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Abstract

Orthogonal Frequency Division Multiplexing (OFDM) has been a reliable modulation

technique in 4G due to its ability to combat the intersymbol interference (ISI) caused

by multipath channel and its efficient usage of spectrum due to orthogonality properties.

However, OFDM as is faces challenges when it comes to supporting 5G applications

requirements due to its high peak to average ratio (PAPR) and inability to provide

asynchronous transmission. Therefore, filtered-OFDM (F-OFDM), which is the modified

version of OFDM that separates the total assigned bandwidth into many sub-bands and

then filtering each sub-band with an appropriate designed filter, was proposed in recent

years. Many studies have been focusing on the performance of a F-OFDM system alone

without taking the effect of power amplifier (PA) into account in the system. Therefore,

in this thesis, we evaluate the performance of point-to-point F-OFDM system in the

presence of nonlinear PA and also employ techniques used in OFDM system to reduce

the effect of the PA. In this regard, we first simulate a basic F-OFDM system without

a PA by using filters obtained from different filtering methods such as window based

filter and Parks-McClellan filter. Specifically, the performance analysis is done in terms

of power spectral density (PSD) and bit error rate (BER). Secondly, the performance of

F-OFDM system with a nonlinear PA is analyzed, and it is observed that the out-of-

band (OOB) emission is increased as expected. Hence, pre-distortion is also included in

the system to linearize the response of the PA. From the simulation results, it is seen

that OOB spectrum regrowth due to the PA is suppressed fully, yet it does not reach

to the original OOB emission level. Lastly, a modified version of optimized iterative

clipping and filtering (ICF) is introduced to optimize the high PAPR of the f-OFDM

signal. With the optimized ICF method, the PAPR is greatly reduced, resulting in lower

OOB emission. With the combination of optimized ICF and pre-distortion, the overall

performance of F-OFDM system in the presence of nonlinear PA is improved compared

to the system without a pre-distorter.
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Doğrusal Olmayan Güç Amplifikatörü Varlığında Filtrelenmiş

Ortogonallık Frekans Bölmeli çoğullama-OFDM’nin Performans

Değerlendirmesi

Nann Win Moe Thet

Öz

Orthogonal Frequency Division Multiplexing (OFDM), çok kanallı kanalın neden olduğu

intersymbol enterferans (ISI) ve diklik özelliklerinden dolayı spektrumun verimli kul-

lanımı nedeniyle 4G’de güvenilir bir modülasyon tekniğidir. Bununla birlikte, OFDM,

yüksek tepe ortalam oranına (PAPR) ve eşzamansız iletim sağlanamamasına bağlı olarak

5G uygulamaları gereksinimlerini destekleme konusunda zorluklarla karşı karşıyadır. Bu

nedenle, toplam atanmış bant genişliğini birçok alt-banda ayıran ve daha sonra her bir

alt bandı uygun tasarlanmış bir filtre ile filtreleyen OFDM’nin değiştirilmiş hali olan

filtrelenmiş-OFDM (F-OFDM) son yıllarda önerilmiştir. Birçok çalışma, sistemde güç

yükselticisinin (PA) etkisini dikkate almadan tek başına bir F-OFDM sisteminin per-

formansına odaklanıyor. Bu nedenle, bu tezde doğrusal olmayan PA varlığında nok-

tadan noktaya F-OFDM sisteminin performansını ve OFDM sisteminde PA’nın etkisini

azaltmak için kullanılan teknikleri de değerlendiriyoruz. Bu bağlamda, önce pencere ta-

banlı filtre ve Parks-McClellan filtresi gibi farklı filtreleme yöntemlerinden elde edilen

filtreleri kullanarak PA içermeyen basit bir F-OFDM sistemini simüle ediyoruz. Spesifik

olarak, performans analizini güç spektrum yoğunluğu (PSD) ve bit hata oranı (BER)

açısından yapıtık. İkincil olarak, doğrusal olmayan bir PA ile F-OFDM sisteminin per-

formansı analiz edildi ve bant dışı (OOB) emisyonunun beklendiği gibi arttığı gözlendi.

Bu nedenle, PA’nın tepkisini doğrusallaştırmak için ön bozulma da sisteme dahil edildi.

Simülasyon sonuçlarına göre, PA nedeniyle OOB tayfının yeniden büyümesinin tama-

men bastırıldığı, ancak orijinal OOB emisyon seviyesine ulaşılmadığı görülmektedir. Son

olarak, F-OFDM sinyalinin yüksek PAPR’sini optimize etmek için, optimize yinelemeli

kırpma ve filtreleme (ICF) yaklaşımının modifiye edilmiş bir versiyonu sunulmuştur.

Optimize edilmiş ICF yöntemi ile PAPR büyük ölçüde azaltılmış ve OOB emisyonu

düşürülmüştür. Bu şekilde optimize edilmiş ICF ve ön bozulma kombinasyonu ile lineer

olmayan PA varlığında F-OFDM sisteminin genel performansı, ön distorter içermeyen

sisteme kıyasla geliştirildi.

Anahtar Sözcükler: 5G, F-OFDM, filtre, PA, OOB, DPD, Optimize ICF



To my parents and my sister and brothers

vi



Acknowledgments

First and foremost, I would like to express my gratitude to my advisor Prof. Kemal

Özdemir for his valuable guidance during my MSc. studies, for his support, patience,

motivation and broad knowledge. His guidance assisted me a lot in my research and the

completion of the thesis. Without his endless support and patience, this thesis will never

be completed.

I would also like to thank my thesis committee, Assist. Prof. Hakan Doğan and Assoc.

Prof. Tansal Güçlüoğlu, for their thorough evaluation and helpful comments.

I greatly would like to thank and acknowledge the graduate scholarship (TÜBİTAK 2215)

supported by TÜBİTAK BİDEB. Because of the financial help from TÜBİTAK, I was

able to complete my study in Turkey without any worry.

Also, I would like to thank my fellow graduate students and friends for their helps, advice,

and understandings throughout my study here.

Last but not the least, I would like to thank my parents, sister and brothers for their

consistent support and encouragement. Without their love and support, I would not be

where I am now.

vii



Contents

Abstract iv

Öz v

Acknowledgments vii

List of Figures x

Abbreviations xii

1 Introduction and Motivation 1
1.1 Evolution of Wireless Communications . . . . . . . . . . . . . . . . . . . . 1
1.2 F-OFDM as a waveform Candidate for 5G . . . . . . . . . . . . . . . . . . 5
1.3 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Literature Review 9
2.1 Literature Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Thesis Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Performance Analysis of F-OFDM using Parks-McClellan Filter 16
3.1 F-OFDM Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.1 Conventional OFDM Transceiver . . . . . . . . . . . . . . . . . . . 16
3.1.2 F-OFDM Transceiver . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2 Filter Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2.1 Window-based FIR Filter . . . . . . . . . . . . . . . . . . . . . . . 20
3.2.2 Parks-McClellan FIR Filter . . . . . . . . . . . . . . . . . . . . . . 26

3.3 Simulation and Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4 F-OFDM system with Pre-Distorter 37
4.1 Effect of HPA on F-OFDM signal . . . . . . . . . . . . . . . . . . . . . . . 37
4.2 Implementing Digital Pre-Distortion . . . . . . . . . . . . . . . . . . . . . 41

4.2.1 Indirect Learning Architecture . . . . . . . . . . . . . . . . . . . . 41
4.2.2 Coefficient Estimation of Memory Polynomial (MP) Pre-Distorter . 43
4.2.3 Normalization Gain . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.3 Simulation and Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

viii



Contents ix

5 F-OFDM system with Optimized ICF and Pre-Distorter 50
5.1 F-OFDM System with the Optimized ICF . . . . . . . . . . . . . . . . . . 50

5.1.1 Conventional Iterative Clipping and Filtering . . . . . . . . . . . . 51
5.1.2 Optimized Iterative Clipping and Filtering . . . . . . . . . . . . . . 51

5.2 Simulation and Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2.1 F-OFDM System with the modified Optimized ICF . . . . . . . . . 53
5.2.2 F-OFDM System with both the Pre-Distorter and the Optimized

ICF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6 Conclusion 62
6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

Bibliography 65



List of Figures

1.1 Evolution of mobile devices [1]. . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Evolution of mobile devices [2]. . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Usage scenarios of IMT for 2020 and beyond [3] . . . . . . . . . . . . . . 5

2.1 Flexibility of F-OFDM system [4]. . . . . . . . . . . . . . . . . . . . . . . 10
2.2 Asynchronous transmission of a F-OFDM system [5]. . . . . . . . . . . . . 11
2.3 Evolution of OFDM to F-OFDM [4]. . . . . . . . . . . . . . . . . . . . . . 12
2.4 Throughput comparison of F-OFDM system with OFDM system [4]. . . . 13
2.5 Asynchronous F-OFDMA/f-DFT-S-OFDMA [6]. . . . . . . . . . . . . . . 14

3.1 Transmitter Structure of OFDM System. . . . . . . . . . . . . . . . . . . . 17
3.2 Receiver Structure of OFDM System . . . . . . . . . . . . . . . . . . . . . 18
3.3 Transmitter Structure of F-OFDM System . . . . . . . . . . . . . . . . . . 19
3.4 Receiver Structure of F-OFDM System. . . . . . . . . . . . . . . . . . . . 20
3.5 Windowing method in frequency domain [7]. . . . . . . . . . . . . . . . . . 21
3.6 Example of soft-truncating a ideal filter. . . . . . . . . . . . . . . . . . . . 22
3.7 Time and frequency domain responses of Kaiser window with length=64 . 23
3.8 Time and frequency domain responses of Gaussian window with length=64 23
3.9 Time and frequency domain responses of window functions with length=64 25
3.10 PSDs of window based filters . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.11 Flowchart of Parks-McClellan algorithm [7][8][9] . . . . . . . . . . . . . . . 28
3.12 Frequency response of Parks-McClellan filter with different δs values . . . 29
3.13 PSDs of Parks-McClellan filter with δs = 10−8 and window based filters . 29
3.14 Time domain signal OFDM verse F-OFDM . . . . . . . . . . . . . . . . . 32
3.15 Normalized PSDs of OFDM and F-OFDM with different filters . . . . . . 33
3.16 Constellation diagram at SNR= 26 dB; (A) Transmitted symbols (B)

Received OFDM (C)Received F-OFDM: Kaiser (D)Received F-OFDM:
Parks-McClellan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.17 BER verse SNR graph of OFDM and F-OFDM . . . . . . . . . . . . . . . 36

4.1 The Hammerstein model amplifier . . . . . . . . . . . . . . . . . . . . . . 38
4.2 AM-AM Curves of F-OFDM signal with (A)memoryless PA, (B)memory

PA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.3 Constellation diagram of received symbols . . . . . . . . . . . . . . . . . . 39
4.4 F-OFDM sub-carriers (A)without PA, (B)with PA . . . . . . . . . . . . . 40
4.5 PSD of F-OFDM signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.6 PSD of F-OFDM and OFDM signals in the presence of conventional PA . 41
4.7 Pre-distortion effect on a given PA . . . . . . . . . . . . . . . . . . . . . . 41
4.8 Indirect learning structure for the pre-distorter [10]. . . . . . . . . . . . . . 42

x



List of Figures xi

4.9 Pre-distorter as an inverse function of PA . . . . . . . . . . . . . . . . . . 44
4.10 Flow chart of pre-distorter construction . . . . . . . . . . . . . . . . . . . 44
4.11 DPD with different normalized gain [11] . . . . . . . . . . . . . . . . . . . 45
4.12 F-OFDM transmitter with DPD and PA . . . . . . . . . . . . . . . . . . . 47
4.13 F-OFDM transmitter with DPD and PA . . . . . . . . . . . . . . . . . . . 47
4.14 Power spectral density of F-OFDM signal with and without DPD . . . . . 48
4.15 BER curve of F-OFDM signal with and without DPD . . . . . . . . . . . 49

5.1 Time domain F-OFDM signal (A) before clipping, (B) after clipping . . . 54
5.2 Frequency domain F-OFDM signal (A) before clipping, (B) after clipping 55
5.3 A comparison between clipped signal and clipped and filtered signal . . . 55
5.4 Time domain F-OFDM with Armstrong method and modified optimized

ICF method after 1 iteration . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.5 Frequency response comparison of optimized filter after 2 iteration with

Armstrong filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.6 PSD of F-OFDM using optimized ICF after 2 iterations and Armstrong

method after 12 iterations . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.7 BER comparison between optimized ICF after 2 iterations and Armstrong

method after 12 iterations . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.8 Complete system model for F-OFDM system . . . . . . . . . . . . . . . . 59
5.9 PSD comparison of optimized F-OFDM signal with and without DPD, 1

iteration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.10 BER comparison of optimized F-OFDM signal with and without DPD, 1

iteration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61



Abbreviations

OFDM Orthogonal Frequency Division Multiplexing

F-OFDM Filtered OFDM

F-OFDMA Filtered Orthogonal Frequency Division Multiple Access

f-DFT-S-OFDMA f iltered Discrete Fourier Transform spread OFDMA

W-OFDM Windowing OFDM

ISI Intersymbol Symbol Interference

PA Power Amplifier

HPA High Power Amplifier

PSD Power Spectrum Densisty

BER Bit Error Rate

OOB Outg Of Band

ICF Iterative Clipping and filtering

FDMA Frequency Division Multiple Access

GSM Global System for Mobile communication

TDMA Time Division Multiple Access

CDMA Code Division Multiple Access

GPRS General Packet Radio Service

LTE Long Term Evolution

QoS Quality of Service

MIMO Multiple Input Multiple Output

IoT Internet of Things

3GPP 3rd Generation Partnership Project

mMTC massive Machine Type Communications

URLLC Ultra Reliable Low Latency Communications

eMBB Enhanced Mobile BroadBand

IMT International Mobile Telecommunications

xii



Abbreviations xiii

TTI Transmission Time Interval

V2V Vehicle to Vehicle communication

UF-OFDM Universal f iltered-OFDM

UFMC Universal f iltered multicarrier

ZP Zero Prefix

CP Cyclic Prefix

UEs User Equipments

BS Base Station

BLER BLock Error Rate

FIR Finite Impulse Response

DPD Digital PreDistortion

M-QAM M order Quadrature Amplitude Modulation

AWGN Additive White Gaussian Noise

dB deciBal

TWT Traveling Wave Tube

SSPA Solid State Power Amplifier

AM-AM AMplitude to AMplitude

AM-PM AMplitude to Phase

LTI Linear Time Invariant

MP Memory Polynomial

PAPR Packet Error Rate

EVM Error Vector Magnitude

SNR Signal Noise Ratio

IFFT Inverse Fast Fourier Transform

FFT Fast Fourier Transform



Chapter 1

Introduction and Motivation

In this chapter, the development of wireless communication generations will be firstly

presented. Then the filtered-OFDM, which is considered to be used in 5G, will be

introduced. Lastly, motivation of this research will be elaborated.

1.1 Evolution of Wireless Communications

Communication technologies have been evolving from using fires, beacons, smoke signals,

communication drums, horns, etc. to using digital signals today. Conveying information

is quicker than ever with the advent of Internet. Thanks to telecommunication technolo-

gies nowadays, not only human beings but also smart devices, vehicles, robots etc. are

communicating effectively and efficiently over a distance. As we manifest how often we

need smart phones day to day, we can see communication is indispensable in our lives.

Back in the history, telegraph is the earliest invention of a wired electrical communica-

tions, which was introduced by Samuel Morse in 1837 with the aid of the electric battery

invented by Alessandro Volta in 1799. The first transatlantic wire cable for telegraphy

was installed in 1858 by linking between the United States and Europe, however, the op-

eration was failed after four weeks. After the telegraphy invention, the era of telephony

started in the 1870s. The invention of the first electric telephone by Alexander Graham

Bell was patented in 1876, and Gardiner Greene Hubbard founded the Bell Telephone

Company in 1877 [12]. In 1880, Graham Bell and Charles Sumner Tainter developed the

first wireless telephone, known as photophone, which transmits voice over light waves

1
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[13]. Their first transmission was conducted over 213 meters long distance. However,

the photophone was easily affected by outdoor interference.

Later, an Italian inventor named Guglielmo Marconi developed a wireless telegraphy by

improving the Hertz telegraphy system. He aimed to implement the wireless telegra-

phy in practice for very long distances without the need of wire, and in 1902, the first

transatlantic radiotelegraphy transmission over the English Channel between England

and Newfoundland was succeeded. Due to his long distance wireless telegraphy, the lives

of many people in ship collisions were saved; Titanic survivors set one of the cases [14].

The development of wireless communications have been improving consistently since the

beginning of the radio waves discovery. In the modern telecommunications era, the first

generation (1G) of wireless mobile telecommunications technology, which can transmit

the analog voice only, was introduced in the early 1980. There are different standards

in 1G, and all of them uses Frequency Division Multiple Access (FDMA) technique,

where users are separate from each other in frequency domain. One of the disadvantages

of 1G is that it can only transmit analog signals, which does not have the ability to

withstand channel interference. Therefore, the voice signals could be easily interrupted

by noise [15, 16].

Besides, since encryption techniques used in 1G devices were not advanced yet, com-

munication was not safe enough. The most inconvenient side of the 1G is that only

mobile devices from the same network provider could communicate with each other, and

handover between different base stations was not also allowed. A more serious issue was

that it was relatively an easy task to clone the mobile terminals in 1G networks [15, 16].

Due to the limitations in 1G, second generation (2G) was developed in early 1990s. In

2G, which is based on the Global System for Mobile communication (GSM) technology,

data is transmitted in digitized form unlike 1G, and in addition to the voice signals, text

messaging, voice-mail and simple emails are also offered. Due to the digital transmission

system, the voice signal quality is improved and better data security was also provided.

With Time Division Multiple Access (TDMA), which separates users in time domain;

and Code Division Multiple Access (CDMA), which can support more users with its large

spectrum capacity, 2G was able to provide transmission rate up to 64 kbps [15][16].
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Even though TDMA can provide richer services with higher data rates, there were con-

nection problems on the user when they were moving. In TDMA technology, each user

has its own time slot to transmit data. When the user moves from one cell region to

another, connection can be dropped if there is no available time slot in the cell anymore.

2G can supply better data rates compared to 1G, however, with the needs of transmis-

sion for multimedia data such as image, audio, and video, much higher data rates were

in demand, which lead to the advancement of 2.5G. 2.5G uses the General Packet Radio

Service (GPRS) technology, which can provide transmission speed up to 144 kbps. The

new features of the 2.5G includes multimedia messaging and Internet services such as

web browsing and emails. [15][16]

Transmission rate achieved in this generation is never enough to catch up the required

rate of the more advanced services. In the 2000s, 3G was developed in the demand of

faster data transmission with the development of smart phones. Some of the features in

3G are swift mobile internet access, global roaming, video streaming, video conferencing,

and 3D game. It also allows faster web browsing and large email service with the data

speed up to 2Mpbs. The faster mobile services of 3G were realized with the combination

technique of CDMA and TDMA. However, theses services of the 3G were expensive and

also more spectrum bandwidth were required to supply more services. Moreover, while

moving at the high speed, data rate of 3G is reduced to very low rate of 145 kbps [15], [16].

In every generation in wireless communications, data transmission rate is always high

and hence improvements are needed. This, on the other hand, forced us to come up with

a new technology in every decade. In the late 2000s, 4G was evolved with the enhanced

technology of 3G, which is know as Long Term Evolution (LTE). Unlike 3G , which uses

hybrid voice and data networks, in LTE, data-only Internet Protocol (IP) network is

considered. The additional feature in 4G is Quality of Service (QoS), which prioritizes

the internet data traffic to allocate more bandwidth to the most important services or

applications. Moreover, with the help of the technology such as OFDM (Orthogonal

frequency-division multiplexing) and MIMO (multiple input, multiple output), 4G can

provide larger coverage, larger bandwidth (about 20 MHz), more users in the same

available bandwidth and higher data rate in the range of 100 Mbps up to 1 Gbps. The

summary of the development of wireless communications from 1G up to 4G is illustrated

in Figure 1.1.
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Figure 1.1: Evolution of mobile devices [1].

Data rate, bandwidth and also latency of 4G are not quite enough to support more

advanced communications like Internet of Things (IoT) such as smart gadgets, wearable

devices, smart vehicular communications and etc. [17]. Therefore, since the beginning of

2010, the future generation of wireless communication, 5G, has become a major research

area in the telecommunication field. 5G technology aims to provide higher speed between

10 Gbps and 100 Gbps, latency less than 1 ms, 1000 times larger capacity than in 4G,

and more than 100 billion connections [17]. Figure 1.2 shows the evolution of mobile

devices based on each generation. As it can be seen, in 5G, not only mobile phones and

tablets are easily connected, but also each region provided with 5G technology will be

easily connected to each other with very high speed and less latency.

Figure 1.2: Evolution of mobile devices [2].
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1.2 F-OFDM as a waveform Candidate for 5G

OFDM has been widely used as a transmission waveform in 4G/LTE technologies in the

recent years. OFDM is designed to provide high spectral efficiency and robustness against

multipath fading, which causes ISI [18]. Nowadays, with the advance technologies in

wireless communication services, higher data rate and higher spectrum efficiency systems

are required, therefore, more researches on next generation of mobile communication, 5G,

is in progress. Even though OFDM waveform has many advantages, it is not a suitable

waveform candidate for 5G because it suffers from high PAPR and high out-of-band

(OOB) emission [19]. High PAPR causes the transmitted signal to get amplified non-

linearly, leading to distortion in time domain and OOB spectrum regrowth in frequency

domain [11]. High OOB spectrum emission is not desirable since it causes adjacent band

interference,hence reduces the spectrum efficiency [11].

According to the 3rd generation partnership project (3GPP) [20][3], 5G is expected to be

able to support three significant applications, namely massive machine type communica-

tions (mMTC), enhanced mobile broadband (eMBB) and ultra-reliable and low-latency

communications (URLLC). The usage of the above future International Mobile Telecom-

munications (IMT) is illustrated in Figure 1.3. Ideally, 5G waveforms are expected to

Figure 1.3: Usage scenarios of IMT for 2020 and beyond [3]

be able to fulfill the requirements of different types of services and channel characteris-

tics in application like mMTC, generate lower OOB emission and provide asynchronous

transmission [4].



Chapter 1. Introduction and Motivation 6

Therefore, filtered-OFDM was proposed to satisfy the requirements of 5G systems [21]-

[23]. F-OFDM is a modified version of conventional OFDM. F-OFDM splits up the

assigned bandwidth of the system into several sub-bands, and each sub-band is processed

in OFDM waveform with suitable parameters to accommodate different types of services,

and then it is filtered to suppress OOB spectrum, which interferes with its adjacent sub-

bands. Thanks to these filters, OOB emission of F-OFDM systems is reduced, thereby

spectrum efficiency is improved.

1.3 Motivation

One of the purposes of F-OFDM is to provide much lower OOB emission, which depends

on filter designs. To achieve F-OFDM, a digital finite impulse response (FIR) filter is

applied on each OFDM symbol after adding cyclic prefix to the symbol. Therefore, proper

design of these filters to achieve a very lower OOB emission in F-OFDM becomes crucial.

Design of linear-phase FIR digital filter based on window function method has been

studied in [24]. FIR filter designed by windowing method is easy and robust, however it

does not provide optimum solution. One of the reasons is that windowing does not allow

to have different approximation errors (δ) between the required frequency response and

the true frequency response in passband and stopband, and the approximation error is

less accurate compared to optimal approximation method [7].

On the other hand, optimal approximation methods based on Parks-McClellan algorithm

utilize the Chebyshev approximation theory and the Remez exchange algorithm to obtain

optimal filters. The filters are optimum when the maximum approximation error is

minimized [7]. Parks-McClellan algorithm is used in [25] to design a linear-phase FIR

filter for clipping and filtering method of PAPR reducing in OFDM by taking advantage

of out-of-band radiation reducing property of the filter. Therefore, in this study, Parks-

McClellan algorithm is proposed in designing the filter instead of window function and

other common methods.

We observe that the effect of high power amplifier (HPA) on F-OFDM has not been

studied in a greater detail. Passing the F-OFDM signals through a HPA at the trans-

mitter end causes OOB spectral regrowth due to non-linear behavior of power amplifier.

Hence, there is a need to compensate for the non-linearity effects in baseband domain
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since techniques of reducing spectral regrowth in passband requires higher complexity

and cost [11]. Applying digital baseband pre-distortion (DPD) before the high power am-

plifier allows low OOB emission with relatively less complexity and cost [26][27]. Since

F-OFDM signal is a wideband signal, memory effect of power amplifier must be taken

into consideration in designing pre-distorter.

Even though F-OFDM with Parks-McClellan filter has a much lower OOB emission and

the same bit error rate (BER) compared to OFDM, PAPR of F-OFDM signals becomes

higher. This is due to the longer filter tails caused at head and tail of the time domain

F-OFDM signal [4].PAPR is defined as the ratio between maximum power and average

power of the transmitting symbol. Hence, with the same peak power as OFDM signals,

smaller values of the f-OFDM tails cause smaller average power, resulting in higher

PAPR. Hence, we will also perform the PAPR reducing procedure on the F-OFDM

signal and analyze the results.

One way to reduce PAPR is through iterative clipping and filtering (ICF) approach. ICF

is a simple technique to reduce PAPR to a desired threshold, however, due to amplitude

distortion and out-of-band spectral regrowth caused by clipping in time domain and

peak regrowth caused by filtering with a ideal filter in frequency domain, conventional

ICF requires several iterations to reach to the desired threshold. Hence, optimization is

required to satisfy both PAPR and OOB emission requirement. Many studies have used

convex optimization for reducing PAPR of OFDM signals due to the fact that it can

guarantee a global optimal solution with efficient computation [28]. Therefore, convex

optimization technique is applied to the conventional ICF method to obtain a desired

PAPR reduction while maintaining a low OOB emission with fewer iterations [28]. In this

study, we modified the optimized ICF used in [28] to be suitable for F-OFDM signals.

Many studies focus mainly on the basis F-OFDM system with BER and OOB emission

performance [4]-[24][19], yet neglect the other aspects of the system, such as PAPR.

Therefore, in this paper, PAPR and OOB reduction techniques, such as optimized ICF

and pre-distortion, are also included in the system. Simulation results show that in

the presence of non-linear power amplifier, F-OFDM system composed of the proposed

optimized ICF and DPD achieves better BER performance with smaller PAPR and lower

OOB emission compared to the optimized signal without DPD.
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1.4 Conclusion

In this chapter, F-OFDM technology was briefly introduced. Moreover, the motiva-

tions behind performing the F-OFDM system with PAPR reducing technique and pre-

distortion have been explained. In order to observe the performance of OOB emission,

PAPR and BER performance of F-OFDM signal clearly, in this thesis, we will conduct

the performance analysis on each part of the system mentioned above and overall sys-

tem. Before discussing the performance of the F-OFDM system, literature reviews on

the work related to F-OFDM will be firstly presented in Chapter 2. Then, Chapter 3 will

discuss the analysis of the basis F-OFDM system with different filtering methods, and

Chapter 4 will show the effect of PA and simulation of the updated system with DPD.

In Chapter 5, optimized ICF, which is a PAPR reducing technique, will be discussed,

and simulation of the full system will be analyzed. Finally, the thesis will be concluded

with the final chapter, stating the summary and the future works.



Chapter 2

Literature Review

Throughout this chapter, the literature background of the previous state of the art related

to F-OFDM will be given. Moreover, at the end of the chapter, the contributions of this

thesis will be re-iterated.

2.1 Literature Background

In 5G, much higher bandwidths between 100 MHz to 200MHz are expected to be utilized.

For such large bandwidths, F-OFDM is a good waveform candidate, which utilizes the

available bandwidth efficiently by dividing it into many sub-band and employing OFDM

with different waveform parameters according to the needs of the services to be provided.

Unlike OFDM, F-OFDM has the time and frequency flexibility to support different types

of services within the same bandwidth given [4]. Figure 2.1 shows the time and frequency

flexibility in F-OFDM system for a given bandwidth. As an example, in the case of IoT

technology, a single-carrier modulation system with a long transmission time interval

(TTI) may be employed instead of an conventional OFDM system. On the other hand,

in vehicle to vehicle (V2V) communication environment, which requires much lesser

latency, a basic OFDM scheme with very large sub-carrier spacing may be used, so that

much shorter TTI can be provided. Therefore, with the F-OFDM system, different types

of modulation with different numerology can be integrated based on the requirements of

the services and available wireless channel types [4].

9
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Figure 2.1: Flexibility of F-OFDM system [4].

F-OFDM is a modified system of OFDM by means of sub-band filtering. Filtering has

been generally used in OFDM system to improve spectrum localization [29][30]. Apart

from F-OFDM, universal-filtered OFDM (UF-OFDM) or universal-filtered multicarrier

(UFMC), which are also based on sub-band filtering of OFDM signals, was introduced

in [22][31]. The comparison of the conventional pulse-shaped OFDM, F-OFDM, and

UF-OFDM can be presented as follows:

1. In the conventional pulse-shaped OFDM, sub-carrier based pulse shaping is done

by applying filter on each CP-OFDM symbol. On the other hand, in F-OFDM,

sub-band based filtering is performed on each OFDM signal which consists of more

than one CP-OFDM symbol within a sub-band to mitigate the OOB emission.

2. While UF-OFDM system performs sub-band filtering zero prefix (ZP) OFDM sig-

nal, in F-OFDM system, it is done on CP-OFDM signal. Since F-OFDM is based

on CP-OFDM, the issue with ISI can be mitigated and hence channel equalization

becomes less complex compared to UF-OFDM system. Moreover, in UF-OFDM,

the filter length cannot exceed ZP length, in order to avoid ISI. On the other hand,

F-OFDM allows the filter length longer than the length of the CP, to be able to

support better time and frequency localization.

The advantage F-OFDM over OFDM can also be summarized as follows: [24][4]:
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1. Due to the sub-band based filtering, reduced OOB emission can be achieved. There-

fore, lesser guard band can be applied unlike OFDM, which uses 10% of its given

bandwidth in 4G as a guard band at both end of the bandwidth. Hence, F-OFDM

scheme can provide better spectrum efficiency than OFDM scheme.

2. In addition, the reduced OOB emission provided by the sub-band based filtering

in F-OFDM, asynchronous transmission across sub-bands can also be employed.

This is due to the fact that sub-band filtering purposely breaks the time-domain

orthogonality between different user equipments (UEs), so that time advance sig-

naling for synchronization can be neglected. On the other hand, in OFDM, heavy

synchronization signal is required to maintain the orthogonality. Figure 2.2 shows

the asynchronous transmission supported by a F-OFDM system.

Figure 2.2: Asynchronous transmission of a F-OFDM system [5].

3. The most important advantage of F-OFDM system is that its ability to provide

unified numerology with different time and frequency requirements according to

the types of applications within the available bandwidth. The coexistence of dif-

ferent modulation scheme and flexibility of F-OFDM has already been explained

in Figure 2.1. In contrast, OFDM cannot provide different parameters required by

the different types of transmission at the same time.

Many studies have been done relating to F-OFDM. According the study in [4], the authors

are convinced that F-OFDM can be adopted in 5G from 4G easily. Figure 2.3 describes

the possible evolution of F-OFDM in 5G from OFDM in 4G. 4G technology uses 10%

of the assigned bandwidth as a guard band. At the beginning of the development, this

guard band will also be used for transmitting data via F-OFDM, so that the current
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communication technologies built with 4G can still be used. In the future, the assigned

bandwidth of 4G will become smaller, and 5G will utilize the rest of the bandwidth

through F-OFDM scheme, in order to provide better spectrum efficiency.

Figure 2.3: Evolution of OFDM to F-OFDM [4].

Performance comparison of F-OFDM system within different scenarios are mostly stud-

ied in the literature. In [4], the performance of F-OFDM scheme of the first stage and

the last stage of the evolution diagram shown in Figure 2.3 was performed. For the first

part, both guard bands and the main band of 4G are considered as sub-bands, and con-

ventional OFDM with the same parameters are applied in each sub-band. Performance

evaluation was done by analyzing block error rate (BLER) and PSD. As for the final

stage, the authors tested the flexibility of F-OFDM system by using 4 types of commu-

nication scenarios; pedestrian, urban, highway, and V2V; assigning each to a sub-band

and comparing their throughput with OFDM. From their findings, the authors concluded

that F-OFDM systems can support different channel requirements in addition to smaller

guard bands. The detailed throughput comparison of the F-OFDM system with OFDM

system is illustrated in Figure 2.4.
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Figure 2.4: Throughput comparison of F-OFDM system with OFDM system [4].

Filtering is the key process in F-OFDM system, and therefore a good filter design is very

important. Not many studies discuss the detailed analysis of the effect of different filter-

ing methods on F-OFDM signals. In [24], the authors proposed a simple filtering method

based on window function. A FIR digital filter was designed by soft truncating the ideal

rectangular filter in frequency domain with different window type. Their simulation re-

sults showed that window based filters can be implemented easily and it also gives a large

reduced OOB emission while maintaining the same BER performance of OFDM signal.

In this thesis, the detailed comparison of this method and Parks-McClellan method will

be analyzed in the next chapter.

As mentioned above, for the advantages of F-OFDM scheme, inter-sub-band asynchronous

transmission can be provided by a F-OFDM system. In [6], this property of F-OFDM was

verified. Moreover, the authors also introduced F-OFDM based multiple access (MA)

technique known as an asynchronous F-OFDMA or filtered discrete-Fourier transform-

spread OFDMA (f-DFT-S-OFDMA) scheme. The system diagram of f-DFT-S-OFDMA

scheme proposed in [6] is shown in Figure 2.5.
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(a) Transmitter

(b) Receiver

Figure 2.5: Asynchronous F-OFDMA/f-DFT-S-OFDMA [6].

At the transmitter side, each sub-band is allocated to each UE and DFT-S-OFDM signal

resulting from each UE is filtered with a filter to reject the OOB spectrum leakage. All

the f-DFT-S-OFDM signals are combined and transmitted to a base station (BS). At the

BS, matched filtering is performed on the received signal by letting the signal from the

UE which uses the same filter at the transmitter side while rejecting the signals from the

other UEs. Then, time synchronization is performed on each filtered signal by shifting

it by the amount of the respective filter length. The authors observed that compared

to the conventional synchronous OFDMA/DFT-S-OFDMA, this proposed scheme does

not require the time-synchronization overhead used to avoid inter-sub-band interference

at the receiver. From this study, it is also worth noticing that the filter with respect to

each UE is designed according to its sub-band bandwidth, hence the filter parameters

are available in both BS and UE. Therefore, no signaling overhead caused by employing

the filters is occurred.

Apart from the simulation based studies mentioned above, the studies in [32] and [33]

continues the analysis of F-OFDM system by performing field trials. The author in

[32] carry out the F-OFDM field trial in 5G environment and verify that F-OFDM can

provide lesser OOB emission and support asynchronous transmissions. The study in [33]
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conducts the OFDM based waveforms field trails with mixed numerologies, and compares

the performance of the conventional CP-OFDM, Windowing-OFDM (W-OFDM) and

F-OFDM. It is concluded that F-OFDM performs better than both CP-OFDM and W-

OFDM in respect of spectral efficiency and robustness in high SNR. In both studies,

root-raised cosine (RRC) window based filtering method is applied.

2.2 Thesis Contributions

In the literature, there are several studies on the F-OFDM scheme for 5G technology.

Many of them concentrate solely on F-OFDM’s performance regarding OOB spectrum

leakage and BER without considering the effect of high PA in the system. In practical

communication system, HPA is not always linear, hence high PAPR signal such as OFDM

and F-OFDM signals normally suffer from the non-linear behaviour of the PA, however

implementing a linear PA is costly and not power efficient [34].

Therefore, there is a need to analyze the effect of non-linear PA in a given F-OFDM

system, a strong candidate of the future wireless communication technology. Throughout

this study, BER performance will be assessed in an AWGN channel to focus on the system

alone. The evaluation of F-OFDM will be done in three stages:

Firstly, simulations will be performed comparing out-of-band emission and BER of F-

OFDM signals obtained from different filtering techniques.

Secondly, conventional PA will be applied in the system and its effect will analyzed.

Then, linearization technique based on pre-distortion will be also added before the PA,

and the performance will be discussed in terms of OOB power spectrum emission and

BER.

Lastly, optimized ICF will be used to reduce the PAPR of F-OFDM, then the result-

ing optimized F-OFDM signal will go through the pre-distortion process. At the end,

simulation of this overall system will be performed.

By integrating the optimized ICF and DPD into the basis F-OFDM system, a good

performing system in the presence of conventional PA is achieved.



Chapter 3

Performance Analysis of F-OFDM

using Parks-McClellan Filter

In this chapter, basis structures of OFDM and F-OFDM transceivers will be firstly

described. Then, the design of filter based on windowing method and Parks-McClellan

algorithm will be discussed. Lastly, the performance F-OFDM with Parks-McClellan

filter will be compared with the window based filters.

3.1 F-OFDM Basis

In recent years, OFDM has been a popular multi-carrier modulation technique used in

wide-band digital communication such as 4G/LTE. However, with the advances in appli-

cation available in 5G system, OFDM waveform does not have the ability to provide the

requirements of 5G. Therefore, researchers has been developing new waveforms suitable

for 5G systems, and F-OFDM is one the promising candidates.

3.1.1 Conventional OFDM Transceiver

In OFDM transmitters [24], as depicted in Figure 3.1, a sequence of binary data bits

are firstly generated and mapped to complex data symbols (sub-carriers) by using M

order quadrature amplitude modulation (M-QAM) technique, which is used in LTE sys-

tem. Then, the serial sub-carriers are converted into parallel sub-carriers, and a group

16
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consisting Nsub numbers of sub-carriers produces one OFDM symbol. Each sub-carriers

group is oversampled with a factor of L by (L − 1)Nsub zeros padding, and a OFDM

symbol is obtained by applying N-point IFFT , where N = LNsub is the IFFT/FFT size.

Therefore, each OFDM symbol has Nsub numbers of sub-carriers in frequency domain.

Figure 3.1: Transmitter Structure of OFDM System.

Mathematically, a discrete time OFDM symbol, x̂s(n), can be presented as [28] :

x̂s(n) =
1√
N

Nsub∑
i=1

Ds(i)e
j 2πn
N
i (3.1)

where n denotes discrete-time index as n = 1, . . . , N and i is sub-carriers index as

i = 1, . . . , Nsub. Ds represents a complex vector of sub-carriers at sth symbol. After

generating the OFDM symbol, CP with length Ncp is then inserted in each OFDM

symbol, and summation of S numbers of them results in a single OFDM signal, x̂(k), at

the transmitter as:

x̂(k) =

S−1∑
s=0

x̂s(k − s(N +Ncp)), −Ncp < k < N (3.2)
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Figure 3.2: Receiver Structure of OFDM System

OFDM receiver operates as a reverse process of the transmitter as illustrated in Fig-

ure 3.2. At the receiver, after removing the CP of each OFDM symbol, each received

symbol, r̂s(n), is converted into frequency domain symbols by applying N-point FFT,

which can be represented as [28]:

Ds(i) =
√
N

N∑
n=1

r̂s(n)e−j
2πn
N
i (3.3)

Then, frequency domain channel estimation and equalization is performed, and the re-

sulting symbols are demodulated into the data bits.

3.1.2 F-OFDM Transceiver

Basically, a F-OFDM signal is obtained from multiple OFDM signals by suitable filter-

ing method. Both transmitter and receiver structures are described in Figure 3.3 and

Figure 3.4, respectively. As shown in F-OFDM transmitter, Figure 3.3, a given available

bandwidth is divided into multiple sub-bands, and each sub-band undergoes through the

OFDM scheme with the same or different parameters; Nsub, N , Ncp and S; accordingly.

A F-OFDM signal at gth sub-band, xg(k) is obtained by filtering the resulting CP-OFDM

signal, x̂(k), with a suitable filter, f(k), and it can be expressed as a linear convolution

process in time domain as [24]:

xg(k) = x̂(k) ∗ f(k) (3.4)

Due to the fact that the addition of CP in OFDM signal transforms the linear convolution

into circular convolution, the convolution process in time domain can take alternative
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form in frequency domain as the element-wise multiplication [7]. Therefore, filtering pro-

cess in frequency domain can be written as simple multiplication of the Fourier transform

of x̂(k) and f(k):

Xg(e
j2πf ) = X̂(ej2πf ) · F (ej2πf ) (3.5)

where "·" represents element-wise multiplication.

Figure 3.3: Transmitter Structure of F-OFDM System

All F-OFDM signals at different sub-bands are then concatenated and transmitted

through a wireless channel. At the receiver, a matched filter of respective transmit-

ter filter, f∗(−k), is applied on the received signal so that signal at desired sub-band can

be retrieved. The received filtered signal at gth sub-band, rg(k), can be written as [6]:

rg(k) =

((
xg(k) ∗ c(k)

)
+ w(k)

)
∗ f∗(−k) (3.6)

where c(k) and w(k) are wireless channel impulse response and AWGN noise, respectively.

Then, the filtered signal is split into OFDM symbols followed by CP removal block and

N-FFT block. Next, channel estimation and equalization is performed on the resulting

signal to compensate the effect of both filters and the channel. Lastly, the data symbols

are selected from the equalized sub-carriers and then demodulated into a binary stream

[6]. The receiver structure of the F-OFDM system is illustrated in Figure 3.4.
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Figure 3.4: Receiver Structure of F-OFDM System.

3.2 Filter Design

The major process in F-OFDM system is the design of filters used since they affect the

OOB emission performance of the signal. In [24], the authors discuss about the criteria

for designing the digital FIR filter for F-OFDM signals. It is stated that a very narrow

filter transition band (∆f), which is between passband and stop- band, is preferable

since it allows lesser OOB emission. Moreover, the filter should not have attenuation

in the main band not to have any loss of the signal passing through the filter, and it

should use lower stopband attenuation as well. Therefore, an optimum algorithm is

used to design filters with different desired passband and stopband ripple attenuation

and narrower transition band. In this thesis, firstly, we will present a brief discussion

about window-based FIR filter design and then explain the Parks-McClellan optimum

algorithm.

3.2.1 Window-based FIR Filter

Many studies have been performed for F-OFDM system analysis with window-based FIR

filter [4, 6, 24]. In windowing method, as shown in Figure 3.5, the width of transition band

of resulting filter depends on the width of main lobe, ∆fm, of the Fourier Transform of

the window, and stopband and passband ripples depends on the side lobes of the Fourier

Transform of the window. Thus, the width of main lobe and peak side lobe magnitude

δ of the window must be small in order to obtain small transition band and less ripples.
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HereW (ej2πf ), F (ej2πf ), and Fd(ej2πf ) are Fourier Transform of the windowing function,

desired response and the resulting windowed response respectively. [7].

Figure 3.5: Windowing method in frequency domain [7].

The frequency response of the ideal low pass filter is a rectangular function as shown in

Figure 3.5 [7], and the impulse response is a sinc function, which has infinite delay and

thus difficult to implement as a real-time filter. Hence, the sinc function is soft-truncated

with a suitable window function by multiplying in time domain as [7][24]:

f(k) = w(k).fd(k) (3.7)

where w(k) and fd(k) impulse response of the window function and the desired filter.

Figure 3.6 demonstrate the soft-truncation of impulse response of the ideal low pass filter

in time domain.
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Figure 3.6: Example of soft-truncating a ideal filter.

Different window functions provide different passband and stopband attenuation and

coefficients to the resulting filter, which lead to different OOB leakages of F-OFDM

signals. Some of the window functions discussed in literature are [29]:

• Kaiser:

w(k) =

I0

(
β
√

1− 4k2

(Nw−1)2

)
I0(β)

,
−(Nw − 1)

2
≤ k ≤ (Nw − 1)

2
(3.8)

where I0 is the modified zero-th order Bessel function of the first kind, and β is

the attenuation parameter given as:

β =


0.1102(α− 8.7), α > 50

0.5842(α− 21)0.4 + 0.07886(α− 21), 21 ≤ α ≤ 21

0, α < 21

(3.9)

where α is side-lobe attenuation. Figure 3.7 describes the effect of β values on main-

lode width and side-lode amplitude. As β increases, amplitude of the side-lobes

reduces and the main-lobe width become wider.
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Figure 3.7: Time and frequency domain responses of Kaiser window with length=64

• Gaussian [35]:

w(k) = e
−1
2

(α k
(Nw−1)/2

)
,
−(Nw − 1)

2
≤ k ≤ (Nw − 1)

2
(3.10)

where α = (Nw−1)
2σ , and σ is the standard deviation a Gaussian random variable.

As illustrated in Figure 3.8, increasing the value of α results in a narrower window

in time domain.

Figure 3.8: Time and frequency domain responses of Gaussian window with
length=64

• Hamming:

w(k) = 0.54− 0.46 cos(
2πk

Nw
), 0 ≤ k ≤ Nw (3.11)
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• Chebyshev:

w(k) =
1

Nw

[
1

r
+ 2

(Nw−1)/2∑
i=1

TNw−1

(
x0 cos(

iπk

Nw
)
)

cos(
2πki

Nw
)

]
, 0 ≤ k ≤ Nw[36]

(3.12)

where r is the desired passband ripple, and x0 is defined as

x0 = cosh(
1

Nw − 1
cosh−1(

1

r
)) (3.13)

Tn(x) in the equation 3.12, which is chebyshev polynomial of the first kind, is

formulated as

Tn(x) =


cos(k cos−1(x)), |x| ≤ 1

cosh(k cosh−1(x)), |x| > 1

(3.14)

• Hann:

w(k) = 0.5− 0.5 cos(
2πk

Nw
), 0 ≤ k ≤ Nw (3.15)

• Blackman:

w(k) = 0.42− 0.5 cos(
2πk

Nw − 1
) + 0.08 cos(

4πk

Nw − 1
), 0 ≤ k ≤ Nw − 1 (3.16)

• Blackman-Harris:

w(k) = 0.35875− 0.48829 cos(
2πk

Nw − 1
) + 0.14128 cos(

4πk

Nw − 1
)

− 0.01168 cos(
6πk

Nw − 1
), 0 ≤ k ≤ Nw − 1 (3.17)

where Nw + 1 gives the window length. Figure 3.9 shows the time and frequency domain

response of the window functions listed above.
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Figure 3.9: Time and frequency domain responses of window functions with
length=64

After truncating the ideal filter with the different window functions, power spectrum

density of the filters are shown in Figure 3.10. The same filter order is used for all the

filters for a fair comparison. As shown in the PSD diagram, Kaiser filter generates a

highest stopband attenuation, resulting in higher OOB emission. On the other hand,

Blackman-Harris filter has a lowest stopband attenuation and hence, it is a favorable

window for lower OOB emission. Among the window functions, Chebyshev filter has

the narrowest transition band, yet higher stopband attenuation. Therefore, there is no

perfect window based filter which fulfills all the criteria needed for designing filter of

F-OFDM system. Hence, window-based filters cannot provide the appropriate filtering

for F-OFDM system since the filter should have narrow transition band, low stopband

attenuation, and flat passband. However, none of the window-based filters have all these

properties in just one filter.
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Figure 3.10: PSDs of window based filters

FIR filter design by windowing method is powerful and simple, but it is not a optimum

filter due to the following reasons [7]:

1. Windowing does not allow to have different maximum approximation errors, δ, in

passband and stopband (δ = δp = δs). This is not preferable when specification is

stricter in the stopband than in the passband.

2. The ripples of the window are not uniform, but they die out slowly as it moves

away from discontinuity points according to side-lobe structure of the window,

which results in higher filter’s order.

3. Approximation error δ is less accurate compared to optimal approximation method.

3.2.2 Parks-McClellan FIR Filter

Parks-McClellan FIR filter applies Chebyshev approximation theory and Remez exchange

algorithm to design optimum filters. The filters are considered to be optimum when the

maximum error between the resulting frequency response and the desired frequency re-

sponse is minimum [7, 9]. The resulting filters minimize the maximum error by distribut-

ing the weighted approximation error evenly across respective band. This kind of filters

which show equiripple behavior (ripples fluctuate uniformly between the maximum and

minimum ripple amplitudes) in both the stopband and the passband are also known as

equiripple filters. The procedure of Parks-McClellan algorithm based on Remez exchange

algorithm is described in Figure 3.11, and the steps are explained as follow [7][8][9]:
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1. Initialize L+2 extremal frequencies (wk) between 0 and π as a reference frequency

set, where L is order of the filter and k = 0, . . . , L+ 1.

2. Compute δ using the equation 3.18

δ =

L+1∑
k=0

γkAd(wk)

L+1∑
k=0

(−1)kγk
W (wk)

(3.18)

where Ad(wk) is a sample of desired amplitude response Ad(w), and W (wk) is a

sample of weight function W (w). γk is calculated as:

γk =
L+1∏
i=0
i 6=k

1

cos(wk)− cos(wi)
(3.19)

3. Given extremal frequencies and the calculated δ, compute L+2 samples of A(wk)

by using Lagrange Interpolation, which can be directly obtained as:

A(wk) = Ad(wk)−
(−1)k

W (wk)
δ (3.20)

4. Obtain the weighted approximation error function, E(w) = W (w)(Ad(w)−A(w)),

over the current extremal frequencies.

5. If |E(wk)| ≤ δ, the optimum δ is achieved. Otherwise, locate the new L+2 fre-

quency set at the local extrema errors where |E(wk)| > δ for each wk.

6. This process starting from the step (2) is iterated until δ obtained from the new

extremal frequencies does not change any more.

7. After obtaining the optimum δ, compute the time domain filter response, h(n), by

inverse Fourier transform of A(w).
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Figure 3.11: Flowchart of Parks-McClellan algorithm [7][8][9]

In this study, Parks-McClellan FIR filter is implemented via MATLAB build in function

called firpm(). Figure 3.12 exhibits the frequency response of Parks-McClellan filter

with different values of δs. It can be seen that lower OOB emission can be obtained by

choosing smaller value of δs, but it results in higher filter’s order.
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Figure 3.12: Frequency response of Parks-McClellan filter with different δs values

Figure 3.13 compares the PSD of Parks-McClellan filter with the filters based on Kaiser

window, Hamming window, Chebyshev window and Blackman-Harris window. They all

have the same order of 1500, which is a minimum order of Parks-McClellan filter for the

desired cut-off frequency of 5.06 MHz with δs = 10−8 and δp = 10−1.

Figure 3.13: PSDs of Parks-McClellan filter with δs = 10−8 and window based filters

From the analysis of the Figure 3.12 and Figure 3.13, the advantages of Parks-McClellan

filter for f-OFDM systems can be summarized as follows:
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1. The filter has equal ripples in both passband and stopband respectively, hence in-

band spectrum of the f-OFDM signal can be obtained evenly and OOB spectrum

can also be suppressed uniformly.

2. Since the filters can set different maximum passband and stopband ripple errors(δp 6=

δs), the in-band and the out-band spectrum of the f-OFDM signals can be adjusted

differently according to the requirements of the 5G systems.

3. By selecting the smaller value of δs, f-OFDM signal which has lower OOB emissions

can be achieved.

4. The transition bandwidth of the f-OFDM signal obtained from Parks-McClellan

filter is much narrower than the other methods. It is preferable for the filter design

since spectrum leakage can be avoided.

3.3 Simulation and Analysis

In this section, performance of F-OFDM for one sub-band is discussed. All the simula-

tions in this study are done in MATLAB. The simulation parameters of a point-to-point

downlink (from a BS to a UE) are given in Table 3.1. The filter used at the transmitter

is Type I linear-phase FIR filter, which has even filter order, and the sampling frequency

to generate the filter impulse response is calculated from the equation given below (3.21).

fs =
B

Nsub
N (3.21)

In this simulation, wireless channel is AWGN and the same filter is applied at the receiver.

Channel estimation is performed by pilot interpolation and the received signal is equalized

by zero-forcing equalizer to compensate for the effects of the wireless channel and both

filters.

Here, we are evaluating the F-OFDM signal which corresponds to a sub-band with the

bandwidth of 10 MHz. The filter order of all the filters are based on the minimum order

needed for Parks-McClellan filter with passband frequency, fps = 5 MHz, stopband

frequency, fst = 5.12 MHz.
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Table 3.1: Simulation Setup

Parameter Value

sub-band bandwidth (B) 10 MHz

IFFT/FFT size (N) 1024

Cyclic prefix size (Ncp) 1
4N

Number of data sub-carrier 234

Number of pilot 22

Oversampling factor (L) 4

Sub-carrier spacing 39.063 kHz

Symbol duration 1/39.063 kHz = 25.6 us

Number of symbol 7 (1 slot)

Filter type (Nf )
Kaiser,Hamming,Chebyshev,Blackman-

Harris,Parks-McClellan

Filter order (Nf ) 1500

Sampling frequency (fs) 40 MHz

Modulation 4-QAM

Channel AWGN

Different cutoff frequencies with the same ripple errors give different minimum filter

orders as recorded in Table 3.2. It can be observed that the filter order is higher as the

cutoff frequency is lower, where the transition bandwidth is narrower. Throughout this

thesis, cutoff frequency of 5.06 MHz, which results in a reasonable passband value of

10.12 MHz, is considered. The number of sub-carriers in each given sub-band is 256, and

typically one sub-band is obtained by the oversampling factor L = 4 to avoid aliasing.

The parameters of OFDM system are the same as those of F-OFDM system, except that

there is no filter applied.
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Table 3.2: Passband Vs Filter Order

Passband(MHz) Filter Order

10.24 750

10.16 1127

10.12 1500

10.08 2251

10.04 4500

As it can be seen from Figure 3.14, applying filter causes time delay in the resulting

F-OFDM signal compared to the original OFDM signal. The delay caused by both

transmitter filter and receiver filter is compensated with synchronization before removing

CP at the receiver.

Figure 3.14: Time domain signal OFDM verse F-OFDM

Figure 3.15 illustrates the PSD comparison between conventional OFDM signal and

F-OFDM signals with different filters. It can be clearly seen that the OOB emission

level of F-OFDM signal is much lower than that of OFDM signal. Numerically, OOB

emission of F-OFDM signal is 75 dB - 155 dB lower than the conventional OFDM

signal. Blackman-Harris filter can obtain lower OOB emission approximately −190 dB
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while Parks-McClellan filter can reach −200 dB. As discussed in the previous section,

compared with the window based filter approach, Parks-McClellan filters can reach as

lower OOB emission as desired by choosing smaller value of stopband ripple error, at the

expense of higher filter order.

Figure 3.15: Normalized PSDs of OFDM and F-OFDM with different filters

Table 3.3 lists the PAPR values of the signals. The OFDM signal has the lowest PAPR

values due to the fact that its OOB emission is very high. On the other hand, the F-

OFDM signal with Parks-McClellan gives the highest PAPR. From the PAPR results, it

can be said that in general the signals with lower OOB emission produce higher PAPR

values. Higher PAPR is a disadvantage to a system with PA since it degrades the

efficiency of the PA at the transmitter. The effect of PA on the F-OFDM signal will be

demonstrated in the next chapter.
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Table 3.3: PAPR values of F-OFDM signals

Signal PAPR(dB)

OFDM 8.7016

F-OFDM(Kaiser) 10.1263

F-OFDM(Hamming) 10.1345

F-OFDM(Chebyshev) 10.1572

F-OFDM(Blackman-Harris) 10.1605

F-OFDM(Parks-McClellan) 10.4223

At the receiver, even though the wireless channel is AWGN, the effect caused by filters at

both transmitter and receiver is compensated with equalizer. The constellation diagrams

of the symbols recovered are shown in Figure 3.16. Due to the estimated channel(caused

by AWGN and filters), the error between the transmitted and received symbols are

large. Next, we will see the BER curves of the F-OFDM and OFDM signal. As plotted

in Figure 3.17, BER simulation results of both OFDM and F-OFDM system are higher

compared to the 4-QAM theoretical BER because of the CP energy. It can be seen that,

at the higher signal to noise ratio, BER performance of F-OFDM signal with Parks-

McClellan filter is the same as that of OFDM signal and slightly lower than that of both

F-OFDM signal with Kaiser filter and Blackman-Harris filter. This is due to the fact that

approximation error produced from windowing based filter is less accurate compared to

Parks-McClellan filter.
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(a) Transmitted symbols (b) OFDM

(c) F-OFDM:Kaiser (d) F-OFDM:Parks-McClellan

Figure 3.16: Constellation diagram at SNR= 26 dB; (A) Transmitted symbols (B) Re-
ceived OFDM (C)Received F-OFDM: Kaiser (D)Received F-OFDM: Parks-McClellan
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Figure 3.17: BER verse SNR graph of OFDM and F-OFDM

3.4 Conclusion

In this chapter, basic OFDM and F-OFDM systems were discussed. Then, filter designs

of F-OFDM systems were elaborated. Lastly, performance comparison of OFDM and

F-OFDM signals with different filters are accomplished. From the simulation results, in

terms of PSD, lower OOB emission is achieved in F-OFDM signal with Parks-McClellan

filter by using smaller value of stopband ripple. In addition to a lesser OOB emission,

the F-OFDM signal with Parks-McClellan filter has the same BER performance with

the OFDM signal. However, PAPR values of the F-OFDM signals are larger than that

of the OFDM signal. Higher PAPR becomes a major disadvantage of the system when

high PAs are employed. In the next chapter, the performance of F-OFDM system in the

presence of the high PAs will be assessed.
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F-OFDM system with Pre-Distorter

In this chapter, the effect of HPA on F-OFDM signal will be firstly presented. In order

to compensate the effect of the HPA, DPD is added in the system. Hence, pre-distortion

based on memory polynomial will be discussed next. Lastly, simulation of F-OFDM

system in the presence of both DPD and HPA will be performed and analyzed.

4.1 Effect of HPA on F-OFDM signal

In the previous chapter, performance of F-OFDM signal with a basic system was dis-

cussed. In the developed system, F-OFDM signal was transmitted right after passing it

through a designed filter. However, here, HPA is applied at the transmitter-end to ana-

lyze the effect of amplifier on the F-OFDM signal. We will see that the behaviour of the

F-OFDM signal changes after going through the amplifier. As discussed in Chapter 1,

F-OFDM signal suffers from highly non-linear behaviour of the amplifier and hence, out

of band emission becomes much higher.

The PA used in this study is a memory based PA with Saleh’s model of traveling-wave

tube (TWT) amplifier, which has a similar shape of the characteristics of solid state

PA (SSPA). Amplitude to Amplitude (AM-AM) and Amplitude to Phase (AM-PM)

transformation of Saleh’s model PA is described as [37]:

A(x) =
a|x|

1 + b|x|2
and ∆φ(x) =

c|x|2

1 + d|x|2
(4.1)

37
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where a, b, c and d are constant parameters of the PA, and the PA response is written

as:

R(x) = A(x)ej(φ0+∆φ(x)) (4.2)

where φ0 denotes the phase of the input signal, x.

Saleh’s model amplifier is memoryless, hence, in this study, memory effects are added

based on the Hammerstein model [27][38][39]. As shown in Figure 4.1, the Hammer-

stein model amplifier is described as a conventional memoryless amplifier followed by a

LTI system. Hammerstein model is one of the special cases of Volterra serie [27],[38].

Mathematically, the output of the Hammerstein model can be represented as [27]:

y(n) =
M−1∑
m=0

hm

K∑
k=0

k odd

gkx(n−m)|x(n−m)|k−1 (4.3)

where hm are the impulse response values of the LTI system and gk are the coefficients

of the odd-order polynomial for the conventional memoryless system. In this case, as for

the conventional memoryless amplifier, Saleh’s model amplifier is applied, and as for LTI

system, FIR low pass filter with 3 taps delay is adopted.

Figure 4.1: The Hammerstein model amplifier

Figure 4.2 shows the AM/AM curves of F-OFDM signal with memoryless PA and mem-

ory PA. It can be clearly seen from the curve with memory PA, due the memory effect,

the same input sample eventually generates different output samples.
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(a) AM-AM Curves of memoryless PA (b) AM-AM Curves of memory PA

Figure 4.2: AM-AM Curves of F-OFDM signal with (A)memoryless PA, (B)memory
PA

If the PA is linear, output will be amplified with a linear gain. However, due to the non-

linearity and memory effect of the PA as seen in Figure 4.2, the output signal does not

get amplified linearly, resulting in amplitude distortion on received symbols as shown in

Figure 4.3. Due to the filters, the constellation points in Figure 4.3a have small amplitude

distortions. On the other hand, the constellation points in Figure 4.3b are amplified, yet

they disperse a lot, resulting in bad BER performance.

(a) Without PA (b) With PA

Figure 4.3: Constellation diagram of received symbols

Moreover, as exhibited in Figure 4.4, the amplitude of the zero padded subcarriers outside

the bandwidth regrows after the signal has passed through the PA, hence, spectrum
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efficiency is degraded. From the PSD graph shown in Figure 9, it is also observed that

the OOB emissions level of f-OFDM signal in the presence of PA rises dramatically. For

instance, the PSD value of f-OFDM with PA increases by about 170 dB at ±10MHz.

However, even in the presence of the PA, F-OFDM signal has slightly lower OOB emission

than that of OFDM signal as depicted in Figure 4.6. Due to the non-linear effect of the

PA which causes both out-band and amplitude distortions, pre-distorter is implemented

in the system and discussed in the following sections.

(a) Without PA (b) With PA

Figure 4.4: F-OFDM sub-carriers (A)without PA, (B)with PA

Figure 4.5: PSD of F-OFDM signal
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Figure 4.6: PSD of F-OFDM and OFDM signals in the presence of conventional PA

4.2 Implementing Digital Pre-Distortion

Pre-distortion is a process of applying an inverse non-linear function of a given PA on a

signal prior to amplification. A predistorter has an inverse function of a PA response so

that the input and output signals of the resulting block (predistorter + PA) are related

linearly. Cascading the pre-distorter before PA should result in linear behavior of the

output signal as Figure 4.7. In this study, a digital pre-distortion is developed by using

the Memory Polynomial (MP) model and indirect learning architecture discussed in [10].

Figure 4.7: Pre-distortion effect on a given PA

4.2.1 Indirect Learning Architecture

There are two methods to construct the pre-distorter with memory: direct learning

method and indirect learning method. In direct learning architecture, behavior of the
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PA is firstly identified and then inverse of the PA is obtained [40]. However, due to

the high complexity of finding the inverse of the non-linear system with memory, direct

learning method is not preferable. On the other hand, in indirect learning architecture,

the pre-distorter is constructed directly without requiring to determine the model of the

PA.

Figure 4.8 illustrates the indirect learning structure. Before applying the pre-distorter,

the output of the PA is normalized and sent to the "Predistorter Training" (block A)

as y(n)
G , where G is the desired amplifier gain, and ẑ(n) is generated from the training

block. The function of the training block is to estimate the parameters of the actual

pre-distorter by comparing ẑ(n) with the actual pre-distorter output, z(n). In the ideal

case, it is required to obtain y(n) = Gx(n) by making the error between ẑ(n) and z(n),

e(n) = 0. The algorithm converges when minimum error energy ||e(n)||2 is achieved.

After the algorithm has converged, the actual pre-distorter is modeled as an exact copy

of the "Predistorter Training" block.

Figure 4.8: Indirect learning structure for the pre-distorter [10].
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4.2.2 Coefficient Estimation of Memory Polynomial (MP) Pre-Distorter

The MP model is a generalizied form of the Hammerstein model. The pre-distortor based

on MP model is formulated mathematically as [10]:

z(n) =
K−1∑
k=0

M−1∑
m=0

dkmx(n−m)|x(n−m)|k (4.4)

where dkm are coefficients of the pre-distorter, and K and M are polynomial order and

memory length of the pre-distorter respectively.

As discussed in the previous section, estimation of the coefficients of the pre-distorter

is done by minimizing squared error. This method is known as a least squares (LS)

estimation. With memory polynomial model, output of the PA before applying pre-

distortion is obtained as:

y(n) =

K−1∑
k=0

M−1∑
m=0

pkmx(n−m)|x(n−m)|k (4.5)

where pkm are coefficients of the memory based PA. As the training block in Figure 4.9

produces an inverse function of the PA, output of the pre-distorter training block, which

is also the input of the PA, can be expressed as:

z(n) =
K−1∑
k=0

M−1∑
m=0

dkmynorm(n−m)|ynorm(n−m)|k (4.6)

where ynorm = y/G is a normalized output of the PA before applying pre-distorter in the

system. Given ynorm(n) and x(n), the Equation 4.6 can be rewritten as Equation 4.7,

which is a matrix form to implement it in least squares estimation formula. That is,

z = Y d (4.7)

where

z = [z(0), z(1), · · · , z(N − 1)]T, zN×1

d = [d1,0, · · · , dK−1,0, d1,1, · · · , dK−1,M−1]T, dKM×1

Y = [y1,0, · · · ,yK−1,0,y1,1, · · · ,yK−1,M−1], Y N×KM

yk,m = [yk,m(0), · · · , dk,m(N − 1)]T, yk,mN×1
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Figure 4.9: Pre-distorter as an inverse function of PA

By using the least squares estimation method, the coefficient vector d can be estimated

as [41]:

d̂ = (Y HY )
−1

Y Hz (4.8)

where (.)H indicates complex conjugate transpose. The details of the memory polynomial

pre-distorter algorithm is described in Figure 4.10.

Figure 4.10: Flow chart of pre-distorter construction

4.2.3 Normalization Gain

In order to model the accurate inverse function of the PA without considering the effect

of the amplifier gain on the amplifier output, it is required to normalize the output
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response of the PA [42]. However, choosing proper normalization gain which is required

to use in the accurate estimation of pre-distorter coefficients is one of the problems in

implementing pre-distortion technique.

Different normalized gain selections have been applied in many studies. In [43], maximum

gain of the linear region of the PA is used. However, it is not suitable to use this

normalized gain in highly non-linear amplifier or wide-band signals with high PAPR

such as F-OFDM signal. This due to the fact that the linear region is not wide enough

to amplify the maximum input of the signal without distortion. As it can be seen in

Figure 4.11, with the normalized gain of [43], the PA cannot operate in the saturation

region, regarding the amplitude of the input signal at the saturation point as a maximum

and neglecting all the amplitudes higher than the maximum.

Figure 4.11: DPD with different normalized gain [11]

Even if there is no problem in choosing the maximum gain of the linear region (in the

case of highly linear amplifier), this will cause the pre-distorted input and the original

input of the PA to have different peak envelopes at the saturation point. Hence, different

scaling factors are required to normalize the output and input of the PA in extracting

the coefficients of DPD, which results in higher complexity of input power control when

implementing the DPD-PA system [42].

Therefore, in [42], normalization gain based on maximum amplitude of the PA input

and output was proposed as Gzhu = max(output)/max(input). Moreover, it allows also
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to amplify the signal with wide dynamic range and high PAPR. The downside of this

selection is that the gain of the PA of the system is reduced in the final DPD-PA system.

The choice of the normalized gain depends not only on the property of the PA but also

on the type of the transmitted signal. DPD with maximum gain in linearized region of

PA used in [43] works only in the case of low PAPR signals while DPD with normalized

gain, Gzhu, introduced in [42] works also for high PAPR signals [11].

4.3 Simulation and Analysis

In this section, performance of the F-OFDM system with the memory polynomial pre-

distorter is demonstrated. F-OFDM signal is produced with Parks-McClellan filter by

using the same simulation parameters used in Chapter 3 and the parameters listed in

Table 4.1 for the PA and the pre-distorter. The constants of Saleh’s model amplifier are

selected to normalize both the input saturation amplitude, Asat = 1√
b
, and the maximum

output amplitude,Amax = max(A(x)) = aAsat2 , to 1 and to obtain the saturation phase

change, φsat = φ(Asat) = π
12 [44].

Table 4.1: Parameters of PA and DPD

Parameter Value

AM/AM constants of Saleh’s

Model
a=2, b=1

AM/PM constants of Saleh’s

Model
c=π

6 , c=1

Input Gain, Output Gain 14 dB, 0 dB

Memory length (K) 3

non-linear order (M) 5

Normalization Gain Gzhu

F-OFDM filter Parks-McClellan

Pre-distorter with three memory and fifth order non-linearity is constructed by imple-

menting the algorithm discussed in the previouse section. Since F-OFDM signal has a

high PAPR, Gzhu is used to normalized the output of the PA in the algorithm. The
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pre-distorter and the memory PA are added in the F-OFDM system as depicted in Fig-

ure 4.12.

Figure 4.12: F-OFDM transmitter with DPD and PA

After applying pre-distorter in the system, the output of the conventional PA amplifies

linearly as shown in Figure 4.13. Even though the behavior of the PA is linearized, due

to the normalize gain used for the high PAPR signal, the PA gain is reduced.

Figure 4.13: F-OFDM transmitter with DPD and PA

The power spectral density of the F-OFDM signal with and without pre-distorter is

illustrated in Figure 4.14. It can be seen that with the pre-distorter, OOB emission is

reduced by 10 dB. Thus, the spectral regrowth due to the conventional PA is suppressed

fully.
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Figure 4.14: Power spectral density of F-OFDM signal with and without DPD

In addition to the ability to suppress the spectrum regrowth, the same BER perfor-

mance of the original F-OFDM can also be achieved by applying the pre-distorter in

the system. As it can be seen in Figure 4.15, BER performance deteriorates greatly in

the presence of the conventional PA. After the PA is linearized with the pre-distorter,

the BER performance improves and ultimately achieves the same performance as in the

original F-OFDM system without the PA.
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Figure 4.15: BER curve of F-OFDM signal with and without DPD

4.4 Conclusion

In this chapter, the effect of the conventional PA on the F-OFDM signal was demon-

strated. Due the non-linear behavior of the PA, OOB spectrum of the F-OFDM signal

regrows and BER performance is also degraded. Therefore, pre-distortion technique,

which can compensate the non-linear behaviour of the PA, is discussed next. Due to the

fact that F-OFDM signal is a wideband signal, which considers memory effect, memory

based polynomial pre-distorter is applied in the system. Finally, simulation of the F-

OFDM system with the pre-distortion and the PA was performed. From the simulation

results, applying pre-distorter suppresses the OOB spectrum and also improves the BER

performance compared to the system with only PA.
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F-OFDM system with Optimized

ICF and Pre-Distorter

In this chapter, PAPR reducing technique based on optimized iterative clipping and

filtering will be discussed first. The optimized ICF block is added in the F-OFDM

system, and without using the pre-distorter, performance of the updated system in the

presence of PA will be evaluated next. Finally, the performance of F-OFDM system with

both optimized ICF and pre-distorter will be analyzed.

5.1 F-OFDM System with the Optimized ICF

F-OFDM systems provide much lower OOB emission than OFDM systems, but they

still hold the disadvantages of OFDM systems such as high PAPR. In OFDM systems,

coherent summation of independent subcarriers with different phase results in a peak

amplitude much larger than the average amplitude of the transmitting signal [45] Simi-

larly, F-OFDM systems also suffer from higher PAPR. ICF technique is commonly used

to reduce PAPR due to its simplicity, yet it takes many iterations to achieve a desired

PAPR [28]. The PAPR of the original time domain F-OFDM symbol, x0, is written as

[28],

PAPR =
‖x0‖2∞
1
N ‖x0‖22

(5.1)

where ‖·‖∞ represents the l∞−norm, which is defined as peak envelope, and ‖·‖2 is the

l2 − norm.

50
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5.1.1 Conventional Iterative Clipping and Filtering

In conventional ICF technique, a time domain symbol, x(k) is first clipped to a predefined

clipping threshold; A, and then OOB spectrum is suppressed by rectangular window

based filter. The time domain clipped F-OFDM symbol at mth iteration; xc
[m](k), is

obtained as [28]

xc
[m](k) =


A[m]ejθ

[m]
(k), |x[m](k)| > A[m]

x[m](k), |x[m](k)| ≤ A[m]

(5.2)

where θ[m] is the phase of x[m](k). A[m] at mth iteration is calculated from clipping ratio

(CR) and root mean square of the time domain signal as follows [28]:

A[m] = CR

√
1

N
‖x[m]‖ (5.3)

Clipping the amplitude of the signals causes amplitude distortion in time domain and

also spectrum spread in frequency domain. Therefore, in order to suppress the OOB

spectrum, filtering process is required after clipping. Frequency response of the window

based filter used in the conventional ICF is defined as [28]

H [m](q) =


1, 1 ≤ q < Nsub

0, Nsub + 1 ≤ q < N

(5.4)

The range between 1 and Nsub represents in-band component indices, and from Nsub + 1

to N are out-band component indices. As it can be seen from the frequency response

of H [m](q), the filter lets all the in-band spectrum of the clipped signal pass and makes

OOB components zero, which leads to peak regrowth in time domain. Hence, repetitive

process of clipping and filtering requires many iterations until the PAPR reaches to the

desired value.

5.1.2 Optimized Iterative Clipping and Filtering

Optimized ICF, by contrast, needs much lesser iterations to obtain the desired PAPR

by considering the peak regrowth affected by filtering. Two parameters to be considered

in optimizing the clipping and filtering are in band distortion, which can be measured
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from error vector magnitude (EVM) between original sub-carriers, din0 and in-band

clipped and filtered sub-carriers, din; and spectrum spread. Large EVM degrades the

BER performance, and spectrum spread results in high OOB emission and interferes

with the adjacent spectrum. The goal of this optimization is to obtain a sub-optimum

filter by minimizing EVM while making OOB spectrum low with the resulting PAPR

less than and equal to the desired PAPR. The optimization problem at mth iteration can

be written as a convex optimization formula as follows:

minimize
H[m]∈CN

EVM =
‖din0 − din

[m]‖2
‖din0‖2

(5.5a)

subject to ‖W ([din
[m]
c ·Hin

[m];dout
[m]
c ·Hout

[m]])‖∞ ≤
√

1

N
‖xc

[m]‖2CR (5.5b)

EVM is measured between the in-band spectrum only since the data sub-carriers are

located at the in-band spectrum. The equation 5.5b is a constraint to achieve the desired

CR given as CR =
√
PAPRmax. Here, Hin

[m] and Hout
[m] are in-band and out-band

frequency response vectors respectively, and W is N-point IFFT twiddle factor matrix.

dinc
[m] and doutc

[m] are in-band and out-band spectrum vectors of the clipped F-OFDM

symbol.

The equation 5.5 is adapted from the study done in [28]. When compared to the con-

straint used in [28], which considers only in-band spectrum components of the symbol in

converting the frequency domain spectrum into the time domain symbol, in this modi-

fied method, out-band components are also taken into account. This is because out-band

spectrum components of the original F-OFDM symbol are not zero due to the filtering

process, which causes spectrum leakage. The optimized filter in [28] totally suppressed

the out-band components, making them all zero. In contrast, in this method, we let out-

band coefficients of the targeted filter equal to that of the undistorted out-band spectrum

components, thus element-wise multiplication between them results in lower OOB spec-

trum without making it zero. At the end of the optimization step in each iteration, the

clipped and filtered sub-carriers vector is obtained as d[m] = [din
[m];dout

[m]].

The modified optimized ICF procedure for a single F-OFDM symbol, summarized below,

is a modified version of the method introduced in [28].

1. Initialization Step: Set the CR threshold and maximum number of iterations, M.
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2. At the first iteration m=1, converts the original signal vector x0
[m] into frequency

domain undistorted signal vector, d0 = [din0;dout0] using FFT.

3. If m=1, let x0
[m] = x0

[m], otherwise, x0
[m] = x0

[m−1].

4. Clip x0
[m] into xc

[m] by using the equation 5.2 with A[m], calculated from the

equation 5.3.

5. Transform xc
[m] into dc[m] = [dinc

[m];doutc
[m]] using FFT.

6. Set Hout
[m] = dout0, and obtain Hin

[m] by performing the optimization step

in 5.5.

7. Generate the sub-optimized clipped and filtered signal x[m] by multiplying dc
[m]

with H [m] = [Hin
[m];Hout

[m]] and then, applying IFFT.

8. Increase m = m+ 1, and repeat the process from step 3 until m = M . And then,

repeat the whole procedure for the next F-OFDM symbol.

5.2 Simulation and Analysis

In this section, simulations of the following F-OFDM systems are performed:

1. F-OFDM system with the modified optimized ICF

2. F-OFDM system with both the pre-distorter and the optimized ICF

A F-OFDM signal is produced from one OFDM symbol with the same simulation pa-

rameters listed in Tabel 3.1. As for the filter, Parks-McClellan filter with stopband

ripple peak of 10−6, which results in filter order of 1140. The optimization was done in

MATLAB with CV X package [46].

5.2.1 F-OFDM System with the modified Optimized ICF

F-OFDM system integrated with the modified optimized ICF technique will be simulated

first. Without any PAPR reducing technique or PA distortion, the F-OFDM signal gives

high PAPR value, 11.0581 dB numerically. Hence, iterative clipping and filtering with
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CR =
√

3.162 = 1.7783 [28], is performed on the signal to reduce the PAPR up to

5 dB (3.162).

Firstly, the effect of the conventional ICF (Armstrong method) on the F-OFDM signal

will be presented. Figure 5.1 shows the clipping effect on the F-OFDM symbol. It

can be observed that after clipping is performed in time domain, the amplitude of the

time domain F-OFDM symbol is cut into a pre-defined amplitude level according to the

clipping ratio.

(a) Before clipping (b) After clipping

Figure 5.1: Time domain F-OFDM signal (A) before clipping, (B) after clipping

While the PAPR value is reduced to 3.9192 dB, the OOB components of the frequency

domain symbol gain some values, as shown in Figure 5.2, resulting in the increased OOB

emission. Therefore, ideal rectangular low pass filter is used to cancel the out-band

components completely without affecting the in-band components. However, it causes

the peak regrowth in the resulting time domain symbol, leading to larger PAPR.

Figure 5.3 compares the time domain F-OFDM symbol before and after applying the low

pass filter on the clipped symbol. It can be seen that the amplitude of the clipped and

filtered signal exceeds the peak amplitude of the clipped signal, hence, the PAPR becomes

higher and is recorded as 8.4873 dB. This is for one iteration only, with 12 iterations,

the PAPR reaches to 5.5179 dB, which is close to the maximum PAPR desired.
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(a) Before clipping (b) After clipping

Figure 5.2: Frequency domain F-OFDM signal (A) before clipping, (B) after clipping

Figure 5.3: A comparison between clipped signal and clipped and filtered signal

On the other hand, optimized ICF method can greatly reduce the PAPR after a few

iterations. The PAPR values obtained from the method used in this thesis and the

method proposed in [28] and are recorded in Table 5.1. With the original method,

the PAPR is dropped to 6.0509 dB after only one iteration and to 5.5117 dB after two

iterations. Compared to the original approach, the modified method can reduces the

PAPR to lesser value; 5.5067 dB after two iterations.
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Table 5.1: PAPR values of original optimized ICF method [28] and the modified
method

Method
PAPR(dB)

Iteration=1

PAPR(dB)

Iteration=2

Original method 6.0509 5.5117

Modified method 6.0585 5.5067

Figure 5.3 compares amplitude of the signal resulting from the modified optimized ICF

method with that of Armstrong method after 1 iteration. It is shown that while the

Armstrong filter makes the amplitude of the clipped signal regrow, the optimized filtering

mitigates the regrowth.

Figure 5.4: Time domain F-OFDM with Armstrong method and modified optimized
ICF method after 1 iteration

Frequency responses of Armstrong method and the optimized method after 2 iterations

are shown in Figure 5.5. It can be seen that in the optimized method, there is amplitude

fluctuation while the amplitude of Armstrong method is always constant in passband.

This variation in pass-band amplitude is a result of the optimization to prevent the

amplitude regrowth in time domain.
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Figure 5.5: Frequency response comparison of optimized filter after 2 iteration with
Armstrong filter

After processing the PAPR reducing technique, the resulting signals are passed through

the conventional PA with the parameters described in Table 4.1 in Chapter 4, without

applying the pre-distorter. Figure 5.6 plots the PSD of unprocessed F-OFDM signal,

with Armstrong filter after 12 iterations and the optimized ICF after 2 iterations. It is

observed that OOB power spectrum of both methods are reduced to about 9 dB lower

than that of the unmodified signal at ±10 MHz.
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Figure 5.6: PSD of F-OFDM using optimized ICF after 2 iterations and Armstrong
method after 12 iterations

Figure 5.7 presents the BER performance of the original F-OFDM signal without and

with PA; and the modified signal with PA using the original optimized ICF (2 iterations),

the modified optimized ICF (2 iterations) and Armstrong method (12 iterations). It is

obvious that the BER performance degrades significantly after applying the clipping and

filter methods. This is due to the fact that clipping process cuts peak amplitudes of the

original signal, resulting in signal distortion. From the observation of the BER curves,

compared to Armstrong method, the optimized ICF methods produces smaller BER at

the high SNR values, specifically the modified optimized ICF perform the best among all

the ICF methods by yielding a BER of log10(1
8 × 10−2) at a SNR value of 20 dB. Thus,

it is evident that the optimized methods cause lesser signal distortion and need fewer

iterations than Armstrong method.
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Figure 5.7: BER comparison between optimized ICF after 2 iterations and Armstrong
method after 12 iterations

5.2.2 F-OFDM System with both the Pre-Distorter and the Optimized

ICF

In this section, the performance of F-OFDM system consisting of Optimized ICF block

and DPD block will be analyzed. Optimized ICF block is added in the system as shown

in the system model in Figure 5.8. Here, we will discuss the simulation results obtained

from the system with 1 iteration of the Optimized ICF.

Figure 5.8: Complete system model for F-OFDM system

Figure 5.9 compares the PSD of optimized F-OFDM with and without DPD. It can be

seen that the OOB spectrum regrowth is totally suppressed after applying DPD. It is also

observed that compared to unmodified F-OFDM signal, F-OFDM, the OOB emissions
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of the optimized signal are obviously reduced. For example, at the frequency of ±10

MHz, the combined method yields OOB emission level about 10 dB lower than just the

optimized ICF method without pre-distortion.

Figure 5.9: PSD comparison of optimized F-OFDM signal with and without DPD, 1
iteration

Next, we will compare the BER performance between optimized F-OFDM signal with

and without DPD in the presence of the conventional PA. As depicted in Figure 5.10,

BER of the optimized F-OFDM with DPD outperforms the BER of the system without

DPD. As it can seen, compared to the BER of the original signal, the BER of the

optimized signal is higher, which is the effect of clipping to reduce the PAPR. Hence, it

can be said that there is a trade-off between the PAPR and the BER performance.

While including the cascaded block of optimized ICF and DPD mitigates the effect non-

linear PA by increasing BER performance and reducing OOB emisison, the complexity

of the system increases. In the worst case, the computational complexity to solve the

second-order cone programming model of the optimization in equation 5.5 is O(N3) [47].

The complexity of the DPD depends on the polynomial degree and the memory length,

and it requires to estimate KM numbers of coefficient.
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Figure 5.10: BER comparison of optimized F-OFDM signal with and without DPD,
1 iteration

5.3 Conclusion

In this chapter, the classical approach in ICF and the optimized ICF were elaborated

mathematically. Then, the performance of the F-OFDM system consisted of optimized

ICF without DPD was compared with the convention ICF (Armstrong method). From

the observation, the optimized method requires lesser iterations than Armstrong method

to achieve similar performance in terms of PSD and BER. Lastly, F-OFDM system

with the optimized ICF and the pre-distortion was simulated. It is evident that OOB

spectrum regrowth caused by the conventional PA is suppressed by using DPD in both

the unmodified F-OFDM and the optimized F-OFDM. Moreover, by comparing the

optimized F-OFDM signals with and without DPD, it was shown that DPD makes the

BER performance of the optimized F-OFDM signal much better. On the other hand,

in the case of the original signal and the optimized signal, in the presence of DPD, it

was observed that optimized signal leads to much lower OOB emission than the original

signal while its BER performance was degraded due to the clipping effect. It can be

concluded that optimizing the F-OFDM signal has lower OOB emission as an advantage

and larger BER values as a drawback.
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Conclusion

6.1 Summary

The thesis presented the performance evaluation of F-OFDM system in the presence

of the conventional PA. F-OFDM scheme is one of the waveform candidates for the

future wireless communication generation 5G. It is based on the classical OFDM system

with sub-band based filtering. 5G is expected to provide much larger bandwidth, and

F-OFDM will utilize the large bandwidth efficiently by dividing it into the several sub-

bands, which can be allocated for different types of services. Due to the sub-band based

filtering, asynchronous transmission can be done without the need of and OOB emission

is reduced, resulting in smaller guard band.

The major process in F-OFDM is designing an appropriate filter, which can mitigate

OOB spectrum emission while letting all in-band spectrum pass. We discussed the per-

formance of F-OFDM signal generated with different filtering methods. Here, windowing-

based filter and optimized filter by Parks-McClellan were compared in terms of PSD and

BER performance. It is shown that much lower OOB spectrum can be achieved by us-

ing Parks-McClellan filter with smaller stopband ripple values at the expense of higher

filter order. Moreover, its BER performance is also similar to OFDM signal. All the

simulations done in this study were with AWGN channel.

Even though F-OFDM provide a reduced OOB emission, it has a higher PAPR than

OFDM. In the presence of the conventional PA, the high PAPR signal will result in

non-linear distortion in time domain and also will increase OOB spectrum in frequency

62
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domain. Therefore, PA linearization method was also employed in the F-OFDM system.

Pre-distorting technique was used since it is the easiest method to linearize the non-linear

behavior of the PA. Here, F-OFDM is the wide-band signal, hence, memory effects

are needed to be considered when implementing the pre-distorter. Simulation results

show that pre-distortion suppresses the spectrum regrowth in OOB frequencies while

improving BER performance.

Another method to reduce the OOB emission caused by PAPR is PAPR reducing tech-

nique. We compared the classical PAPR reducing technique obtained from two ap-

proaches: the optimized ICF and the conventional ICF. Simulations were firstly per-

formed without the presence of DPD, in order to analyze the effect of the ICF alone on

the signal. It is shown that the conventional ICF is simple but it needs many iterations

to achieve the desired PAPR values while the optimized method needs only a few iter-

ations. After performing the simulation of the F-OFDM system only with the PAPR

reducing technique, next, pre-distortion was also added in the system and the overall

system was analyzed. It is observed that, without DPD, it is not possible to suppress

the OOB spectrum regrowth caused by PAPR even though optimized ICF is present.

The advantage of having optimized ICF in the system along with the DPD is that it

achieves much lower OOB emission in contrast to the system with only DPD. The side

effect of optimized ICF is the distortion caused by clipping, hence, BER performance is

worse than without applying the PAPR reducing technique.

With all the work performed in this study, the techniques used in OFDM system to

mitigate the effect of the conventional PA are applied in F-OFDM system. It can be

concluded that in the presence of the PA, the performance of F-OFDM system is greatly

reduced in terms of OOB emission and BER. By deploying the same techniques used to

suppress the PA effects in OFDM, the performance of F-OFDM is improved, however,

OOB emission of F-OFDM signal does not get reduced to the initial OOB emission level

of the signal transmitted without the PA.

In this thesis, performance of the F-OFDM system was discussed, and the numerical re-

sults were shown step by step throughout the discussion. Apart from the basis F-OFDM

system with different filter designs, which is mostly done in many literature, the conven-

tional PA was also included in the system in order to give clear understanding of the PA’s
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effect on the F-OFDM signal. Moreover, to mitigate the effect of the PA, PAPR reduc-

ing technique (optimized ICF) and PA linearization technique (pre-disortion) employed

in 4G OFDM system was also applied in the F-OFDM system and their performance

were compared. We conclude that the combined technique of the optimized ICF and the

predistortion helps improve both OOB and BER performance of F-OFDM system in the

presence of nonlinear PA when compared to a system with no predistorter. Therefore,

the combined technique is a significant part of the F-OFDM system in 5G to fully utilize

the benefits of F-OFDM while providing robustness against the nonlinearity of PA.

6.2 Future Work

There are some limitations in this thesis. Therefore, the following works can be extended

in the future studies.

1. In this thesis, only point-to-point F-OFDM system was simulated. Hence, asyn-

chronous transmission consisting of many sub-bands with different parameters such

as modulation type, number of sub-carriers, CP length and filtering method can

be also performance for real-life communication applications.

2. This study only considers AWGN as a wireless channel. Therefore, as a future

work, the F-OFDM system over different types of channel, such as urban channel

and marine channel, can be evaluated.

3. In this thesis, PAPR reducing technique and pre-distortion technique were applied

in the system without integrating them optimally to achieve optimum performance

between OOB and BER. Therefore, efficient combination of PAPR reducing tech-

nique and the pre-distortion technique suitable for F-OFDM system can be further

studied.
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