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ABSTRACT
According to the 3rd Generation Partnership Project (3GPP) and

International Telecommunication Union (ITU) standards, the Fifth
Generation (5G) networks will have to deal with heterogeneous services and
requirements. One important challenge of the next generation (5G) is the
effective use of the spectrum, which requires a flexible physical layer design
to boost the Spectrum Efficiency (SE) for a wide range of applications over
radio resources. The current thesis introduces a quasi-orthogonal waveform
called Filtered-Orthogonal Frequency Division Multiplexing (F-OFDM) for
spectral localization and asynchronous transmission capability. Two
modeling scenarios (equal and unequal sized sub-bands) have been proposed
utilizing Matlab-Simulink and LabVIEW NXG. Several Window-Sinc filter
forms have been used to limit user/service spectrum leakage, and to enhance
the performance, two window function forms have been proposed.
Simulation results showed that the F-OFDM using proposed window 2
accomplished 5.2% and 5.8% higher SE than the conventional OFDM in the
first and second scenarios, respectively. Furthermore, the two simulators
exhibited the same Bit Error Rate (BER) behavior, and their performances
diverged from those of OFDM at higher Signal-to-Noise Ratio (SNR) values.
The Peak-to-Average Power Ratio (PAPR) has also increased slightly as a
result of the filter influence. The Universal Software Radio Peripheral
(USRP) X310, one of the Software Defined Radio (SDR) hardware
technology products, has been used to perform the proposed transceiver
models in a real-world indoor environment. The testbed was implemented
using a single USRP device and a Personal Computer with other equipment.
A practical operation was conducted at 915 MHz and 3.4 GHz carrier
frequencies to demonstrate the flexibility of the SDR technology. The
acquired SE enhancements were 5% and 5.6% for the first and second
scenarios, respectively, which validates the simulation results obtained.
I
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CHAPTER ONE
INTRODUCTION

1.1 Overview

In recent years, the traffic volume on wireless communication
networks has extensively increased due to the demand for existing and new
diversified services as well as an enormous increase in the number of users.
For these reasons, it has become crucial to use the available spectrum more
efficiently [1]. To accomplish all of those objectives, 5G (the developed
wireless mobile generation) is being designed to incorporate a variety of
existing technologies and new innovative techniques [2].

To enable extreme mobile broadband, 5G involves millimeter-wave
spectral resources that are used in addition to the existing frequency bands,
ranging from sub-1 GHz to 100 GHz. The vital issue concerning the
available spectrum, particularly at lower frequencies, is Spectrum Efficiency
(SE), which is defined as the maximum data rate that can be delivered within
a given bandwidth measured in bit per second per Hertz (bit/s/Hz). The main
objective of 5G is to significantly improve the SE by adopting new strategies
to maximize connection density and deliver higher capacity [3]-[4].

The modulation waveform is one of the key technological components
in the physical layer that significantly contributes to improve the SE in the
utilized frequency band. In the Fourth Generation (4G), 90% of the spectrum
Is used for data transmission, and the rest (10%) are allocated as the guard
band. In a 5G system, 94% to 99% of the available spectrum used for data
transfer. The spectrum of the current Orthogonal Frequency Division
Multiplexing (OFDM) technology (the approved downlink scheme for the
4G application) decays outside the allocated bandwidth due to the sidelobes,
making it unsuitable for 5G applications. Many alternative multicarrier

waveforms are being suggested for 5G spectrum confinement, solving the



high impact of Out-Of-Band Emission (OOBE) and repression interference
leakage from neighboring channels using the filtration principle [3]-[5].
1.2 Literature Review

Several techniques have been emerged to satisfy the demands of the
5G network. The works listed below are relevant to this purpose:

In 2013, J. Li, E. Bala, and R. Yang [6] proposed a filter based on
Resource Block (RB), which divides the entire available spectrum into
blocks and the filter performed for block of subcarriers with an efficient
polyphase implementation method. For varying Adjacent Channel
Interference (ACI) situations, the performance was compared with OFDM
and Filtered-OFDM (F-OFDM). The RB-F-OFDM outperforms F-OFDM
when ACI is increased and lowers OOBE attainment. The study also
contained reduction of Peak-to-Average Power Ratio (PAPR) using
Selective Mapping (SLM) and Partial Transmit Sequence (PTS).

In 2015, J. Abdoli, M. Jia, and J. Ma [7] proposed an F-OFDM
waveform to attain the required spectrum localization while keeping a
permissible limit of Inter-Symbol-Interference/Inter-Carrier-Interference
(ISI/ICI). The proposed F-OFDM enables asynchronous transmission of
filtered orthogonal frequency division multiple access (F-OFDMA)/Filtered-
Discrete Fourier Transform-Spread OFDMA (F-DFT-S-OFDMA) at each
transmitter with a spectrum shaping filter to minimize the sidelobe leakage,
and the receiver employs a bank of filters to reject Inter-User-Interference
(1U1).

In the same year, X. Zhang et al. [8] described the general construction
of F-OFDM with significant design aspects such as the filter design and
guard tone. A comparison of waveform contenders for 5G was also included
in the study demonstrating the merits of F-OFDM such simple equalizer at
the receiver, the ability to be compatible with the Multiple-Input Multiple-
Output (MIMOQO) technology, canceling the need for synchronized

2



transmission, and it offers forward and backward compatible. The authors
claimed that the simulation model with four different kinds of services
indicates that F-OFDM offers 46% higher information gains than the
conventional OFDM.

In 2016, X. Cheng et al. [9] proposed a digital Finite Impulse
Response (FIR) filter-based window function approach to evaluate the
performance of F-OFDM applying distinctive time-domain window
functions. They claimed that the suggested scheme was straightforward to
configure and possesses a very low OOBE, while maintaining the same bit
error rate (BER) performance as conventional OFDM.

In the same year, D. Wu et al. [10] presented a field test design and
implementation of F-OFDM. According to their results, F-OFDM has lower
spectrum leakage and higher SE than conventional OFDM. The ability of F-
OFDM to support multiple asynchronous sub-band transmissions was also
demonstrated, with a performance loss caused by neighboring but
asynchronous transmissions confirmed to be insignificant.

In 2017, J. Wang et al. [5] demonstrated the performance of three key
technologies for the 5G system: Sparse code multiple access (SCMA), Polar
codes, and F-OFDM based on the field trial testbed by NTT DOCOMO and
HUAWEL. They claimed that the results of F-OFDM performance improved
in terms of throughput and SE by 7.47%.

In the same year, R. Gerzaguet et al. [11] introduced a Block Filtered-
OFDM to support asynchronous multi-user connections and spectrum
localization. Their results of the proposed waveform offered the same
performance in terms of SE and BER compared to the conventional Cyclic
Prefix (CP)-OFDM with complexity cost and a simple equalizer at the
receiver.

Again in the same year, C. An, B. Kim, and H. Ryu [12] proposed four

various forms of window F-OFDM waveform based on the variation position
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of the filter and the framework of the waveform which may help to increase
the SE and decrease the OOBE. When comparing simulation results to Filter
Bank Multicarrier (FBMC) performance, they found that window F-OFDM
has lower OOBE at two forms of the proposed designs.

Also in the same year, L. Yang and Y. Xu [13] proposed an F-OFDM
waveform with two sub-bands employing the Nuttall-Blackmanharris
window filter as a candidate waveform for 5G. Various window functions
were used to evaluate F-OFDM performance. The results of simulation were
compared with the Hamming window and OFDM. They observed that, as
compared to OFDM, their proposed filter scheme has the lower OOBE and
the same performance in terms of BER.

In 2018, L. Zhang et al. [14] presented the mathematical model and
derived the conditions for attaining free interference, and one tap channel
equalization used for the F-OFDM scheme. A multirate F-OFDM is also
presented in the study, which reduces the complexity and cost of a
communication system.

In 2019, M. Yang, Y. Chen, and L. Du [15] proposed an F-OFDM
waveform with two sub-bands (users) in uplink asynchronous transmission
to achieve the BER objective and SE enhancement using window-sinc filter.
For various numerologies between the users, the authors derived the
theoretical computation of BER on ISI, ICI and IUI. The filter parameters
and guard band were optimized to enhance the performance and outperforms
the conventional OFDM.

In the same year, S. Gokceli et al. [16] measured the OOBE and ACLR
for  fast-convolution-based filtered-orthogonal frequency division
multiplexing (FC-F-OFDM) wusing the (Universal Software Radio
Peripheral) USRP RIO. According to their measurements, FC-F-OFDM

processing outperformed windowed overlap-and-add OFDM processing in



terms of spectral containment. The study only dealt with the spectrum
leakage without receiving the data.

Again in the same year, S. Roy and A. Chandra [17] presented a novel
F-OFDM technique based on an FIR filter with a narrow bandwidth and an
Interpolated Band-pass Method (IBM). They conclude that their simulation
results show that the F-OFDM with an IBM achieves lower OOBE with
better BER than the F-OFDM.

In 2020, K. S. Chandran and C. K. Ali [18] proposed index modulation
F-OFDM waveform with two sub-bands of different parameters to combat
the effect of Inter-Numerology-Interference (INI) between the sub-bands.
The obtained simulation results show that the performance of the mixed
numerology waveform improved in terms of BER in comparison to
conventional OFDM due to the reduced interference.

In the same year, M. A. Taher, H. S. Radhi, and A. K. Jameil [19]
proposed the idea of convolution of two window functions in the time
domain with various digital filter designs to improve the performance of F-
OFDM and increase SE. They conclude since that there are no restrictions
on the symbol size or on the order of Quadrature Amplitude Modulation
(QAM) in the obtained filter design, the proposed filter outperforms
preceding designs in terms of SE.

In 2021, M. Liu et al. [20] proposed a generic function model to design
time domain window functions used for F-OFDM system. For different
sidelobe attenuation rates, the optimized window functions were modified
using a rising index. The results of designed window functions show that
lower OOBE was achieved and the same BER performance was obtained
compared to the classical window functions.

In the same year, S. Mukhtar and G. R. Begh [21] proposed F-OFDM
for Non-Orthogonal Multiple Access (NOMA) scheme in both uplink and
downlink. The BER performance was analyzed over different channels,
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through which the results showed that the F-OFDM is a better than that of

OFDM by 2dB and 1dB for downlink and uplink, respectively.

1.3 Statement of the Problem

The main characteristics of the 5G telecommunication system are the
ability to provide multi-services over different frequency bands. The most
important challenge, especially at the lower frequencies (Sub-6 GHz), is the
efficient use of the spectrum. 5G necessarily requires SE enhancement for
extra bandwidth, capacity improvement, and ubiquitous coverage in both
indoor and outdoor environments. Waveform style is considered to be one
of the most important components for the physical layer of any
communication system, as it has a significant influence on performance.

However, due to the inflexibility and the scarcity of spectral resources of the

conventional OFDM waveform, such 5G requirements are not satisfied. A

new multicarrier waveform is required to reduce the spectrum leakage,

minimize the guard band consumption, support asynchronous transmission,
and allow multiplexing of different numerologies for different service
requirements.

1.4 Aims of the Thesis

The main objectives of this research are outlined as follows:

1. Study the performance of the OFDM technology-based filtering for SE
enhancement at Sub-6 GHz in the 5G system.

2. Modeling, simulation and evaluating the performance of the F-OFDM
waveform using MATLAB-Simulink (Version 2020b) and Laboratory
Virtual Instrument Engineering Workbench Next Generation (LabVIEW
NXG) Communications System Design Suite with some comparisons to
find the best approach.

3. Justifying the simulation results using a real time practical
implementation for some designed transceiver scenarios of the F-OFDM

waveform using the Software Defined Radio (SDR) technology.
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1.5 Thesis Organization

This thesis consists of five chapters. The contents of each chapter are
as follows:
Chapter One gives an overview to 5G, a literature review, statement of the
problem, and the aims of the thesis.
Chapter Two describes the fundamentals, the available frequency bands,
techniques that considerably improve the SE in the 5G system, and the basic
overview of OFDM. In addition, the required specifications of the new
waveform, the waveforms candidate, and the basic concept of the F-OFDM
scheme are explained.
Chapter Three presents modeling, simulation, analysis, and comparisons of
the F-OFDM waveform in two scenarios of design using MATLAB-
Simulink and LabVIEW NXG software simulators.
Chapter Four describe the fundamentals of SDR technology and the Ettus
Research™ USRP X310 platforms. Furthermore, practical implementation
of the proposed waveform using USRP-X310 is covered.

Chapter Five contains conclusion and suggestions for future works.



CHAPTER TWO
SPECTRUM EFFICIENCY TECHNIQUES FOR 5G

2.1 Introduction

The next generation of wireless communication networks (5G)
requires innovative and recently developed SE techniques. In this chapter,
the fundamentals, the available frequency bands, techniques that
considerably improve the SE in the 5G system, and the basic overview of
OFDM technology are covered. Furthermore, the required specifications of
the new waveform, the waveforms candidate, and the basic concept of the F-
OFDM scheme have been discussed.
2.2 5G Fundamentals

The massive increases in a data exchange and the number of connected
devices with the demand for a greater experience bandwidth, in addition to
the shortcomings in the performance of 4G techniques, have prompted the
design of 5G mobile networks to satisfy the services requirements of the
applications in 2020 and beyond [22]. To deal with a much wider range of
applications, the 5G system must be more versatile and adaptive to the

developed technologies [23].

The International Telecommunication Union (ITU) defines the 5G
services and applications for International Mobile Telecommunications
(IMT) 2020 and beyond into three usage categories as shown in figure (2.1):

1. Enhance Mobile Broadband (eMBB): This usage category addresses
increasing user data rates capabilities and improving system capacity.
2. Massive Machine Type Communication (mMTC): This category
addresses a significant increase in connected devices without regard to
data rates, high device battery life, and lower cost, such as Internet of
Things (loT) applications.



3. Ultra Reliable and Low Latency Communications (URLLC): This
category has strict requirements for capabilities such as latency,
throughput, and availability. Such examples include autonomous
vehicles [24].

Enhanced mobile broadband

Gigabytes in a second —
L8
|—— 3D video, UHD screens

I— Work and play in the cloud

: A Augmented reality

- ,r Industry automation

®

— —  Mission critical application
-

’/ Self driving car

Smart home/building

Voice

Smart city

Massive machine type Ultra-reliable and low latency
communications communications

Figure (2.1) Anticipated IMT usage categories for 2020 and beyond [24].

2.3 Spectrum for 5G

Based on the usage categories, the 5G system fragments the spectrum
for more flexible management capability. The new generation uses a variety
of new frequency bands: licensed, unlicensed, and shared to supplement the

currently utilized wireless frequencies [22].

The frequency bands used in the 5G network are divided into three

groups (Low, mid, and high bands) [25] as shown in figure (2.2):

1. Low band: Frequencies at Sub-1 GHz, enable widespread coverage
area in urban, suburban, and rural areas. The spectrum is suitable for

loT applications.



2. The Mid band: Frequencies between 1-6 GHz, offers a good
compromise between coverage and capacity. The spectrum is more
suitable for urban area due to a good propagation and penetration
characteristics in the indoor environment.

3. High band: Frequencies above 24 GHz up to 100 GHz of spectrum
provide additional bandwidth, greater data rate transmission and lower
latency [26]-[27]-[28].

Low-band Mid-band High-band

Large Range/Coverage Medium Range/Coverage o (it e e
Indoor Penetration Mobile
= Mobile
+ Mobile » Mission Critical
» Mission Critical
« IoT « InT

Figure (2.2) Frequency bands for 5G system [28].

2.4 5G Spectrum Efficiency Enhancement Techniques
Several innovative SE improvement techniques are used in the 5G
system, which are discussed below:

1. Device-to-Device communication (D2D): One of the technigues which
helps to reduce the burden on the 5G spectrum, and higher SE can be
attained if the interferences are kept to a minimum and reliance on
minimum Quality of Service (QoS). D2D operates in two modes: Inband
(licensed), and Outband (unlicensed). The licensed mode have two types:
underlay and overlay. In underlay communication, same cellular radio
resources are shared between cellular users and D2D users while in
overlay communication D2D users are provided with dedicated radio
resources. The Inband mode is more efficient for spectrum utilization and
less communication latency [30].

2. Massive Multiple-Input Multiple-Output (MMIMO): MIMO technology
offers a higher SE without increasing the utilized bandwidth by using the
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spatial multiplexing category. Many data signals can be sent over the
same radio channel simultaneously by exploiting multipath propagation.
The capacity of the 5G system will expand linearly as the number of
antenna elements increases (hundreds to thousands), resulting in greater
SE [31].

. Full-Duplex communication: The full-duplex mode is a bidirectional
communication by simultaneously transmitting and receiving over the
same carrier frequency. The challenge related to full-duplex is the signal
of self-interference, which refers to that signal that comes from the device
transmitter itself (with a maximum power) to its receiver that interferes
with the desired receive signal (weak signal power). Propagation,
analogue and digital are the three domains used to suppress the self-
interference signal. Full duplex has the ability to double the SE when it is
utilized [22].

. New Modulation and Coding Scheme: Channel coding is vital for
efficient and reliable transmission. Polar and Low-Density Parity Check
(LDPC) are the most effective coding schemes for 5G system. The Polar
code is used as a channel coding scheme in both the uplink and downlink
for control channels, while the LDPC coding technique is employed as a
coding scheme for data channels on both the uplink and downlink. Both
approaches contribute to boosting 5G SE [32].

. New Waveforms: Waveforms play a vital role in lowering the OOBE and
hence improving the SE. The most important waveforms that have been
proposed are: F-OFDM, Universal Filter Multicarrier (UFMC), Filter
Bank Multicarrier (FBMC), and Generalized Frequency Division
Multiplexing (GFDM) [5].

. New Multiple Access Technique: SCMA is a non-orthogonal multiple
access scheme, in which sparse codewords from codebooks of numerous

users overlap in code and power domains, and the users share the same

11



time-frequency domains [33]. In the SCMA scheme, the utilization of

multidimensional constellation achieves higher SE [34].

2.5 OFDM Technology Basics

In most modern wireless communication systems, increasing the data
transmission rates is a priority required to improve system efficiency. For
single carrier transmission systems, the impact of channel delay spread due
to multipath propagation causes the duration of the received symbol to be
extended, resulting in some overlap with previously received symbols. This
overlapping, (commonly referred to as the ISI [35]), distorts the symbols at
the receiver, and limits the data rates. In addition, an imbalanced frequency
response (frequency-selective channels) complicates the design of the
equalizer at the receiver. Furthermore, increasing symbol duration beyond
the delay spread time to eliminate ISI caused a waste of spectrum resources
[28]. To overcome these restrictions, attention was paid to the idea of
multicarrier transmission, which was first proposed in the 1960s [36]. One
of the special forms of multicarrier transmission is the OFDM, which was
used for the first time in the 1971s by Weinstein and Ebert [37].

OFDM breaks the data streams into smaller, lower-data-rate
substreams, which are then transmitted via orthogonal narrowband
subcarriers as shown in figure (2.3). The orthogonality concept permits
subcarriers to overlap without mutual interference, and by determining
symbol duration, Tswill determine subcarrier space Af (T;Af = 1) resulting

in higher data rates, and improved bandwidth utilization [36].
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Figure (2.3) OFDM spectrum.

The subcarrier spacing Afis chosen to be less than the channel
coherence bandwidth to deal with flat fading channel, and to design a one-
tap equalizer to compensate the distorted frequency response [22]. The
duration of the OFDM symbol should be smaller than the coherence time of
the channel, which is proportional to the maximum Doppler frequency fmax
(fnaxTs<<1), where the channel fluctuates rapidly compared to the OFDM
symbol duration, leading to performance deterioration of OFDM BER [35]-
[38].

The propagation through the multipath channel causes ISI between the
consecutive OFDM symbols, and as a result, orthogonality is lost between
the subcarriers, resulting in ICI. A simple approach to combating the effect
of ISI/ICI is to increase the time interval of the OFDM symbol by adding a
redundancy to the beginning of the symbol, namely a CP or guard interval
(Tcp) as shown in figure (2.4). At the receiver, this portion is discarded prior
to the FFT process. The ratio of symbol extensions related to the frequency
band and the scenario of deployment is usually taken in the last quarter time
samples of the OFDM symbol [22]. The length of the CP must be a greater
than the delay spread of the wireless channel and less than the OFDM symbol

duration to decrease the overhead [28].
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The effects of short CP length cause interference and degraded
communication system performance. The increased unnecessary extension

may result in a reduction in resources, and drop system throughput [38].

< > >
CP Samples Tcp OFDM Symbol Ts
<€ >

Total Symbol Period T
Figure (2.4) Cyclic prefix concept.

The OFDM technology, as the single carrier transmission, is more
sensitive to the time-frequency variation in wireless channels. Time-varying
impairments can be induced resulting from Carrier Frequency Offset (CFO)
caused by mismatched frequency oscillators between the transmitter and
receiver sides, or by Doppler frequency shift. Frequency varying

impairments result from timing offset, or from the channel delay spread [36].

The OFDM symbol duration is proportional to the subcarriers number
used within the available bandwidth. As a result, a small number of
subcarriers is preferred over a larger number to reduce the impact of ISI. The
number of used subcarriers and the CP extent are related to the desired BER,

allocated spectrum, as well as the available power for the transmission [38].
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2.5.1 OFDM Transceiver Structure

The basic operation of the OFDM transceiver is depicted in figure
(2.5). At the transmitter, coding and interleaving are applied to the baseband
digital data for a reliable transmission. Following that, the digital modulation
process the streams of data with various modulation forms (M- Phase Shift
Keying (PSK), M-QAM, etc.). At this point, a serial-to-parallel converter is
applied to the complex symbols to configure the OFDM signal, the IFFT
algorithm is used to preserve the orthogonality between the subcarriers. CP
is inserted into the OFDM symbol after the process of parallel-to-serial
conversion. The complete digital OFDM signal is converted to analog form
through a Digital-to-Analog Converter (DAC) and then up-converted to
Radio Frequencies (RF) for transmission over the wireless channel. The
opposite process is used on the receiver side. The received signal is down-
converted to the baseband frequency, and an Analog-to-Digital Converter
(ADC) is applied to obtain the digital signal forms. The CP samples is
removed from the received signal, and converted to the parallel format using
a serial-to-parallel converter. An FFT process is used to demodulate the
OFDM signal. Subsequently, the demodulation is performed based on the
transmit constellation, decoded, and de-interleaved to recover the digital

transmit bitstreams [39].
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Figure (2.5) OFDM transceiver structure.
2.5.2 OFDM Signal Generation

If {Sm,k}::_; is a modulated symbols transmitted at the mth OFDM
block, then the OFDM signal can be expressed as:
Sm(t) = YRZ0 Smue! A 0 <t <T; (2.1)

where, N is the number of subcarriers in OFDM Block. At the
receiver, the modulated symbols can be detected if there is no channel

distortion:

1 T _i
Smic = 7 Jo " Sm () e7/2RATE (2.2)

A discrete-time description of the transmitted signal can be obtained
by sampling the continuous signal at t = % equation (2.1) can be expressed

as.
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Sm(n %) = ZIIX;(} Sm,kejznkdfnﬁ = ZIIX;Ol Sm,kejzrtW (2-3)
where, n is the discrete sampling points. The signal in equation (2.1)
represents the Inverse Discrete Fourier Transform (IDFT) of the transmitted
symbols and can be efficiently calculated by IFFT. At the receiver, the

original symbols is recovered by applying FFT instead of integration.

Note that CP is inserted at the beginning of the OFDM symbol with
time Tcp, the OFDM signal time interval is extended to T=Tcp+Ts, then the

transmitted signal $,,,(t) is expressed as:

Sm(t) = XN=3 Smp€/ 2™t Tep<t<Ty (2.4)

At the receiver, the signal (X, ,)can be written as:
Xk = HSmp + ng (2.5)
where, H, is the channel frequency response and can be represented
by:
Hy =Y, Y;e 72mkar (2.6)

where, t; and Y; are the delay and the complex amplitude of the ith
path, respectively. n; is the impact of Additive White Gaussian Noise
(AWGN) [36].

2.5.3 OFDM Block Structure

Modulated data, Direct Current (DC) subcarriers, zero insertion, and
what are known as “pilot signals™, are contribute to constructing the OFDM
block. The OFDM block size must equal the IFFT/FFT size. Usually, the DC
component does not typically carry information because of the fact that low-
frequency signals are challenging to deal with an analog circuits. When the
transmitter modulates the DC subcarrier, the receiver will discard it and rely

on the error correction coding to retrieve the information from it.

17



Alternatively, the allocated spectrum shifts by a half subcarrier bandwidth
yields no subcarriers at the DC [28]. A portion of the OFDM signal contains
subcarriers that are not loaded with information and are used as a guard band
to prevent interference. The pilots are a known signal to both transmitter and
receiver used for synchronization and channel estimation [36].
2.5.3.1 Pilot Symbols Configuration

There are three types of arrangements of pilot symbols used for
channel estimation in the OFDM technology, as following:

1. Block pilot: In this type, the pilot symbols are inserted into all
subcarriers of the OFDM symbol, and periodically transmitted for time-
domain channel estimation. The time interval for the periodic position
of pilots must be at the coherence time of the channel. The Block pilot
Is used to track the time-varying characteristics of the channel, and it is
considered not sensitive to frequency selective channels due to the pilot
inserted into all subcarriers at the OFDM symbol. The Block pilot is
sometimes called the preamble and its arrangement illustrated in figure
(2.6-a).

2. Comb Pilot: In this type, the pilot symbols are inserted between the
modulated data in the OFDM block, which is used for frequency domain
channel estimation. The Comb pilot is appropriate for fast- fading
channels. The distance between successive comb pilots must be at the
coherence bandwidth, which is inversely proportional to the delay
spread of the wireless channel. The arrangement of this type illustrated
in figure (2.6-b).

3. Lattice Pilot: In this type, the pilots are embedded in different OFDM
subcarriers of different OFDM blocks (scattered) for tracking time-
varying and frequency selective channel characteristics [40]. Figure
(2.6-c) illustrates the arrangement of this type.
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Figure (2.6) Pilots arrangement types: (a) Block pilot (b) Comb pilot (c)

Lattice pilot.

2.5.4 Channel Estimation

In the OFDM technology, the transmitted signal is usually distorted
due to the channel characteristics. In fact, the channel characteristics can be
estimated using frequency domain channel estimation techniques with the
assistance of pilot signals. Pilot Aided Channel Estimation (PACE) and
Decision-Directed Channel Estimation (DDCE) are frequency-domain
channel estimation methods. PACE used block or comb pilot tones to
estimate the coefficients of the channel. In DDCE, the preliminary estimation
depends on preambles/pilots, and tracking or prediction algorithms are used
for predicting the channel characteristics for the next data symbols. Error
propagation is the major problem of DDCE due to Doppler effects. In
comparison to DDCE, PACE provides reliable channel estimation by proper
design of pilot patterns [36]-[40].

A blind channel estimation is another technique that uses channel
statistics without the need of a preamble or pilots. The estimation depends
on receiving a large number of symbols for extraction channel properties.
The performance of this type of estimation is usually worse than other

techniques employed by the pilots [40].
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2.5.5 Synchronization

Because of the multicarrier transmission over a multipath channel,
both time and frequency synchronization between the transmitting and
receiving sides is essential in the OFDM technology for proper detection.
The two aspects of the timing synchronization error are symbol
synchronization and sampling clock synchronization. The multipath channel
causes the spread of the OFDM symbol, which results in an error in
determining the beginning point of the symbol at the receiver. Due to sample
clock offset, the OFDM symbol drifts away from the FFT window at the
receiver. ISI and ICI are the result of these two issues [41].

A mismatch in the local oscillators between the transmitter and
receiver causes CFO, which results in OFDM samples having a phase
rotation with respect to the previous one. Furthermore, CFO shifts the
spectrum of the received signal, causing ICI. The orthogonality between the
subcarriers is still achieved when the offset is integer multiple subcarrier
spacing, this yields increase the BER. When the offset of carrier frequency
is fractional part of the spacing, ICI will occur, causing increasing the BER
of the system and degrading the performance [41].

Phase noise, an issue related to synchronization errors in OFDM
results from the instability of the transmitter/receiver clock, causing a
random frequency shift to the OFDM symbols [28].

With the assistance of cyclic prefix, preambles, and pilot symbols, the
synchronization in OFDM is performed in two stages; coarse and fine
synchronization both in terms of time and frequency domains. A coarse
synchronization algorithm is used to detect the beginning of the OFDM
samples. Then the coarse algorithm output is used in the fine synchronization

stage to equalize the signal due to the channel effect [41]-[42].
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2.5.6 OFDM Implementation Issues

Practical implementation of the OFDM technology faces two
significant challenges described below:
2.5.6.1 Peak-to-Average Power Ratio (PAPR)

PAPR is an implementation problem in the OFDM technology, and it
defined as the ratio of the maximum OFDM peak power to its average power.
In the communication systems, the signal is amplified before it transmitted
over the channel using the Power Amplifier (PA). The signal to be amplified
must be within the linear response of the PA to avoid distortion that leads to
higher sidelobes. Designing PA with a higher linear response leads to an
increase in the cost, power consumption, and larger size. OFDM signal due
to subcarriers addition together resulted in larger peaks [28]. Furthermore,
higher PAPR of a system makes DAC/ADC implementation at the
transmitter and receiver extremely difficult [38]. Various techniques are
employed with OFDM to reduce the PAPR, some of which are described
below:

A. Clipping and Filtering: This is the simplest way to reduce PAPR by
clipping the signal to the desired level. Clipping causes in-band and out-
band distortion that results in lost orthogonality among the subcarriers.
Filtering process is used to reduce the OOBE and hence improving the
BER [43].

B. Selective Mapping (SLM): In this method, the transmitted data symbols
of length N are multiplied by a set of N different phase sequences. IFFT
is used, and one of the minimum PAPRs is chosen to be transmitted.
The different phase sequences are transmitted to the receiver for the

ability to recover the original data.
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C. Partial Transmit Sequence (PTS): In this method, the N data symbols
are partitioned into several sub-blocks. The IFFT is processed
individually for each sub-block and then each sub-block is multiplied
by the corresponding phase factor to minimize the PAPR. The
complexity increases with larger partitioning when searching for the

optimum phase factor.

Other PAPR reduction techniques based on coding category by
assigning bits in a codeword to improve the BER are assigned for PAPR
reduction. The codeword with the lowest PAPR must be selected for
transmission. The complexity increased when optimizing the selection of
codewords. The adaptive pre-distortion technique is also used to
compensate for the distortion proposed by the PA due to the nonlinearity-
induced by correcting of the input constellation with pilot signals [40].

2.5.6.2 Sidelobes

Due to the rectangular pulse shape in the time domain, the spectrum of
the OFDM has larger sidelobes. The sidelobes cause interference with the
adjacent frequency band systems. One of the techniques used for sidelobes
suppression is to reserve some subcarriers and optimize them depending on
the content of other subcarriers for sidelobe minimization. An alternative
way is to reduce the power transmission level for the edge subcarriers. Time-
domain windowing is another way of suppressing the sidelobes applied to
the OFDM symbols [28].
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2.6 Required Waveform Specifications for 5G

Flexible and adaptive design are required for the adopted 5G
waveform. The new waveform should support the following different use
cases: mMMTC, eMBB, and URLLC for a wide range of frequencies.
Furthermore, the newly waveform is capable of dealing with the MIMO

system.

The variety of waveform numerology design (i.e., M-QAM,
subcarriers spacing, CP, and transmission time interval) must be taken into
account depending on the deployment options and the operation frequency.
The new waveform allows scalable numerologies to be mixed on the used
carrier frequency, where the subcarriers of a specified numerology interfere
in the frequency domain with other subcarriers of another numerology as
shown in figure (2.7). The subcarrier spacing is specified to be Af = 15 X

2°KHz, where ¢ = 1,2, ... for each sub-band.

There are certain conditions that the new waveform must satisfy in

order to support the requirements in the 5G system, which are as follows:

Higher SE and lower PAPR.

Immunity to channel frequency selectivity.
Well-localized in time and frequency domain.
Protection against synchronization issues.
Lower transceiver complexity.

More flexible and scalable for various services.

Simple equalizer.

O N o g k~ WD PE

Forward and backward compatibility [44].
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Numerology 1
Numerology 2

Figure (2.7) Mixed numerologies design [43].

2.7 Candidates 5G Waveforms
Due to the drawbacks of conventional OFDM, numerous new
waveforms have been proposed for the 5G system:

1. Filter-OFDM (F-OFDM): This waveform is proposed to address
some limitations of OFDM technology, in which the entire allocated
spectrum is divided into smaller sub-bands, each with its own set of
modulated subcarriers. Flexible filter designs are performed for every
sub-band in order to attain perfect frequency domain localization. F-
OFDM is quasi-orthogonal, meaning that the orthogonality between
the subcarriers inside each sub-band is maintained but not between the
sub-bands [7]-[8].

2. Universal Filter Multicarrier (UFMC): In this type of waveform, a
group of orthogonal subcarriers are filtered using the same or different
filter performance in each sub-band to minimize the OOBE. A Zero
prefix (ZP) is added to mitigate the effect of ISI. The filter length in
UFMC must be within the ZP length. The main limitation of UFMC
is that it is not recommended for applications that require higher data
rates [7]-[45].
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3. Filter Bank Multicarrier (FBMC): It is a non-orthogonal waveform,
the filtering is performed per subcarrier, and thus a long filter length
Is used. The accomplished SE using FBMC is higher compared to
other waveforms due to the advanced filter design, therefore, the CP
can be omitted. Offset Quadrature Amplitude Modulation (OQAM) is
used to preserve time-domain signals. FBMC is not preferred for 5G
services because the length of the filter requires more processing and
hence increases the latency. In addition, the complexity is increased
with MIMO technology [38]-[46].

4. Generalized Frequency Division Multiplexing (GFDM): GFDM is a
non-orthogonal waveform with block base transmission, in which the
subcarriers are spaced with more flexibility and pulse shaping is
performed on the subcarriers for eliminating ICl and providing
spectral confinement. In addition, the CP insertion minimize the
impact of ISI. GFDM is preferred for services with lower data rates.
The more complex processing required at the receiver makes it
inefficient for low latency applications in 5G [22]-[46].

2.8 Filtered-OFDM (F-OFDM)

F-OFDM is a new waveform that paid attention in the 5G system due
to its performance and outperforming the limitations proposed in the
conventional OFDM. The principle of operation is based on sub-band
filtering contrary to the OFDM. The sub-band process can be performed in
three different cases: based on users, based on services, and based on
Resource Block (RB) as shown in figure (2.8). Each consecutive of the 12
subcarriers is considered an RB, and it is the smallest unit that can be
assigned to the user. In sub-band filtering, synchronous between the devices
can be dispensable, and the asynchronous transmission is boosted. In F-
OFDM, using an optimal filter design can suppress the OOBE and minimize

the guard band between the sub-bands. Furthermore, different numerologies
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are applied to each sub-band to be suitable for the multi-services
requirements [22]-[47].
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Figure (2.8) Methods of sub-band filtering: (a) Per RB (b) Per user (c) Per
service [46].

2.8.1 F-OFDM Transceiver Scheme

On the transmitting side, the entire band is split into smaller sub-bands
where the data in each sub-band is processed separately. The bitstreams for
each sub-band are mapped to various QAM constellation symbols. The
symbols are transformed from serial to parallel, and the time-domain signal
is performed by N-IFFT at each sub-band to obtain the orthogonality in
which the subcarrier is produced at the zero-crossing point of the other
subcarrier to avoid interference. To mitigate the impact of multipath
propagation, dissimilar lengths of CP are inserted for the sub-bands. The
signal is then filtered by a digital prototype FIR filter to provide the isolation
between numerology-based sub-bands. Finally, the F-OFDM signal of all
sub-bands is combined to be transmitted over the channel. Figure (2.9-a)

illustrates the F-OFDM transmitter as a block diagram.
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The inverse processes of the transmitter are carried out on the
receiving side. The signal is filtered to take the desired sub-band spectrum
and attenuate the others with a filter designed as a similar version of the
transmission filter. A simple equalization process necessitates canceling the
effects of the channel and the used filter. CP is removed and N-FFT is
performed on the desired sub-band to be able to demodulate the received data
[9]-[19]. Figure (2.9-b) illustrates the block diagram of the F-OFDM

receiver.
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RX-Subband _ . Demodulation Receive Data
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Figure (2.9) F-OFDM transceiver block diagram: (a) Transmit side (b)
Receive side.
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The F-OFDM signal for each sub-band (5,(n)) is obtained by the

linear convolution of the filter impulse response with the OFDM signal for
that sub-band:

$i(n) = §;(n) * fy(n) (2.7)

where, $;(n) is the OFDM signal for the lth sub-band with the CP
samples, f;(n) is the impulse response of the digital filter of the [th sub-band.
The received signal is filtered with a filter has an impulse response given by
fi*(-n), which is a matched copy of the transmission filter [7].
2.8.2 Sub-band Filter Characteristics

The filter must meet certain criteria in order to accommodate the 5G
waveform requirements. The passband of the designed filter should be as flat
as possible to ensure that the distortion of the filter does not affect the
subcarriers. The roll-off of the filter should begin at the edges of a passband
with a very narrow transition band. This ensures that the system bandwidth
is efficiently used with the minimum effort of guard band overhead.
Furthermore, neighboring sub-band signals with various numerologies can
be placed in frequency next to each other with a minimum number of guard
bands. Higher-order filters will reduce the OOBE by decreasing the
sidelobes. Usually, the filter length exceeds the CP length for better

localization in the frequency domain [48].
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CHAPTER THREE
F-OFDM MODELING, SIMULATION, AND RESULTS

3.1 Introduction

In any wireless communication system, the choice of multicarrier
waveform is an important factor in determining system performance. This
chapter describes modeling, several simulations, and results with some
comparisons for the F-OFDM downlink waveform with two design scenarios
using two software simulator approaches, MATLAB-Simulink and
LabVIEW NXG.

The adopted two scenarios are based on sub-banding the available
spectrum into equal and unequal sizes. Digital FIR filters will be used to
evaluate the performance of the proposed waveform.

3.2 Model Assumptions

In this work, several assumptions were adopted. Some of these
parameters related to the limitations of the available tools, others are for the
sake of models simplification. The model assumptions are:

1. Four sub-bands are taken to obtain the overlapping among the F-OFDM
sub-bands without interference and also to evaluate the performance in
terms of SE.

2. The total FFT/IFFT size is 1024 and the subcarrier spacing (4f) is 15
kHz.

3. Based on the structure of the OFDM block mentioned in chapter 2
subsection (2.5.3), 78% of the subcarriers carry information, and 22%
are allocated as a guard band in an equal sub-band scheme, while in an
unequal sub-band scheme, 72% of subcarriers carry information, and
28% are allocated as a guard band to ensure the transmission without
errors.

4. No pilot signals are added to the OFDM signal. These signals are used

in studying the characteristics of the channel, channel estimation and
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equalization algorithms, which are outside of the research scope
(characteristics of the channel are supposed to be known).

. The type of filter used is a Window-Sinc FIR filter with different time-
domain window functions.

. The Filter length is taken at half FFT size to achieve tradeoff between
time and frequency domains localization [8].

. Using QAM type with different orders (16, 64, 128, 256, and 512) for
various sub-bands.

. The CP is used to complete the structure of the F-OFDM signal, and the
length is taken at (1/2, 1/4, or 1/8) rates to be able to sum the sub-bands
samples in Simulink.

. The number of data subcarriers from the total FFT length (1024) in equal
sub-band sizes is 200 subcarriers, while the data subcarriers in unequal
sub-band sizes (93, 186, and 372).

10.The average BER and PAPR calculation means the total BER and PAPR

of the four combined designed sub-bands.

11. The utilized bandwidth (BW,) per each sub-band depends on the

number of used subcarriers , Ny taking into consideration the DC
subcarrier in each sub-band, and can be defined as [39]:
BW, = N, Af (3.1)

12. The SE is calculated using the following equation [15]:

Zsub:lz

=n, -1 Csubmn
SE = n=ny-1 b, (32)

~ vSUB SUB-1
Z:sub=1 BWu+Zi=1 BWg:i

where, SUB is the total number of sub-bands, sub is the sub-
band index, n,is the location of the active subcarrier for each sub-
band, and Cj,,;, ,, the capacity of each sub-band measured in (bit/s), and
calculated based on the properly received bits per simulation time,
BW,, represent the utilized bandwidth for each sub-band. BW, ; is the

minimum guard band between the sub-bands. The minimum guard
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band between the sub-bands is obtained based on the flowchart

sub=2
SUB=4
Initial Guard band value = ~-10% of
sub-bands size

process in figure (3.1).

Increase Frequency Offset
(guard band minimization) with
step size

Recall pervious
value

step size=step
size/2

S sub=sub+1

Figure (3.1) Flowchart of minimizing the guard band between
the sub-bands.
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3.3 First Approach MATLAB-Simulink F-OFDM Methodology

This section explains the modeling and simulation of the OFDM, F-
OFDM, and F-OFDM sub-banding, as well as the results obtained using the
Matlab-Simulink software.

3.3.1 OFDM System Model (Simulink)

In this simulation part, the OFDM block was designed according to
equation (2.3), which describes the orthogonal subcarriers of the OFDM
technology. The MATLAB-Simulink system block is shown in figure (3.2).

At the transmitter, the data generated by a random integer block is
used with 372 samples per frame. The Rectangular-QAM modulator is used
as a second process to modulate the input bits using various modulation
orders (16, 64, 128, 256, and 512) to obtain QAM symbols. The constellation
diagrams for various QAM orders obtained from the simulation is shown in
figure (3.3) for a one time unit. The IFFT process subsystem is shown in
figure (3.4), where the input symbols are divided into two parallel groups by
multiport selector block. Matrix concatenates block used to create a
continuous signal vertically consisting of the modulated symbols, zeros, and
DC input. Applying IFFT to the signal formed by the previous block to
obtain the OFDM block of orthogonal subcarriers. CP added to the beginning
of the OFDM signal with a length of 64 samples. The complete OFDM signal
is sent through the AWGN channel.

I

T i L \—. Ti:rror Rate

Integer to Bit Integer to Bit | | Calculation

FI
l}:::;zrr e Converter Modulation IFFT Process (» AWGN [ FFT Process [#Demodulation Converter
OFDM FFT

~[;: || Constellation Diagram

Figure (3.2) OFDM block (Simulink).
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Figure (3.4) IFFT process subsystem.

At the receiver, the inverse process was performed. The CP was

removed from the complete symbol and the FFT was applied to the OFDM

signal. Removing the zeros and DC signal from the output of the FFT block

using a selector block, the reminder is the modulated data. The subsystem of

these processes is shown

Demodulator block is used to demodulate the signal.

in figure (3.5). The Rectangular-QAM

To

Rows

(T Select |,
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remove zero pad and reorder
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D

remove cycli

c prefix

Figure (3.5) FFT process subsystem.
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3.3.2 F-OFDM System Model (Simulink)

The aims of this simulation part is to study the filter effects on the
performance of the OFDM system. Using MATLAB codes, FIR filters were
designed by multiplying the infinite impulse response of sinc function with
finite time-domain window functions creating Window-Sinc FIR filters. Five
types of time-domain window functions were applied (Gaussian, Hanning,
Nuttall, Blackman, and BlackmanHarris), and two new window functions
were proposed. The first proposed window created by combining the
Hanning window with the Blackman window, and the second proposed
window created by combining the first proposed window with the
BlackmanHarris window. The representation of the utilized window
functions in the time and frequency domain is shown in figure (3.6) based
on the equations presented in Appendix-A [49]-[50]-[51]-[52].

Time domain Frequency domain
1 : : - ‘ 100 : : - :
0.8 \ - 0
@ —Sa:s:ian %—
=== Nutia
g 0.6 Hanning @ -100
E === Blackman .g
e === BlackmanHarries =
E 0.4 Hanning-Blackman 5,'200
=== Hanning-Blackman-BlackmanHarries rEu
0.2 -300
0 -400 - : : :
100 200 300 400 500 0 0.2 04 0.6 0.8
Samples Normalized Frequency
Figure (3.6) Time-Frequency domain representation of the utilized window
functions.

The normalized Sinc function prototype filter (f;(n)) is represented
in the equation below [53]:

fa(n) = Sinc[(N,, + 2 X toneof fset) X n/FFTsize] (3.3)
where, toneof fset is the excess bandwidth (in subcarrier), used to

protect the information at the edges subcarriers from loss.
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The FIR Sinc truncation filter for the [th-Sub-bands is obtained after
multiplying the Sinc function by a time-domain window function w(n) as

follows:

filn) = fa(m).w(n) (3.4)

On the transmitting side, the designed FIR filter of linear phase linear
convolved with the complete OFDM signal, and on the receiving side, a
matched version of the transmitted filter is applied to the received signal.
After the filtering process is performed, the signal is modified by removing
samples that have the length of the utilized filter and adjusting the power of
the signal to the desired level. The frequency response and the phase
response of the designed digital filters are shown in figures (3.7), (3.8), (3.9),
(3.10), (3.11), (3.12), and (3.13), see Appendix-B. It can be noticed that,
based on the utilized window functions, the filters provide various
attenuation to the sidelobes with linear phase variation. The impulse
response of the 513 tap filter length is shown in figure (3.14), and the
complete F-OFDM of one sub-band is shown in figure (3.15).

Magnitude Response (dB) and Phase Response of Gaussin Window Filter
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Figure (3.7) Magnitude and phase response of the Gaussian window filter.
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Figure (3.8) Magnitude and phase response of the Nuttall window filter.
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Figure (3.9) Magnitude and phase response of the Hanning window filter.
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Figure (3.10) Magnitude and phase response of the Blackman window
filter.
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Figure (3.12) Magnitude and phase response of the Proposed window 1

filter.
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Figure (3.14) Impulse response of 513 samples length of the
utilized digital filter.
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Figure (3.15) MATLAB-Simulink block diagram of one sub-band F-
OFDM.

3.3.3 F-OFDM and OFDM Results and Comparisons (Simulink)

The performance of F-OFDM was analyzed based on two parameters:
spectrum confinement (OOBE) and BER, which were compared to the
performance of OFDM as follows:

Figure (3.16) shows the power spectrum of the F-OFDM waveform
with different window filters and is compared to the conventional OFDM
spectrum. The simulation was performed on five orders of QAM modulation,
and the obtained spectrum has a slight effect on OOBE in all orders.
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Figure (3.16) F-OFDM power spectrum compared with OFDM spectrum
using different Window-Sinc filters (MATLAB-Simulink).

It can be noticed that higher sidelobes attenuation were achieved with
different window filters compared to OFDM. The Blackman window filter
achieves lower OOBE than others as an individual window function. Higher
suppression of the sidelobes is achieved at the proposed window 1 filter and
proposed window 2 filter because the multiplication of two and three
window functions with different characteristics made the main beam
narrower.

The Gaussian window filter gives 80 dB lower sidelobes compared
with OFDM, which produced -30 dB. The Nuttall window filter produces -
120 dB OOBE, the Hanning window filter produces -130 dB OOBE, while
BlackmanHarris and Blackman give approximately 137 dB and 140 dB
respectively lower than OFDM. More enhancement appears at combination
criteria, where the results obtained are 202 dB and 270 dB lower than OFDM
at proposed window 1 and proposed window 2 respectively.

The performance of F-OFDM evaluated and compared with OFDM
over AWGN at various Signal-to-Noise Ratio (SNR). The BER was
measured due to the effects of filtering with various utilized window filters

and constellation mapping as shown in figures (3.17), (3.18), (3.19), (3.20),
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and (3.21). It is evident from the obtained BER curves of F-OFDM and
OFDM approximately have the same behavior at lower values of SNR, while
at higher SNR, the performance worsens than OFDM over different
modulation orders.

The performance of all utilized filters offers approximately the same
BER performance and is worsened in comparison with traditional OFDM.
Furthermore, proposed window functions have a slightly worse case than the

individual window function at higher orders of QAM.

100; T T T T T T

—OFDM i
——F-OFDM Blackman 3
F-OFDM Hanning ]
—F-OFDM Nuttall =
F-OFDM Blackmanharris E
F-OFDM Gaussian §
—F-OFDM Proposed Window1| 5
——F-OFDM Proposed Window2| J

1 1 1 1
15 20 25 30 35
SNR (dB)

Figure (3.17) BER performance of F-OFDM compared with OFDM using
16-QAM Simulink results.

10° T T T T T T

—OFDM
—F-OFDM Blackman
F-OFDM Hanning
——F-OFDM Nuttall
F-OFDM Blackmanharris
—F-OFDM Gaussian ]
——F-OFDM Proposed Window1| |
—#—F-OFDM Proposed Window2| 3

25 30 35

SNR (dB)

Figure (3.18) BER performance of F-OFDM compared with OFDM using
64-QAM Simulink results.
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Figure (3.19) BER performance of F-OFDM compared with OFDM using
128-QAM Simulink results.
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Figure (3.20) BER performance of F-OFDM compared with OFDM using
256-QAM Simulink results.
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Figure (3.21) BER performance of F-OFDM compared with OFDM using
512-QAM Simulink results.
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3.3.4 F-OFDM Sub-banding (Simulink)

The section of the simulation adopted two scenarios of sub-band
scheme. The first scenario split the utilized spectrum into four sub-bands of
equal size, while the second scenario split the utilized spectrum into four
sub-bands of unequal size. The two scenarios have different specifications
in terms of the number of utilized subcarriers, filter design bandwidth, and
modulation orders per sub-band.
3.3.4.1 Equal-Sized Sub-bands F-OFDM (Simulink)

The entire Simulink block for equal sub-bands sizes F-OFDM is
shown in figure (3.22) which is modeled according to the transceiver block
diagram of F-OFDM in chapter two sub-section (2.8.1). The F-OFDM
waveform is constructed by dividing the utilized bandwidth into four equal-
sized sub-bands. In each sub-band, the Random Integer blocks contain
various initial seed values to generate varied data. Different modulation
orders are applied to the sub-bands. Before the orthogonal subcarriers are
executed, a shift of the sub-band to the desired location is necessary. The
shifting process is performed by injection of a zero pad before, after, or both
into the modulated data, IFFT then used to achieve orthogonality. To
complete the system, CP added. The frequency response of the transmit filter
moved to the desired sub-band using MATLAB code for the utilized filter,
see Appendix-B. The signals from the sub-bands are combined, and
delivered over the channel.

On the receive side, an equivalent version of the transmit filters is
applied to the received signal to separate the intended signal from the various
sub-band signals and minimize interference. Distortion occurs as a result of
adding the filter, and the shifting property is treated by applying a phase
rotation to the constellation points using a Phase/Frequency Offset block to
modify the phase distortion. Furthermore, zero samples of the same length

as the filter must be removed and the power level must be adjusted. The FFT
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process is performed, and demodulation of the received symbols obtains the

desired information for each sub-band.
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Figure (3.22) Sub-bands F-OFDM waveform in MATLAB-Simulink.
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3.3.4.2 Equal-Sized Sub-bands Results and Comparisons (Simulink)

Evaluating the performance of equal-sized sub-bands F-OFDM
waveform is based on achieved OOBE, average BER, SE measurement, and
finally the PAPR values.

A. Achieved OOBE

The OFDM mechanism based filtering helps to reduce the sidelobes,
resulting in lower OOBE. The reduction of sidelobes leads to minimizing the
guard band between the sub-bands, and without any interference. Three types
of window filters are used in this step: Blackman window, proposed window
1 and proposed window 2 filters. The reasons of utilizing the Blackman
window are: good time-frequency localization, acceptable BER, and lower
passband, while the two proposed window filters gave minimum sidelobes
attenuation.

Figure (3.23) illustrates four OFDM sub-bands power spectrum in
equal sizes, which provides larger OOBE (-29 dB) compared to figures
(3.24), (3.25), and (3.26), which illustrate the transmit power spectrum of the
equal sub-bands sizes F-OFDM of three kinds of utilized filters. The
summation of the sub-bands power spectra (at the sidelobes region) achieves
approximately -160 dB, -212 dB, and -213 dB OOBE for Blackman,

proposed window 1 and proposed window 2 filters respectively.
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" Figure (3.23) Power spectrum of equal-sized sub-bands OFDM
(Simulink).
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B. Average BER Performance

The performance of average BER of the equal sub-bands with the
three adopted filters are illustrated in figure (3.27). It is worth noting that at
the lower values of SNR, the BER of F-OFDM has the same performance as
OFDM. At higher values of SNR, the BER of F-OFDM curves degrades,
where at 37 dB of SNR the BER is1.6 x 107%, 1.5x 107°, 9.1 X
107%and 6 x 107° for OFDM, Blackman, proposed window 1 and 2 F-
OFDM respectively.

10° T T T T T I
s =—0OFDM
- =—F-OFDM (Blackman) 1
10" F-OFDM (Proposed window1)
: —F-OFDM (Proposed window2)|]
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=
-
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X 40 R Y 2.42¢-06
Y 1.21e-06 K
. i

10 [ 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45

SNR (dB)
Figure (3.27) Average BER of equal-sized sub-bands (Simulink).

At 40 dB of SNR, the BER of Blackman, proposed window 1 and 2
are 4.8 x 1076, 1.21 x 107°, and 4.14 x 10°, respectively. The minimum
BER value of the Blackman window filter at 45 dB SNR is 2.42 x 107°,
while for the proposed window 2 filter the minimum BER value is
approximately 1.38 x 107°.

C. Spectrum Efficiency Enhancement

The SE of the equal-sized sub-band waveform was calculated based
on the reduction of the guard band between the sub-bands to a minimum
value according to the flowchart in figure (3.1) and equation (3.2). It can be

shown from figure (3.28) that the four sub-bands waveform using filters,
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achieve higher SEs than that of OFDM, where at lower values of SNR the
SE enhancement for Blackman window filter is approximately 4.8%, while
at higher values of SNR the SE achieved is approximately 4.9%. In
comparison to OFDM, the maximum SE enhancement at the proposed

window 1 and 2 filters is 5.1% and 5.2%, respectively.

1

Normalized SE
o
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(3,
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== OFDM
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0.7 i i i i i , |——F-OFDM (Proposed Window 2)
0 5 10 15 20 25 30 35 40 45 50
SNR (dB)

Figure (3.28) Normalized SE of equal-sized sub-band F-OFDM compared
to OFDM (Simulink).

D. Average PAPR Comparison

PAPR is an important implementation issue related to the performance
of F-OFDM. Figure (3.29) compares the average PAPR performance of the
equal-sized sub-band waveform at the three filters used to that of OFDM. F-
OFDM with equal sub-bands has a higher PAPR than OFDM.
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13.828 13.847 13.766
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0

OFDM Blackman Proposed Proposed
Windowl Window2

Figure (3.29) Average PAPR of equal-sized sub-bands F-OFDM
(Simulink).
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3.3.4.3 Unequal-Sized Sub-bands F-OFDM (Simulink)

Based on the requirements of the 5G system for supporting multi-
services, the F-OFDM waveform is configured by dividing the spectrum into
different sizes of sub-bands. Four sub-bands support varying numbers of data
subcarriers and various orders of modulation. The Simulink block is created
in the same manner as the equal sub-banding that is illustrated in figure
(3.22), the difference is the allocated subcarriers per each sub-band which
support (16, 64, 128 and 256) QAM.
3.3.4.4 Unequal-Sized Sub-bands Results and Comparisons (Simulink)

The evaluation of unequal-sized sub-band waveform performance is
based on the same four factors as for equal-sized waveform: achieved
OOBE, average BER, SE measurement, and PAPR.

A. Achieved OOBE

Due to the different sizes of the sub-bands, the guard band is a variant.
The small band requires the smallest guard, while at the large band size, the
guard is increased. The optimum guard band obtained is related to the OOBE
of the sub-bands by shifting the sub-bands to a minimal guard to ensure that
no errors appear. Blackman and the two proposed window filters were
adopted for the same reasons listed in section (3.3.4.2). Figure (3.30)
illustrates four OFDM sub-bands power spectrum in unequal sizes, which
provides a larger OOBE (-29 dB). Figures (3.31), (3.32), and (3.33) illustrate
the power spectrum of the F-OFDM waveform using Blackman, proposed
window 1, and proposed window 2 filters, respectively. The summation of
the sub-band power spectrum (at the sidelobes region) achieves
approximately -164 dB, -208 dB, and -212 dB OOBE for Blackman,

proposed window 1 and proposed window 2 filters, respectively.
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Flgure(331) Power spectrum of unequal-sized sub-bands F-OFDM using
Blackman window filter (Simulink).
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Flgure(3 32) Power spectrum of unequal-sized sub-bands F-OFDM using
proposed window 1 filter (Simulink).

50



)
)
=
£-
=
S
=
o
[
=
(%]

Frequency (MHz

Power spectrum of unequal-sized sub-bands F-OFDM using
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B. Average BER Performance
The performance of the average BER of the unequal sub-bands with
the three adopted filters is illustrated in figure (3.34). It can be noticed that
at the lower values of SNR, the BER of F-OFDM has the same performance
as OFDM. At higher values of SNR, the performance is differ and get to
worse. At 40 dB SNR, the BERs are 1.35 x 107°,1.78 x 107°, 6.79 x

107%and 2.7 x 10~%for OFDM, Blackman, proposed window1 and 2 filters,
F-OFDM respectively.
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Figure (3.34) Average BER of unequal-sized sub-bands sizes
(Simulink).
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C. Spectrum Efficiency Enhancement

The same method used to calculate the performance of equal sub-band
sizes in terms of SE is also adopted for unequal sub-band sizes. The
optimized guard band between the sub-bands achieves higher SE compared
to OFDM. It can be noticed from figure (3.35) that the improvement SE at
lower values of SNR is 6 %, 5.5%, and 4.6% for Blackman window,
proposed window 1, and 2 filters, respectively. At higher values of SNR, the
achievement SE for each of Blackman, proposed window 1 and 2 filters is
5.25%, 5.3%, and 5.7%, respectively.

Normalized SE

3 20 pr 50
SNR (dB)

=—=0FDM

=—=F-OFDM (Blackman)

=——=F-OFDM (Proposed Window 1)

0.6 ! i { ! i ! F-OFDM (Proposed Window 2)
0 5 10 15 20 25 30 35 40 45 50

SNR (dB)

Figure (3.35) Normalized SE of unequal-sized sub-bands F-OFDM
compared to OFDM (Simulink).
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D. Average PAPR Comparison
Figure (3.36) illustrates the average PAPR performance of the unequal
sub-banding waveform at the three utilized filters and is compared to that of
OFDM. It can be noticed that the PAPR values of the unequal sub-bands F-

OFDM are higher than in OFDM, which may deteriorate system
performance.

16
14 13.403

12.301 12.11
12 10.909
| I

OFDM Blackman Proposed Proposed
Windowl Window2

Average PAPR(dB)
o

O N &~ O ®

Figure (3.36) Average PAPR of unequal-sized sub-bands F-OFDM
(Simulink).
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3.4 Second Approach LabVIEW NXG F-OFDM Methodology

The second alternative approaches for modeling and simulation the
proposed waveform is accomplished using the LabVIEW NXG, which is a
graphical programming environment used for test and measurement. NXG
iIs the next generation of LabVIEW for communication from National
Instruments. The new platform was developed in 2017 to enhance the user
experience, and it is more advanced for designing wireless communication
systems [54].The simulation steps include OFDM, F-OFDM, and F-OFDM
sub-banding designs with their results.

3.4.1 OFDM System Model (LabVIEW)

Figure (3.37) illustrates the OFDM transceiver model block diagram
designed in LabVIEW. The first step at the transmitter is to generate a bit
sequence using the MT Generate Bits (Galois, PN Order) node. Maps the
incoming bits to obtain complex-valued QAM using the MT Map Bits to
QAM Symbols node, which depends on the order specified by MT Generate
QAM System Parameters (M) node and the number of bits generated. The
constellation diagrams for various QAM orders obtained from the simulation
is shown in figure (3.38). Construction of the parallel form of an OFDM
block consists of modulated data symbols, DC subcarrier, and null
subcarriers as a guard band. To maintain the orthogonality, Inverse complex
FFT is applied, and the CP inserted. Finally, the complete signal is
transmitted over the AWGN channel.

On the receive side, first the CP is removed, then the complex FFT is
applied to the sequence symbols. The DC and null subcarrier then removed
to get the modulated data. Finally, demodulate the received symbols using
MT Map QAM symbols to Bits node.
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3.4.2 F-OFDM System Model (LabVIEW)

After the OFDM model is completed, various Window-Sinc filter
forms are applied to evaluate the system performance. The same set of filters
used in Simulink are reused in LabVIEW by establishing an interface to
MATLAB to call MATLAB filter functions inside LabVIEW NXG. The
interfacing process is illustrated in figure (3.39) and the entire system of F-
OFDM is illustrated in figure (3.40). At the transmitter side, the filter is
inserted after CP insertion, while it is inserted directly into the received
signal to pick the desired sub-band and eliminate the distortion caused by the

utilized filters.
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3.4.3 F-OFDM and OFDM Results and Comparisons (LabVIEW)

The F-OFDM and OFDM performance evaluation is based on two
parameters: spectrum confinement and BER as follows:

Figure (3.41) shows the power spectrum comparison of F-OFDM and
OFDM using the same filter types utilized in Simulink. It is obvious that the
F-OFDM outperforms the OFDM in terms of sidelobes suppression. The
achieved OOBE for the Gaussian window filter was -80 dB better than that
of OFDM. The Nuttall window filter has a -127 dB OOBE enhancement, the
Hanning window filter has a -136 dB OOBE enhancement, while
BlackmanHarris and Blackman have an improvement of -144 dB and -151
dB, respectively. More enhancement was realized for the proposed filters,
where the results obtained 208 dB, and 286 dB lower than OFDM for

proposed window 1 and proposed window 2, respectively.
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Figure (3.41) F-OFDM power spectrum compared with OFDM spectrum
using different Window-Sinc filters (LabVIEW).
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The BER performance of the F-OFDM was assessed for the five
orders of QAM and compared to that of OFDM. As shown in figures (3.42),
(3.43), (3.44), (3.45), and (3.46) the types of the filters used in this section
do not affect the BER for various modulation orders. At lower values of
SNR, the BER of F-OFDM gives approximately the same results as OFDM,

while at higher values of SNR, the BER performance deteriorates.
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Figure (3.42) BER performance of F-OFDM compared with OFDM
using 16-QAM LabVIEW results.
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Figure (3.43) BER performance of F-OFDM compared with OFDM
using 64-QAM LabVIEW results.
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Figure (3.44) BER performance of F-OFDM compared with OFDM
using 128-QAM LabVIEW results.
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Figure (3.45) BER performance of F-OFDM compared with OFDM
using 256-QAM LabVIEW results.
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Figure (3.46) BER performance of F-OFDM compared with OFDM
using 512-QAM LabVIEW results.
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3.4.4 F-OFDM Sub-banding (LabVIEW)

In this subsection, the simulation is based on the same two scenarios
modeled in MATLAB-Simulink. The first scenario splits the allocated
bandwidth into four equal sub-band sizes, while the second scenario splits it
into four unequal-sized sub-bands.
3.4.4.1 Equal-Sized Sub-bands F-OFDM (LabVIEW)

In this part, the constructed four equal sub-band sizes are based on the
same Simulink model specifications and assumptions in sub-section
(3.3.4.1). On the transmitter side, the designed waveform generates different
bit sequences per each sub-band using different seed values for the MT
Generate Bits (Galois, PN Order) node. The resulted sequences are
modulated using four different orders of QAM specified by the supported
services. The OFDM signal per each sub-band is constructed and shifted to
the desired location. Applying complex IFFT to maintain the orthogonality
principle and the CP inserted to complete the OFDM signal. The designed
filters with the property of shifting used in Simulink are reused in LabVIEW
by creating an interface to MATLAB to call MATLAB filters functions
inside LabVIEW and are performed on the sub-bands. In the last stage, the
complete signals from the sub-bands are combined and transmitted via the
AWGN channel.

At the receiver, the identical received filters with the same properties
used in MATLAB were reused in LabVIEW. The filters are capable of
isolating and reducing interference between the sub-bands. The rest of the
receiving process is the same as in Simulink, including eliminating the
samples that are the length of the filter, addressing distortion caused by the
used filters, and power level modification. Additionally, removing the CP,
complex FFT implementation, and finally demodulation to obtain the
received data. Figure (3.47) represents the four sub-banding system of F-
OFDM in LabVIEW NXG.
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Figure (3.47) Sub-bands F-OFDM waveform in LabVIEW NXG.
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3.4.4.2 Equal-Sized Sub-bands Results and Comparisons (LabVIEW)
This sub-section discusses the performance of four equal sub-band
sizes based on the achieved OOBE, average BER behavior, SE
measurement, and PAPR compared to OFDM.
A. Achieved OOBE
The main advantages of reducing OOBE is the minimization the guard
bands, interference reduction, and hence improving the SE. The same filters
used in MATLAB-Simulink were reused in LabVIEW for the same reasons
mentioned before. Figure (3.48) illustrates four equal sizes OFDM sub-bands
power spectrum where the OOBE was -30 dB compared to figures (3.49),
(3.50), and (3.51), the OOBE enhancement of the three utilized filters were
-160 dB, -243 dB and -285 dB for Blackman window filter, proposed

window 1 and 2 filters, respectively.
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Figure (3.48) Power spectrum of equal-sized sub-bands OFDM

(LabVIEW).
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Figure (3.49) Power spectrum of equal-sized sub-bands F-OFDM using
Blackman window filter (LabVIEW).
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Figure (3.50) Power spectrum of equal-sized sub-bands F-OFDM using
proposed window 1 filter (LabVIEW).
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Figure (3.51) Power spectrum of equal-sized sub-bands F-OFDM using
proposed window 2 filter (LabVIEW).
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B. Average BER Performance

The average BER was evaluated for each of the three utilized filters
of the equal sub-banding and compared to OFDM as shown in figure (3.52).
The F-OFDM sub-bands have almost the same BER performance as OFDM
at lower values of SNR, while different behaviors are obtained at higher
values of SNR. The performance is degraded compared to OFDM, where at
35 dB, the OFDM BER is 1.7 x 107, while at the Blackman, proposed
window filterl and 2 the BER are 1.36 x 1074, 2.4 x 107> and 7.06 X
1073, respectively. At 45 dB SNR, the BER for the Blackman filter is 1.2 x
107>, while the BER for the proposed window 1 and 2 filter are same and
equal to 1.72 x 1076,
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Figure (3.52) Average BER of equal-sized sub-bands (LabVIEW).

C. Spectrum Efficiency Enhancement

The normalized SE of the equal sized sub-bands was calculated in
LabVIEW for the three filters and compared to OFDM. The three filters can
obviously contribute to increasing the SE as compared to OFDM as shown
in figure (3.53). The improvement of SE after optimizing the guard band
obtained at lower values of SNR is about 3.9% for F-OFDM and 4% identical
for proposed window land 2 filters. At the higher values of SNR the
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maximum enhancement is about 4.43%, 5.1% and 5.2% for Blackman,

proposed window 1 filter , and proposed window 2 filter respectively.
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Figure (3.53) Normalized SE of equal-sized sub-bands F-OFDM compared
to OFDM (LabVIEW).

D. Average PAPR Comparison
Figure (3.54) compares the average PAPR values for the three utilized
filters with the average OFDM PAPR. It can be seen that the equal-sized F-

OFDM sub-bands waveform has higher PAPR than OFDM, which may
degrade the performance.
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Figure (3.54) Average PAPR of equal-sized sub-bands F-OFDM
(LabVIEW).
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3.4.4.3 Unequal-Sized Sub-bands F-OFDM (LabVIEW)

The sub-bands with different sizes modeled in LabVIEW NXG with
the same specifications and assumptions have been used in Simulink. The
identical diagram of the equal splitting reused in the unequal splitting is
shown in figure (3.47) with the exception of the amount of utilized data
subcarriers given to each sub-band, the order of modulation per sub-band
and optimal filter design specifications suitable for the sub-bands.
3.4.4.4 Unequal-Sized Sub-bands Results and Comparisons (LabVIEW)

This sub-section discusses the performance of four unequal sub-band
sizes based on the achieved OOBE, average BER behavior, SE
measurement, and PAPR compared to OFDM.

A. Achieved OOBE

Figure (3.55) illustrates four OFDM sub-bands power spectrum in
unequal sizes with an OOBE of -30 dB compared to figures (3.56), (3.57),
and (3.58).The F-OFDM waveform reaches -174dB, -230dB and -300 dB
OOBE at the Blackman window filter, proposed window 1 and 2 filters,
respectively. The minimum guard band exists between the two sub-bands
that support 16 and 64 QAM orders, while the guard is enlarged to avoid
interference at the other sub-bands.
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Figure (3.55) Power spectrum of unequal-sized sub-bands OFDM
(LabVIEW).
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Figure (3.56) Power spectrum of unequal-sized sub-bands F-OFDM using
Blackman window filter (LabVIEW).
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Figure (3.57) Power spectrum of unequal-sized sub-bands F-OFDM using

proposed window 1 filter (LabVIEW).
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Figure (3.58) Power spectrum of unequal-sized sub-bands F-OFDM using

proposed window 2 filter (LabVIEW).
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B. Average BER Performance

The average BER curves of unequal sub-banding F-OFDM are shown
in figure (3.59). It is obvious at lower values of SNR the BERs behave
similarly to that in OFDM, while at higher SNR values the performance
differs and gets worse. At 40 dB of SNR, the BER of OFDM, Blackman,
proposed window 1 and 2 filters are 1.78 x 1076, 2.7 x 107%, 7.142 X
107, and 2.142 x 107>, respectively, while at 45 dB the BER of proposed
window 1 and 2 are 7.142 x 10~ and 1.7 x 107> respectively.
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Figure (3.59) Average BER of unequal-sized sub-bands sizes (LabVIEW).

C. Spectrum Efficiency Enhancement
The normalized SE of the unequal sized sub-bands was calculated for
the three filters and compared to OFDM. The attained SE over OFDM using
the three utilized filters is illustrated in figure (3.60). At lower values of SNR,
the SE achieved 4.6%, 4.7, and 5% enhancement for Blackman, proposed
window 1 and proposed window 2 filters respectively. At higher SNR values,
the enhancement is around 5.3%, 5.6%, and 5.8% for Blackman, proposed

window 1 and proposed window 2 filters respectively.
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Figure (3.60) Normalized SE of unequal-sized sub-bands F-OFDM
compared to OFDM (LabVIEW).

D. Average PAPR Comparison
Figure (3.61) compared the performance of the proposed waveform to
that of OFDM in terms of average PAPR. It can be seen that the proposed
unequal sub-bands sized waveform with the designed three filters has higher

PAPR values than OFDM, which may limit the system performance.
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Figure (3.61) Average PAPR of unequal-sized sub-bands F-OFDM
(LabVIEW).
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3.5 Results Discussion and Comparisons

This section discusses the simulation results obtained and their
comparisons with other works as below:

A. Regarding to the Sidelobes Levels (OOBE)

In comparison between the two approaches (Matlab and LabVIEW),
each of the utilized Window-Sinc filters achieved approximated equal
reduction in sidelobes level compared to traditional OFDM as shown in
figures (3.16), and (3.41).

Figure (3.62) illustrates the OOBE comparison among UFMC,
conventional OFDM, and F-OFDM. For the UFMC waveforms, following
parameters were adopted: Chebyshev filter with a sidelobe level equal to -
100 dB, and ZP instead of CP. It is obvious that F-OFDM exhibits lower

sidelobes levels than the others.

OFDM
==F-OFDM (Blackman)
UFMC (Chebyshev

—
o
T
=
<
=
=
=
0 _
@
%
(72}

Frequency (MHz

The power spectrum comparison among OFDM, F-OFDM
and UFMC waveforms.

B. Regarding to the BER (Single Band)

The BER performance in the two approaches indicates that the F-
OFDM has the same OFDM behavior at lower values of SNR and the worst
case at higher values of SNR, as shown in figures (3.17), (3.18), (3.19),
(3.20), (3.21), (3.42), (3.43), (3.44), (3.45), and (3.46). Furthermore, higher
QAM orders for both OFDM and F-OFDM need higher SNR for better BER
performance.
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C. Regarding to the BER (Multiband)
In the two scenarios of sub-bands, the average F-OFDM BER
performance indicates that at lower values of SNR (20 dB and below), the
curves approximately have the same attitude to OFDM. At higher values of
SNR (25 dB and above) the BER curves degrade for the two approaches as
shown in figures (3.27), (3.34), (3.52) and (3.59). The reason for the
difference is that when the filter passband is close to the sub-band size, this
will destroy the edge subcarriers and increase the BER. For the purpose of
comparison between the results of the two approaches, figure (3.63)
illustrates the average BER curves for the two scenarios of sub-banding,
OFDM and F-OFDM. As can be seen, the two approaches have roughly
comparable performance.
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Figure (3.63) Average BER comparison for: (a) OFDM, (b) F-OFDM
(Blackman), (c) F-OFDM (Proposed Window1), (d) F-OFDM (Proposed
Window?2).
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D. Regarding to the Spectrum Efficiency

The accomplished SE enhancement in the two scenarios of sub-
bands is almost the same in the two approaches as shown in figures (3.28),
(3.35), (3.53) and (3.60). It should be noted that unequal sub-banding
accomplishes higher SE compared with equal sub-banding. Table (3.1)

compares the maximum SE obtained using the two approaches.

Table (3.1) SE enhancements for F-OFDM using a variety of used window
functions

SE Enhancement SE Enhancement SE Enhancement
Waveform Using Blackman Using Proposed Using Proposed
Model Window Window 1 Window 2
Simulink | LabVIEW | Simulink | LabVIEW | Simulink | LabVIEW
First scenario 4.9% 4.43% 5.1% 5.1% 5.2% 5.2%
Second scenario 5.25% 5.3% 5.3% 5.6% 5.7% 5.8%

The minimum guard band between the sub-bands obtained for the two
approaches is illustrated in Tables (3.2) and (3.3) for equal-sized and
unequal-sized sub-bands, respectively.

For the sake of discussion, it should be noted that the guard band size
between the equal-sized sub-bands are somewhat equal, with a slight
difference due to the order of modulation for each sub-band. Concerning the
unequal sub-bands, there is a slight difference in the guard band size due to
the size of each sub-band and the order of QAM, (large sub-band requires a

slightly larger guard band than the smaller sub-band).

Table (3.2) Minimum guard band between the equal-sized sub-bands

Minimum Guard Minimum Guard Minimum Guard
Waveform Band Between Sub- | Band Between Sub- | Band Between Sub-
band 1 and 2 (KHz) | band 2 and 3 (KHz) | band 3 and 4 (KHz)
Initial present guard
band for OFDM and 825 825 825
FOFDM
OFDM 525 525 525
F-OFDM
(Blackman) 225 345 225
F-OFDM (Proposed 235 305 235
window 1)
F-OFD_M (Proposed 260 275 230
window 2)
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Table (3.3) Minimum guard band between the unequal-sized sub-bands

Minimum Guard Minimum Guard Minimum Guard
Waveform Band Between Sub- | Band Between Sub- | Band Between Sub-
band 1 and 2 (KHz) | band 2 and 3 (KHz) | band 3 and 4 (KHz)
Initial present guard
band for OFDM and 1305 510 765
FOFDM
OFDM 658 144 458
F-OFDM (Blackman) 140 90 170
F-OFD_M (Proposed 120 84 150
window 1)
F—OFD_M (Proposed 110 80 120
window 2)

E. Regarding to the PAPR
The PAPR of the F-OFDM was measured for the two scenarios and in
both approaches (Matlab and LabVIEW). The average PAPR of the F-
OFDM sub-bands signal is higher than that of OFDM by approximately 2.86
dB and 2.7 dB for equal-sized sub-bands in the first and second approaches,
respectively, as shown in figures (3.29) and (3.54). For unequal-sized sub-
bands, the difference is approximately equal to 2.5 dB and 2.561 dB for the
first and second approaches, respectively, as shown in figures (3.36) and
(3.61). This gap is resulting from convolving the OFDM signal with the filter
yielding more samples than the original OFDM signal. Consequently, the
power will be distributed over more samples, which results in decreasing the
mean value. This in return will increase the PAPR value of the resulting F-
OFDM signal.
F. Regarding to Other Relevant Works
Table (3.4) illustrate the

proposed waveform and some of relevant works in terms of filter type,

performance comparison between the

number of sub-bands, achieved BER, SE enhancement, and the used filter

type.
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Table (3.4) Comparison the performance of the proposed waveform to
some relevant works.

. %:‘J rSnubt?—r S SIS Used Filter
Waveform | Applied bands or (Compared to Enhancement Tvoe
Reference Filter RBs that of (Compared to yp
Filtered OFDM) that of OFDM)
Worse when
there is no ACI
[6] Per RB 25 and better Same Equal ripple
when ACI
present
- Soft
[7] Per user 3 Worse Not specified Truncation
Soft -
Per sub- . Truncated
[8] band 3 Same Not specified sinc and
Equi-ripple
[9] P%ra%b' 1 Same Not specified Window-Sinc
[5] Per subr 3 Not specified |  7.47% higher | Window-Sinc
[11] P%ra%b' 2 Same Same Phydyas
3 | Persu 2 Same Not specified | Window-Sinc
Higher
[15] Per user 2 Better (percentage not | Window-Sinc
specified)
Per sub- Interpolated
[17] band 1 Not specified Not specified Band-Pass
Method
el | PRl o Better Not specified | Window-Sinc
[19] P%ra?]léb' 1 Same Not specified Window-Sinc
Proposed (5.2% in the first
- i 0,
thesis Per sub 4 Worse scenario and 5.8% Window-Sinc
models band in the second

scenario) higher
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CHAPTER FOUR
F-OFDM IMPLEMENTATION BASED SOFTWARE
DEFINED RADIO

4.1 Introduction

Most radio systems were previously designed to receive, process
specific signals, and generally perform a single function, as well as operate
in a known and stable environment. For example, the first generation of
cellular phone systems relied on the transmission of sound in an analogous
way. With the rapid development of the second and subsequent generations,
mobile devices became more flexible and supported multiple carrier
frequencies. As a result, the importance of communication systems that
support more than one frequency band has become clear. Flexible testbeds
with a wide range of reconfigurable parameters are required for the analysis
and evaluation of information theoretic concept for wireless resource
management in real environments. One of the most important technologies
that offers this feature is the SDR.

This chapter explains the fundamentals of SDR and one of the USRP
hardware products of SDR platforms. In addition, practical implementation
of the proposed waveform is performed using USRP with the help of the
LabVIEW NXG simulator.

4.2 Software Defined Radio Fundamentals

The SDR is a revolutionary wireless communication system that
enables the system to be completely reprogrammed and reconfigured via
software modules, with the exception of the RF stage. The SDR was defined
as, “a radio in which some or all of the physical layer functions are software-
defined” [54]. The first visualization of SDR was proposed by Joseph Mitola
in the 1990s [55]. Mitola described the concept of an ideal SDR whose
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physical components are the receive antenna and the ADC for the receiver,
while the DAC and the transmit antenna for the transmitter.

SDR platforms can transmit and receive while the physical
components (Filters, Amplifiers, Modulators, Coders, Detectors, and others)
are implemented in software, unlike what is in traditional radio, which
implements most of these functions in hardware, and for limited
functionality. Based on the type of utilized signal processing, SDRs can be
split into two groups: a general-purpose processor (in a computer, for
example), whereas an on-board embedded processor is the second [56]. Ettus
Research™, which is a National Instruments (NI) joint company since 2010
developed the USRP as a follow-up to the first SDRs category [57].

For the first time in the real world, USRP assists in the design,
development, and prototyping of the next generation of wireless system
technologies in a high-quality and timely manner. In general, the USRP has
two partitions: a fixed motherboard and a plug-in daughterboard. An ADC
and DAC are included on the motherboard. In addition, a Field
Programmable Gate Array (FPGA) for Digital Down Conversion (DDC)
with a programmable decimation rate, and a host Personal Computer (PC)
interface have been included. The daughterboard is in charge of basic RF
frontend functionality. SDRs are well-suited for a variety of applications due
to their wide bandwidths and adaptable RF front ends [56].

The USRP platforms are designed for RF applications including
spectrum monitoring, cognitive radio, mobile phones, satellite navigation,
and intelligent radios. Users can use the USRP products in commercial,
academic, and military applications with flexible and reusable field
deployments.

All USRP-SDR products are supported by the USRP Hardware
Driver™ (UHD) software Application Programming Interface (API) that
runs on the General Purpose Processor (GPP). UHD offers the essential

79



control for transporting user waveform samples to and from USRP hardware.
The code for the UHD GPP driver and firmware is written in C/C++, while
the FPGA code is written in Verilog. A C/C++ API is available for
interacting with different software frameworks, including GNU Radio,
LabVIEW, Matlab/Simulink, and RFNoC. UHD is available for Linux,
Windows, and Mac [58].

Generally, the block diagram of the SDR transmitter depicted in figure
(4.1), the major parts are detailed as follows [59]:

1. The Digital Signal Processing (DSP) block process the baseband
signal contains coding, modulation, and others.

2. The Digital Up Converter (DUC) which consists of: (1) Interpolation
filter, (2) Digital Mixer, and (3) Digital Local Oscillator, transfers the
baseband signal processed by DSP to the IF stage.

3. The DAC transforms the samples into the analog form.

4. The RF Converter transforms the signals to the higher propagation
frequencies.

5. The antenna transmits the signals after amplification to the

communication channel as electromagnetic waves.

Antenna™,
Baseband : :
: Digital IF : Analog IF : Analog RF
Interpolation . . H .
Samples Filter > Digital Mixer | | samples ; Signal : Signal
H : RF Power
DSP o A > DAC E> Converter > Amplifier

Digital :

puc Oscillator
Digital Components N 5 RF Components

.
...........................................................................................................................

Figure (4.1) SDR transmitter block diagram.

Receiving schemes are also part of SDR technology. In the receiver
block diagram depicted in figure (4.2), the construction of the receiver is as
follows [59]:
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1. The antenna and its function is to receive the electromagnetic waves
propagating over a wireless communication channel.

2. The RF Tuner transforms the analog RF signals to the IF stage.

3. The ADC changes the signals domain, providing digital samples at its
output.

4. A DDC is typically a monolithic chip that serves as a primary
component of the SDR. It is made up of three main parts in digital
form: (1) Digital Mixer, (2) Digital Local Oscillator, and (3) FIR Low
Pass Filter.

5. The DSP block is where tasks like demodulating and decoding are
carried out.

SAntenna

Analog RF Analog IF i Digital IF Digital Baseband
Signal signal ; Samples Digital Mixer | LO‘I‘:\{I'tPaSS Samples
. . liter
RF Tuner » ADC > A »| DSP
H Digital
Oscillator DDC
RF Components H 3 Digital Comonents H

Figure (4.2) SDR receiver block diagram.

4.2.1 SDR Advantages

Like all new technologies that need time to emerge from research

centers and development to practical reality, SDR is considered a new

technology in the world of communications. Therefore, the following is a set

of the features:

1.

SDR compatibility: SDR is capable of working with different signals,
and it is considered a link between technologies that use different

signals.

. Effective use of resources: The SDR can adapt the waveform that is

used to obtain the best performance.
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3. Reuse of the available frequencies: SDR can use the unutilized
spectrum where the flexibility of these systems can be used for
technologies like cognitive radio to increase SE.

4. Coexistence: SDR allows promotion of the current communication
systems to support a modern communication standard. This feature is
important for radios designed to last for a long time. This reduces in
one way or another the cost of maintenance and training for these
devices.

5. Ease of use in research and development: It is possible to use an SDR
to perform different waveforms to analyze the performance in real
time, which allows the implementation of many studies that would
otherwise be only by simulation [60].

4.2.2 SDR Disadvantages
Since each technology has some defects and challenges, which limit
its use. So the followings are some of the summarized challenges:
1. The cost: Since radio is designed to perform more than one function,
its cost is greater than that which is designed to serve a single purpose.
2. High power consumption: Two reasons lead to increased power
consumption in the devices that use the technology of SDR. The first
is the complexity of the DSP unit, and the second is the utilization of
wideband spectrum for these systems.
3. The complications: Complications due to the specifications and
requirements, the SDR design to support specific waveforms, and
waveforms that are expected to appear in the future [60].
4.3 Ettus Research™ USRP-X310

USRP-X310 is the third generation of the USRP devices that offer a
high-performance, expandable SDR platforms for modelling and
prototyping the next generation of wireless communication systems. The

device combines multiple RF daughterboard slots with the high-bandwidth
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that cover DC-6 GHz range of frequencies and the baseband bandwidth of
160 MHz supplied with the ultra-high-speed interfaces PCle and dual 10/1
Gigabit Ethernet (GIigE). The device has the largest customizable kintex-7
FPGA. USRP-X310 can be used for advanced wireless system prototyping
in Wi-Fi, cellular applications, multiple antennas (MIMO) testbeds, passive
Radar, and some intelligence signals [58]. Figure (4.3) is the photograph of
USRP-X310 and a detailed view of the front and back panels. The internal
components of the USRP X310 are shown in figure (4.4).

{
!

2 RF Channels

Q e B4 USRP X310 s L]

searct h |

(b) s MR @ ﬁ O s SR
'rxmx ner ws GPS  LINK TXAX RX2 PWR ‘

6 _ ! e o ® @ . |

usB JTAG connector GPIO Lines
Streaming Data through GigE (1/10) Streaming Data through PCI express

Power Timin and synchronization connectors

Figure (4.3) USRP-X310: (a) photograph (b) Front panel (c) Back panel.
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; X310 Channel 0 X310 Channel 1
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Figure (4.4) USRP X310 components.
4.3.1 USRP X310 Specifications
Large, customizable Xilinx Kintex-7 XC7K410T FPGA.
2x2 transceiver channels or 4 receiver channels.
ADC with 14 bits resolution, 200 MS/s max sample rate.
DAC with 16 bits resolution, 800 MS/s max sample rate.

o~ 0D e

The selection frequencies covers 10 MHz to 6 GHz with a suitable
daughterboard.

Two wideband RF daughterboard slots.

Daughterboard (UBX-160 MHz baseband bandwidth).

Optional GPS-disciplined oscillator option.

© 0 N o

Configurable sample clock [58].
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4.3.2 USRP Signal Workflow

USRP techniques are used to implement the radio functions by
running the software modules on a hardware platform. Ettus Research™
USRP with LabVIEW NXG software, is used to perform the physical layer
functions with high flexibility and scalability. In a network connection, the
USRP connects to the host PC through an Ethernet cable as shown in figure
(4.5).

On the transmitting side, the baseband In-phase and Quadrature
components (IQ) signal samples from the host PC are fed to the USRP
through the 1GigE port. The USRP hardware uses a DUC to interpolate the
input signal to 800 MS/s before converting it to analog with a dual-channel
16 bit DAC. After that, the analog signal is mixed to the desired carrier
frequency.

On the receiving side, the incoming receive signals are attached to the
standard SubMiniature version A (SMA) connector and mixed down to
baseband 1Q, which is sampled at 200 MS/s, 14 bit ADC. The digitized 1Q
signal takes parallel pathways through DDC to process the 200 MS/s signal
to user signal rate conversion. The down-converted samples either delivered
to the host computer through the 1GigE connection directly or via DSP
subsystem [58].

RF Baseband Software Processing
Transceiver Te)

P LabVIEWNXG

Figure (4.5) USRP network connection.
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4.3.3 USRP Configuration in LabVIEW NXG

To enable the LabVIEW NXG software for interacting with USRP

hardware, USRP nodes are configured for the transmitter and receiver in a

Virtual Instrument (V1) function.

A

USRP Transmitter VI

The diagram of the transmitter VI function file (shown in figure (4.6-

a)) has the following USRP components:

NI USRP Open TX Session: It establishes a transmit session with the
device, and returns the session handle as output. The device name is
added to the input as the IP address of the device.

NI USRP Configure Signal: Configures signal parameters of TX or
RX, including 1Q rate, the carrier frequency of the RF signal, TX gain
applied, and Active antenna that specifies the port of the channel used.
NI USRP Write TX Data: Writes four types of data specified in the
input.

NI Close Session: Closes the device session handle.

USRP Receiver VI

The diagram of the receiver VI (shown in figure (4.6-a)) has the

following USRP components:

NI Open RX Session: It establishes a receiver session with the device,
and returns the session handle as output. The device name is added to
the input as the IP address of the device.

NI USRP Initiate: Starts the acquisition of the waveform in the RX
session.

NI USRP Fetch RX Data: Fetch data specified on the channel.

NI USRP Abort: Stops a previously started acquisition [54].
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4.4 F-OFDM Practical Implementation
This section describes the main steps of transmitter and receiver for the

two scenarios of the proposed F-OFDM waveform (mentioned in chapter 3,
sub-section 3.4.4) using a single USRP device with the assistance of
LabVIEW NXG USRP nodes and other external devices to verify the F-
OFDM performance.
4.4.1 Hardware Requirements

a. USRP-X310.

b. PC supports Ethernet connection.

c. Spectrum Analyzer.

d. Two Antennas (Log-periodic operate from 850 MHz to 6500 MHz).

e. Ethernet and SMA cables.
4.4.2 Equal-Sized Sub-bands F-OFDM Practical Implementation

The implementation is based on the same specifications and
assumptions presented in the simulation part in chapter 3 subsection (3.4.4.1)
using the proposed window 2 filter design. At the first step, the data to be
sent is prepared for transmission, which involves the processes (input bit
generation, QAM modulation, IFFT algorithm, CP insertion, filtering, and
combination of the signals of different specifications). The transmitter block
is built on a separate VI in LabVIEW. The modulated signal is stored in a
Tag as shown in figure (4.7). For the traditional OFDM signal, the identical
approach is presented without the filtering stage.

A new VI was built in the next step for setting up the signal to transmit
and receive from/to the USRP device. At the transmitter side, the 1Q signal
iIs read from the transmitter Tag whereas the received signal is written in the
received Tag. In this VI, the 1Q signal is sent to the USRP TX channel, which
then forwards it to the propagation channel. The returned signal is routed

through the USRP RX channel and then to the receiver via the network cable.
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The signal configuration is shown in figure (4.8), while the setting

parameters are listed in table (4.1).

== (@ Transmit Spectrum|

Transmit Tag
Sub-bands Signals
Combination

Write Transmit Signal in

_____

= TX Sid
atl_TX
R L2 b\ IEW NXG

1200007 — e
1011 X|x =
Gawrs U1 xx /-{ |
I ol map *

Figure (4.7) F-OFDM equal-sized sub-bands transmit signal process
through USRP.
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Figure (4.8) LabVIEW NXG diagram of transmit/receive signal setup.
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Table (4.1) Transmitting/Receiving setting parameters for USRP.

Parameter Transmitting Setting Receiving Setting
Device name (IP: Port Number) 192.168.10.2:49152 192.168.10.2:49151
IQ Rate 15.36 MHz 15.36 MHz
Carrier frequency 915 MHz, 3.4 GHz 915 MHz, 3.4 GHz
Active Channel 0 0
Active Antenna TX1 RX2
Gain 20 1

As in the simulation, the signal to be transmitted is free of reference
signals for synchronization and channel estimation, which needs to be
studied in certain algorithms that are currently outside the scope of research.
To achieve the synchronization between the transmitting and receiving
nodes, the signals are configured by the (niUSRP Configure Time Start
Trigger) node on both transmitting and receiving sides.

Because of the multipath phenomenon, the signal distorts (phase and
amplitude) while being transmitted over the communication channel. To
compensate for this distortion at the receiver, the channel characteristics
estimator is required. The equalizer is built on the basis of finding the
estimated transfer function of the channel by sending the information known
by both the sender and receiver. The equalization is simply achieved by
multiplying the received signal with the inverse transfer function of the
channel to complete the receiver process. The entire receiving procedure is
presented in the new VI by reading the received signal from the received Tag
in the same project in LabVIEW.

Following the equalization stage, the receiver performs the opposite
procedures of the transmitter, which involves filtering, signal modification
due to the effect of filtering, CP removal, the FFT algorithm execution, and

demodulation as shown in figure (4.9).
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OFDM equal-sized sub-bands received signal process
through USRP.

Figure (4.9) F-OFDM equal-sized sub-bands received signal proces



Figure (4.10) shows the hardware testbed of F-OFDM with network
connection for equal-sized sub-bands. The USRP is connected to the PC
using 1GigE cable, and the USRP is used to transmit and receive information

to and from the channel via the antenna.

Figure (4.10) Testbed of the equal-sized sub-bands waveform F-OFDM.

Figure (4.11) illustrates a summary of the transmitting and receiving
processes using the USRP device. The transmitted power spectrum and the
constellation diagrams of the four sub-bands in both OFDM and F-OFDM
are illustrated in figures (4.12-a) and (4.12-b), respectively, while the
receiving spectrum (before equalizer) and proper constellation diagrams are
illustrated in figures (4.13-a) for OFDM and (4.13-b) for F-OFDM.
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Figure (4.11) Transmit/Receive process summary for equal-sized sub-
bands F-OFDM.
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Figure (4.12) Equal-sized sub-bands waveform transmit signal spectrum
and constellation diagrams: (a) OFDM (b) F-OFDM.
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Figure (4.13) Equal-sized sub-bands waveform receive signal spectrum
and constellation diagrams: (a) OFDM (b) F-OFDM.

The power spectrum of the transmitted equal-sized sub-bands

waveform at 915MHz is measured using a Siglent SSA3032X spectrum

analyzer and illustrated in figure (4.14), while the transmitted power

spectrum at 3.4 GHz is measured using an Anritsu MS2665C spectrum

analyzer and illustrated in figure (4.15). It is obvious that a significant

enhancement in sidelobe power (OOBE) is due to the effect of using F-
OFDM with respect to traditional OFDM.
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Figure (4.14) Equal-sized sub-bands waveform power spectrum at 915
MHz: (a) OFDM (b) F-OFDM.
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Figure (4.15) Equal-sized sub-bands waveform power spectrum at 3.4

GHz: (a) OFDM (b) F-OFDM.
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4.4.3 Unequal-Sized Sub-bands F-OFDM Practical Implementation

The same steps used for the equal-sized sub-bands are also used for
the unequal-sized sub-bands. The unequal sub-bands are designed based on
the same specifications as the simulation part in chapter three subsection
(3.4.4.3). The data to be transmitted is prepared for transmission in the VI
file of LabVIEW with the processes starting from bit generation, modulation
with different orders, the IFFT algorithm performing following the insertion
of CP, and finally the filtering process. The signals from different sub-bands
are combined and transmitted. The transmit signal is stored in a Tag as in the
same step for the equal-sized sub-bands. In the case of OFDM, the signal is
transmitted without the filtering process.

A new VI is presented for signal configuration for transmitting and
receiving the F-OFDM signal. The same signal setting is adopted in the
table 1. The transmitted signal is read from the transmitted Tag, while the
received signal from the USRP is written on the received Tag.

For synchronization and equalization, the same procedures used in the
equal-sized sub-bands are reused in the unequal-sized sub-bands for proper
receipt. In the final VI, the received signal is read from the received Tag and
equalized. In the final step, the processes of each sub-band are started with
the filtering process, equalizing the distortion produced by the filter, CP
removing, FFT performing, and finally the demodulation stage.

The diagram of the signal configuration is the same as the equal-sized

sub-bands waveform, which is illustrated in figure (4.8).

The transmitted power spectrum of the unequal-sized waveform and
the constellation diagrams in both OFDM and F-OFDM are illustrated in
figures (4.16-a) and (4.16-b), respectively, while the received spectrum and
the equalized constellation diagrams are illustrated in figures (4.17-a) for
OFDM and (4.17-b) for F-OFDM.
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Figure (4.16) Unequal-sized sub-bands waveform transmit signal
spectrum and constellation diagrams: (a) OFDM (b) F-OFDM.
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Figure (4.17) Unequal-sized sub-bands waveform receive signal

spectrum and constellation diagrams: (a) OFDM (b) F-OFDM.

The power spectrum of the unequal-sized sub-bands waveform

transmitted at the same spectrum analyzers used in the equal-sized waveform

at 915 MHz and 3.4 GHz operation frequencies is illustrated in figures (4.18)

and (4.19), respectively. It is evident that the use of F-OFDM results in a

significant improvement in sidelobe power (OOBE) as compared to
traditional OFDM.
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Figure (4.18) Unequal-sized sub-bands waveform power spectrum at 915
MHz: (a) OFDM (b) F-OFDM.
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Figure (4.19) Unequal-sized sub-bands waveform power spectrum at 3.4
GHz: (a) OFDM (b) F-OFDM.
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4.4.4 Spectrum Efficiency Enhancement

Comparing with OFDM, the enhancement achieved in SE for equal-
sized and unequal-sized sub-bands F-OFDM waveform are 5% and 5.6%,
respectively. The normalized enhancement SE in comparison to OFDM is
shown in figure (4.20), which is relatively equal to the simulation part for

the two scenarios.
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Figure (4.20) Normalized SE for the equal-sized and unequal-sized sub-
bands F-OFDM in practical.
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CHAPTER FIVE
CONCLUSION RESULTS AND SCOPE FUTURE
DEVELOPMENT

5.1 Conclusion

The selection of the appropriate physical layer multicarrier waveform
is a crucial task for achieving the desired coverage and throughput for
wireless communication systems. An advanced OFDM design base filtering
was recommended for the 5G air interface to improve spectrum localization,
interference reduction, and allowing for asynchronous transmission. F-
OFDM was presented in this thesis with two scenarios of spectrum
fragmentation, one equal-sized sub-bands and the other unequal-sized using
various kinds of Window-Sinc filters. Two software simulators were
employed, MATLAB-Simulink and LabVIEW NXG, to design the
waveform and evaluate the performance. Furthermore, some practical
implementations were performed on the proposed scenarios by transmitting
and receiving over a real communication channel using the SDR-USRP
platform. The following is a summary of the conclusions obtained from this
study:

1. The F-OFDM waveform model is more flexible and scalable, which can
support various sets of numerology for each sub-band with mixed
capability depending on the service requirements.

2. Various Window-Sinc filter forms have been successfully adopted. To
enhance the performance, two new time-domain window functions were
proposed, with the combination of two and three window functions.
Hanning with Blackman and Hanning-Blackman with BlackmanHarris
as proposed windows 1 and 2 respectively. The proposed window filters
accomplished high OOBE performance compared with the traditional

window functions and OFDM.
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. Higher SE enhancement was achieved for the two proposed scenarios.
By reducing the guard band, the maximum SE enhancement when using
proposed window 2 was 5.2% and 5.8% with comparison to OFDM for
the first and second scenarios, respectively.

. According to the simulation, the larger sub-band size requires a larger
guard band, and higher QAM order sub-bands also require a larger guard
band.

. All utilized window function forms have almost the same performance
in terms of BER with different OOBE reduction.

. The obtained BER results give the impression that at lower values of
SNR, the BER of F-OFDM has almost the same performance as OFDM,
while at higher values of SNR the performance is different, which
depends on the designed filter, and it is usually diverged from OFDM.
It recommended to use such technology (Application) for low SNR
system.

. As an average, the F-OFDM sub-bands have a higher PAPR in
comparison with OFDM. To overcome this problem, some PARP
reduction techniques can be used.

. The USRP wireless communication system offers more versatility,
flexibility, and efficiency when it comes to dealing with
communications techniques in practice. The practical work
(transmitting and receiving) of the designed waveform is carried out
with signal processing in LabVIEW and implementation using a single
device of USRP.

. In practical implementation, the SE enhancement of the two proposed
scenarios using proposed window 2 were 5% and 5.6% for the first and

second scenarios, respectively, which are similar to that in simulation.
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5.2 Future Works

1.

Implementing the proposed waveform solution completely on the
FPGA of the USRP for faster processing (offloading).

Designing and building a full synchronized F-OFDM with a various
channel estimation methods.

Designing the waveform with multi sub-band (more than four sub-
bands).

Using another type of communication channel.

Designing different waveforms for each sub-band.
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APPENDIX-A

Time-Domain Window Functions Equations

Filters are one of the signal processing components that process the

signal by removing undesired frequency components. One kind of digital

filter is FIR, which has several methods for designing it, and one of these

methods is the window method. The design of this type of filtering is based

on multiplying the infinite impulse response of the sinc function with finite

time-domain window functions. Different kinds of window functions were

utilized in chapter three to design digital FIR filters. According to the

following equations below, the representation of time and frequency

response performed in MATLAB, figure (3.6):

1.

Hanning Window

The window is defined in the following equation below:

w(n) = 0.5 [1 — cos (Znn)] (1)

N

. Blackman Window

The window is defined in the following equation below:

w(n) = a, — a, cos (ZnTn) + a, cos (4”771) (2)
ap = 1—70:; a; = %; a, = % a =0.16 (a, = 0.42,a, = 0.5,a, = 0.08).

Nuttall Window

The window is defined in the following equation below:

w(n) = a, — a, cos (2%) + a, cos (MTT“) — a3 CoS (an) (3)
a, = 0.3635819; a; = 0.4891775;, a, =0.1365995; a;=
0.0106411.

BlackmanHarris

The window is defined in the following equation below:
w(n) = a, — a, cos (Z%n) + a, cos (an) — az cos (an) 4)
a, = 0.35875; a, =0.48829; a, = 0.14128; a; = 0.01168.
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5. Gaussian Window

The window is defined in the following equation below:

w(n) = exp (—%(%) ) 0<o <N. (5)

o < 0.5.
6. Hanning- Blackman window (Proposed Window 1)
This window was proposed by multiplying the Hanning equation with the

Blackman equation, and can be defined as the following below:
w(n) = 0.5 [1 — oS (Z%n)] .[a, — a4 cos (ZZ ) + a, cos (4;11)] (6)
a, =—,; a, = %; a, = % a=0.16(a, =042,a; =0.5,a, =

0.08)
7. Hanning-Blackman-BlackmanHarris window (Proposed Window 2)
This window was proposed by multiplying the Hanning-Blackman

equation with the Blackman equation, and can be defined as the following

below:

w(n) = 0.5(1 - cos (5)|.[a, — a; cos (%) + a; cos (5] . [as —
g0 (22) 5 con () - cos (22 o
@, =—%a; =7 a, =% a =016 (a, = 0.42,a, = 05,a, = 0.08);

a; = 0.35875; a, =0.48829; a; = 14128; a;, = 0.01168.
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APPENDIX-B
Matlab Code for single Band F-OFDM

function y = fcn(u) % function for filtering single band F-OFDM

N=512; % Filter Taps (1/2 FFT size of the OFDM signal)

x=floor(N/2);

b = 0.27*sinc(0.7465*(-x:X));

b = b.*blackman(513)';% When using a Blackman filter for the others forms we
can exchange it with Gaussian, Hanning...etc.

filtTx = dsp.FIRFilter(b);

y=filtTx([u;zeros(N,1)]);

function y = fcn(u) % for RX
N=512;

x=floor(N/2);

b =0.27*sinc(0.7465*(-x:X));

b = b.*blackman(513)’;

filtTx = dsp.FIRFilter(b);
prototypeFilterinv = clone(filtTx);
y=prototypeFilterinv(u);

Matlab Code for Multiband F-OFDM

function y = fcn(u) % for TX

numFFT=1024;

N=512;

subbandSize=256:

x=floor(N/2);

b = 0.3*sinc(0.219*(-x:x)).*exp(-1i*2*pi*(0:N)/numFFT* ...
((1-1/2)*subbandSize+0.5+numFFT/2) ); % Offset to the desired sub-

band

b = b.*blackman(513)’;

filtTx = dsp.FIRFilter(b);

y=filtTx([u;zeros(N,1)]);

function y = fcn(u) % for RX

numFFT=1024;

N=512;

subbandSize=256;

x=floor(N/2);

b = 0.3*sinc(0.219*(-x:x)).*exp(-Li*2*pi*(0:N)/numFFT* ...
((1-1/2)*subbandSize+0.5+numFFT/2) );

b = b.*blackman(513)’;

filtTx = dsp.FIRFilter(b);

prototypeFilterinv = clone(filtTx);

y=prototypeFilterInv(u);
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