulation shows the

simulated results in terms of interference. It is known as in the case of high interference the

logarithimic capacity of the system decreases specially for OFDM-PD-NOMA it is very less

compared to FBMC PD-NOMA and UFMC PD-NOMA.

Figure 5.11: Capacity of FBMC, OFDM, and UFMC using NOMA in high interference.

Figure 5.12: Capacity of FBMC, OFDM, and UFMC using NOMA in low interference.

According to the simulation results, high interference reduces the channel’s capacity. even

if the one with FBMC performs better. In low interference cases, the interferer transmits

at lower power and the highest power level is assigned to the NOMA user. The channel
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capacity is increased when PD-NOMA is used with effective advanced modulation. As a

result, FBMC/OQAM-based PD-NOMA is the one that significantly increases channel ca-

pacity. In the case of PD-NOMA-FBMC/OQAM, by using OQAM, the full capacity of the

transmission can be achieved while PD-NOMA and FBMC/OQAM are combined or inte-

grated together. From the result of figure 5.11 the maximum capacity value obtained for

FBMC/OQAM based PD-NOMA is eight times greater than UFMC based PD-NOMA and

fourty times greater than OFDM based PD-NOMA. From figure 5.12 in case of low inter-

ference FBMC/OQAM based PD-NOMA capacity is 3.5 times greater than OFDM based

PD-NOMA and 0.05 times greater than UFMC bsaed PD-NOMA. From the simulation re-

Figure 5.13: Capacity versus SNR.

sult in terms of capacity versus SNR NOMA-FBMC outperforms NOMA-OFDM. Therefore

FBMC based PD-NOMA increases the capacity when compared with the other type of mod-

ulation based PD-NOMA.

5.7 Computational Complexity

In this section a comparision of computational complexity for different waveforms with PD-

NOMA performed. The below simulated result is obtained by considering low complexity

of FBMC/OQAM with PPN as it is discussed in chapter 3 and chapter 4 for two classes

of FBMC (i,e FS-FFT and PPN-FFT).Computational coplexity focuses the number of op-
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erations at the transmitter and at the receiver. In section 4.7 the computational complexity

formula of FBMC/OQAM for PPN, OFDM and UFMC are given. For three advanced mod-

ulations with PD-NOMA the size of N = 1024. The PPN filter bank multicarrier allows a

high complexity reduction introduced by extra filtering operations at both the Tx and at the

Rx. From the simulation result the complexity of FBMC/OQAM for PPN is greater than

the complexity of OFDM because of filtering operation and many tap equalizers for interfer-

enceand it is less than the complexity of UFMC. Also the complexity of UFMC is greater

than that of both OFDM and FBMC/OQAM PPN.

Figure 5.14: Computational Complexity of FBMC/OQAM, UFMC and OFDM
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Chapter6
Conclusion and Recommendations

6.1 Conclusion

In this research works, the performance evaluation of PD-NOMA combined with advanced

modulation techniques for 5G cellular networks applications has been presented. The pro-

posed combined scheme allows two users simultaneously to be multiplexed over the shared

resource blocks by using power allocation strategies to enhance the performance of the sys-

tem.

The simulation results reveals that, the combined techniques increases the overall system

throughput when the FBMC and UFMC were used. Besides, the FBMC has a higher through-

put than OFDM because of its higher usable bandwidth and no CP overhead. Furthermore,

the FBMC-based PD-NOMA scheme has better spectral efciency, energy efciency, PSD,

BER, and outage probability. Therefore, it can be concluded that, FBMC/OQAM-based PD-

NOMA outperforms NOMA UFMC and NOMA-OFDM in terms of the outage probability

and BER as well as capacity and sum rate. However, the system complexity of the OFDM is

less complex than the FBMC/OQAM based PPN and UFMC.

6.2 Recommendations

This thesis focuses on a few parameters, but other parameters are also considered.

NOMA employs some controllable interference via non-orthogonal resource allocation and

realizes overloading at the cost of slightly increased receiver complexity, which should be

considered

The data and reliability of 5G wireless communication can be enhanced by using multiple

antennas at the Tx and Rx, thereby creating MIMO channels, and with efficient modulation,

which should be investigated.
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