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Abstract

The future generations of mobile communications, known as Sth generation
(5G) and post-5G, have ambitious requirements, which include very high data trans-
fer rates, high spectral and power requirements, as well as transmission flexibility

under conditions of adverse channels and at variable rates.

The orthogonal frequency division multiplexing (OFDM)) technique has been,
since the 3rd generation (3G) of wireless communications, the preferred waveform
of choice since it presents interesting advantages, such as the easy implementa-
tion based on the fast fourier transform (EET) and its inverse fast fourier trans-
form ([EFT) algorithms, and the fact that efficient equalization in the frequency
domain can be performed. In addition, is a robust technique when trans-
mitting through dispersive channels. However, one of the drawbacks inherent to
the use this technique is associated with its limited spectral efficiency, due to the
high amplitude of its spectrum outside the allocated bandwidth. In this way, the
objective of this work is the study of new hybrid modulation techniques, namely,
time interleaved block windowed burst orthogonal frequency division multiplex-
ing (TIBWB-OFDM)) that allows increasing spectral and power efficiency, adapted
to diverse mobile environments that translate into time dispersive (TDI) channels and
frequency dispersive (ED)) channels. This is considered a hybrid technique since it
combines features related to single-carrier (SC)) and multi-carrier (MC)) transmis-
sion. The waveform enables to achieve greater confinement in the
signal spectrum that improves with the increase of the window roll-off since the out
of band radiation drops. However, the blocks length grows
in time domain, which corresponds to a decrease on the transmission rate, limiting
the increase in the spectral efficiency of the system. Furthermore, the windowing
operation is responsible for the reduction in the average power of the signal, which,
in turn, depends on the value of the window roll-off. As a consequence, the peak-
to-average power ratio of the signal tends to grow as the
roll-off increases. Therefore, this work proposes an alternative method concerning
the symbol construction by allowing a partial overlap between ad-



jacent windowed [OFDM}based symbols in order to reduce Moreover, the
new waveform helps to improve the spectral efficiency at the expense of introduced
interference between the signal’s blocks, that deteriorate the bit error rate
performances, which, in turn, depends on the value of the window roll-off. In order
to compensate the loss in BER] this work also proposes different
receivers, iterative and non-iterative ones, with equalization at both frequency and
time domains, able to cancel both channel constraints and interference between
[OFDMlbased blocks of the waveform.

Keywords

Time Interleaved Block Windowed Burst OFDM with Windowing Time Over-
lapping (TIBWB-OFDM with WTO), Spectral Efficiency, Peak-to-Average Power
Ratio (PAPR), Frequency Domain Equalization (FDE), Iterative Interference Can-
cellation - Time Domain Equalization (IIC-TDE)



Resumo

As proximas geracdes de comunicacdes méveis, designada por 5* geracdo (5G)
e pos-5G, possuem requisitos ambiciosos, nos quais se destacam as muito ele-
vadas taxas de transferéncia de dados, requisitos de elevada eficiéncia espetral e
de poténcia e também flexibilidade de transmissao em condi¢des de canais adversas

€ a taxas variaveis.

A técnica Orthogonal Frequency Division Multiplexing tem vindo
a ser a mais utilizada pois apresenta vantagens interessantes, tais como, a facil
implementagdo baseada nos algoritmos da transformada de Fourier rapida (EET)
e a sua inversa (IFFT), e o facto de permitir uma igualizagdo eficiente e de baixa
complexidade no dominio da frequéncia. Para além disso, o apresenta-se
como uma técnica robusta quando utilizada na transmissao de dados em canais dis-
persivos. No entanto, uma das desvantagens inerentes ao uso desta técnica estd
associada a sua eficiéncia espetral limitada, devido a elevada amplitude do seu es-
petro fora da banda util de informacdo. Deste modo, o objetivo deste trabalho € o
estudo de novas técnicas de modulagao hibridas, nomeadamente, Time Interleaved
Block Windowed Burst OFDM (TIBWB-OFDM) que permite aumentar a eficiéncia
espetral e de poténcia, adaptadas a diversos ambientes moveis que se traduzem
em canais dispersivos no tempo e na frequéncia. Esta € considerada uma técnica
hibrida, pois combina caracteristicas relativas a transmissao monoportadora e mul-
tiportadora. A forma de onda permite alcangar um maior confina-
mento no espetro de sinal que melhora com o aumento do roll-off da janela, uma
vez que a amplitude do sinal fora da banda qtil (out of band - diminui. No
entanto, o comprimento dos blocos do sinal cresce temporalmente,
correspondendo a uma diminui¢do da taxa de transmissao, limitando o aumento da
eficiéncia espetral do sistema. Além disso, a opera¢do de multiplicacdo pela janela
¢ responsavel pela reducdo da poténcia média do sinal, que, por sua vez, depende do
valor do roll-off da janela. Como consequéncia, a relac@o entre a poténcia maxima
e a poténcia média (peak-to-average power ratio - PAPR]) do sinal

tende a crescer a medida que o roll-off aumenta. Portanto, este trabalho propde um



método alternativo relativo a constru¢io do simbolo permitindo
uma sobreposi¢do parcial entre os simbolos[OFDM]ladjacentes para reduzir o[PAPRL
Para além disso, a nova forma de onda ajuda a melhorar a eficiéncia espetral em
detrimento da interferéncia introduzida entre os blocos do sinal, que contribui para
a degradagdo nas performances em termos da taxa de erros (bit error rate - BER)),
que, por sua vez, depende do roll-off da janela. Para compensar o aumento na
taxa de erros, este trabalho também propde diferentes recetores, iterativos € nao-
iterativos, da técnica com igualizacdo em ambos os dominios da
frequéncia e tempo, capazes de cancelar tanto as restricoes dos canais dispersivos

no tempo e a interferéncia resultante entre os blocos baseados em [QFDM] da forma
de onda [TIBWB-OFDM|

Palavras Chave

Time Interleaved Block Windowed Burst OFDM with windowing time over-
lapping (TIBWB-OFDM with WTO), Eficiéncia Espetral, Peak-to-Average-Power-
Ratio (PAPR), Igualizacdo no Dominio da Frequéncia (FDE), Cancelamento Itera-

tivo de Interferéncia - Igualizacdo no Dominio do Tempo (IIC-TDE)



Contents

(I__Introduction 1
[LI Motivationl. . . . . . ... ... ... 3
(1.2 Objectives| . . . . . . . . . . . e 4
(L3 Dissertation Outlinel . . . . . . .. ... ... ... ... .. ... 5
14 ntributions and Publications| . . . . . . ... ... ... 0. 6

2 Wireless Transmission and Single/Multi-Carrier Modulation Techniques| 9

RI1_WirelessChannell . . . . . ... ... ... .. ... . ... . ... 10
[2.2  Single-carrier modulation techniques|. . . . . .. .. ... ... .. 11
[2.3  Multi-carrier modulation techniques| . . . . . ... ... ... ... 12
[2.4  Orthogonal Frequency Division Multiplexing| . . . . . .. ... .. 12
[2.4.1 Advantagesof OFDM| . . . . ... ... ... ... .. .. 12

[2.4.2  Disadvantagesof OFDM| . . . . . . . ... ... ... ... 15

2.4.3  Equalization| . . ... ... ... ... ... .. .. 17

3 Block Windowed Burst OFDM methods 19
20

23

3.2.1 [TIBWB-OFDMITransmitter 25

3.2.2 [TIBWB-OFDMIReceiver 27

3.3 TIBWB-OFDM with IB-DFEl. . . . . ... ... ... .. ..... 28
[3.3.1 1terative block decision feedback equalization (IB-DFE]) with |

[ hard decisions! . . . . . . . . . e 29
[3.3.2 IIB-DEE|with soft decisions and channel coding| . . . . . . . 30

[4  Time Interleaved Block Windowed Burst OFDM with Time Overlap- |
32

s



Contents

4.1 TIBWB-OFDM with WTO Transmitter 34
4.2 TIBWB-OFDM with WTO Receiver 37
“4.2.1 Frequency Domain Equalization| . . . . . . ... ... ... 37
4.2.2  Time Domain Equalization|. . . . . . ... ... ... ... 38
4.2.3  zero-forcing (ZF) Cancellation Method| . . . . . . .. . .. 40

“4.2.4  minimum mean square error (MMSE) cancellation method| . 41

4.3  TIBWB-OFDM with WTO Receiver with Linear Equalizers Results| 41

43.1 PAPRIIssuel . . . . .. .. .. 42

4.3.2 |BER|performance{. . . . . . ... ... ... ... ... .. 43

4.4  TIBWB-OFDM with WTO Receiver with Iterative Frequency Do- |

| main EqualizerResults| . . . . .. ... ... .00 49
4.4.1 IB-DEE with hard decisions| . . . . . . ... ... .. ... 50

4.4.2  [B-DEElwith soft decisions|. . . . . .. ... ... ..... 52

4.5 TIBWB-OFDM with WTO Receiver with Iterative Time Domain |

[ EqualizerResults| . . . .. ... ... ... .. ... .. ... 54
4.6 TIBWB-OFDM with WTO Receiver with Iterative Equalizers Results| 55
4.7 Spectrum Saving] . . .. ... ... L 57
[5__Conclusions| 59
B _FutureWorkl. . . . .. . ... . 61

A" Appendix I| 66

(B Appendix Il 87

ii



List of Figures

(3.1 Diagram of the block windowed burst orthogonal frequency divi- |
| sion multiplexing (BWB-OFDM) transmutter [[1].| . ... ... .. 21

[3.2" power spectral density (PSD) of the BWB-OFDM] transmitted sig- |
| nal as a function of the window roll-oftf, highlighting the obtained |

| spectral confinement [2[].| . . . ... ... ... ... ... .... 21
(3.3 Example of the BWB-OFDMI|symbol’s amplitude spectrum [1].|. . 22
[3.4  Diagram of the [IBWB-OFDMItransmitter [1].] .. .. ... ... 24
[3.5 Diagram of the [IBWB-OEDMIreceiver [1].]. ... .. ... ... 24

[3.6  Example of the[IIBWB-OFDMI|symbol’s amplitude spectrum [1]]. | 25
[3.7  Diagram of the TIBWB-OFDMIreceiver with TurboIB-DFEl [1].] . 28

4.1  New packing proposal using windowing time overlapping for high |

L efficientTIBWB-OFDMIwaveform.|. . . . . .. ... ....... 35
4.2 [TIBWB-OFDMIwith windowing time overlapping (W TQ)) transceiver |
[ architecture. | . . . . . . ... L 35
@.3  Matrix structure for packing with time overlapping. Iy denotes |
| an 1dentity matrix of dimensions Ngymp X Neymb{ -+ + - =« . . . . . 36
4.4 Windowing and cyclic extension operations [2]].| . . .. ... ... 39

4.5 Time domain equalization algorithm interference cancellation con- |

| CEPL. | .« . o o 39
4.6 [TIBWB-OEDMI with WOl receiver with a linear equalizer in both |
| frequency and time domains. |. . . . . . ... ... ... L. 42

4.7 [PAPRls complementary cumulative distribution function (CCDE) |

[ of the OFEDMI [TIBWB-OFDM ]| with and without WTO] transmitted |
| signals for f=0.5.|. . . ... ... ... ... 43

jii



List of Figures

OFDM| [TIBWB-OFDM

over an additive white gaussian noise (AWGN) channel as a func- |

tion of 5 employing the no-cancellation receiver. | . . . . . . . . .. 45

4 BER OFDM| [TIBWB-OFDM| WTO

over a[I'D|channel as a function of 5 employing the no-cancellation |

TECEIVEL. |. . . o o o o e 46

4.13 IBERIresults for[TIBWB-OFDMIwithIWTOlover an[AWGN|channel |

as a function of  employing a MMSE! [ZH and a no-cancellation |

TECEIVEL. |. . . . o o o e 46

4.14 [BERIresults for TIBWB-OFDMI| with [WTOlover allDichannel as |

a function of  employing a[MMSE! [ZF and a no-cancellation re- |

CeIVEL |. . . . e 47

BERI results for [[IBWB-OFDM

[ with IWTOl employing a M

[ZF, genie and a no-cancellation receiver for p =0.25.| . . . . . .. 48

4. 19 MIBWB-OFDM] with WTOI receiver with frequency domain itera- |

| tive equalizer and time domain linear equalizer. |. . . . . . .. . .. 50
4.20 [BERI performance for [[IBWB-OFDM| with IWTO| employing the |
| IB-DEE receiver with hard decisions, for f =0.5and p =0.25.| . 51
.21 [BERI performance for [IIBWB-OEDM| employing the [[B-DEE! re- |
| ceiver with hard decisions, for p =0.5and f =0.25.| . . . . . .. 51
.22 IBERI performance for [IIBWB-OFDMI| with [WTO| employing the |
| IB-DFE receiver with soft decisions, for f =0.5and B =0.25.] . . 52
.23 IBERI performance for [[1IBWB-OFDM| employing the [B-DEE! re- |
| ceiver with soft decisions, for f =0.5and p =0.25.|. . . . . . .. 53

iv



List of Figures

.24 [TIBWB-OEDMI with [WTO| receiver with frequency domain linear |

equalizer and time domain iterative equalizer.|. . . . . . . ... .. 54

.25 [BERI performance for [[IBWB-OEDM]| with and without [WTO re- |

ceiver employing the iterative interference cancellation time domain |

equalizer (IIC-TDE)) algorithm, for f =0.5and B =0.25.|. . . . . 55
4.26 [TIBWB-OEDMI| with [WTO receiver with frequency domain and |
time domain iterative equalizers. |. . . . . . ... ... L., 56

.27 [BERIperformance for [[IBWB-OEFEDM)| with [WTO|receiver employ- |

ing both the [[B-DFE! and [lIC-TDE! algorithms with hard decisions, |

for f=05and =025 . ... ... ... .. ... ... 56

4.28 IBERIperformance for[[IBWB-OEFDM)| with W TOlreceiver employ- |

ing both the [IB-DEFE and lIC-TDE/ algorithms with soft decisions, |

forf=05and =025 ....... ... ... . ........ 56
4.29 Power spectrum of [OFDMI and [ITIBWB-OEFDM| with and without |
WTOwith N, =64, for f=0.5.]. . . . ... ... ... ...... 58
4.30 Power spectrum of [OFEDMI| and [[IBWB-OFDM] with and without |
WTOlwith N; =64, for f=0.25.| . . . . ... ... ... ..... 58







List of Acronyms

OFDM orthogonal frequency division multiplexing

BWB-OFDM block windowed burst orthogonal frequency division multiplexing

TIBWB-OFDM time interleaved block windowed burst orthogonal frequency di-

vision multiplexing

WTO windowing time overlapping

SEFDM spectrally efficient frequency division multiplexing

FBMC filter-bank multi-carrier

GFDM generalized frequency division multiplexing

RF radio frequency

LTE long term evolution

ISI inter-symbol interference

IBI inter-block interference

ICI inter-carrier interference

FFT fast fourier transform

IFFT inverse fast fourier transform
DFT discrete fourier transform
DTFT discrete time fourier transform
IDFT inverse discrete fourier transform
OOB out of band

CP cyclic prefix

vii



List of Acronyms

FDE frequency domain equalization

PAPR peak-to-average power ratio

CCDF complementary cumulative distribution function
PSD power spectral density

SRRC square root raised cosine

RRC root raised cosine

ZP zero-pad

SC single-carrier

MC multi-carrier

S/P serial to parallel

P/S parallel to serial

MMSE minimum mean square error

ZF zero-forcing

PR perfect reconstruction

IB-DFE iterative block decision feedback equalization
IIC-TDE iterative interference cancellation time domain equalizer
LOS line of sight

FF feedforward

FB feedback

LLR log-likelihood ratio

MFB match filter bound

QPSK quadrature phase shift keying

AWGN additive white gaussian noise

LDPC low-density parity-check

viii



List of Acronyms

BER bit error rate

TD time dispersive

FD frequency dispersive

SNR signal-to-noise ratio

OTFS orthogonal time frequency space
3GPP 3rd Generation Partnership Project
SISO single input single output
MIMO multiple input multiple output
MRC maximum ratio combining

EGC equal gain combining

CFO carrier frequency offset

USRP universal software radio peripheral

ix






Introduction

Contents
Id Motivation] . . . . . . o v v v vt v ettt e et e e e e 3
T2 ODJECTIVES .« v v v v v v e e et e e e et e eeeeeenn 4
1.3 _DissertationOutlinel . . . .. .................. 5
(1.4 Contributions and Publications|. . . ... ........... 6




1. Introduction

The next generations of mobile communications, known as 5-th generation (5G)
and post-5G [3l4]], have ambitious requirements [5H7]], which highlight very high
data transfer rates (up to 20 Gbit/s), high spectral and power efficiencies and flexi-
bility brought by the need to efficiently transmit under adverse channel conditions
and at varying rates. In order to support transmission of data in several scenar-
ios, with different service qualities, delay requirements and different carrier fre-
quencies, a new radio interface is being developed by 3rd Generation Partnership
Project [8], in the scope of the 5G. The choice of the waveform for 5G
New Radio culminated in the adoption of orthogonal frequency division multi-
plexing with the addition of cyclic prefix (CP) for the downlink and up-
link transmissions, leaving open the possibility of using new waveform modulation
types, as usually designated in the context of 5G. This brings the need for the de-
velopment of new hybrid modulation techniques, as an alternative to used
in 4G, such as the recently proposed techniques, block windowed burst orthogo-
nal frequency division multiplexing (BWB-OFDM)), time interleaved block win-
dowed burst orthogonal frequency division multiplexing [1,9]
and orthogonal time frequency space (OQTES) [10].

The Time Interleaved Block Windowed Burst Orthogonal Frequency Division
Multiplexing has been disclosed as an [OFDMl-based technique
able to offer an improved spectral confinement of the transmitted blocks, or, in-
stead, higher transmission rates than conventional along with better power
efficiency. Also, it has the great advantage of being easily applied to multiple input
multiple output (MIMO)) and massive systems [6,/11]. On its basis, the
technique consists into packing together several windowed
blocks appended to single zero-pad (ZP) prefix, to deal with the duration of the im-
pulse response of the mobile channel. The windowing operation allows better spec-
trum confinement and, consequently, increase the spectral efficiency. Furthermore,
the use of a single [ZP by a set of blocks allows a significant improvement
in power efficiency when compared to conventional using a[CPl Finally,
the temporal interleaving operation creates a diversity effect in the spectrum that
makes this modulation more robust and reliable when transmitting data through fre-
quency selective channels (typical of multipath wireless channels). This technique
is considered a hybrid technique, since it combines features associated to single-
carrier (SC) and multi-carrier (MC)) transmission systems, keeping in mind that,
on the one hand, it can be considered a block-based single carrier technique with
frequency domain equalization on the receiver side and, on the other hand, it
can be considered a simple system with a[ZP on the transmission side.




1.1 Motivation

Throughout this chapter, the motivations, the objectives and the contributions of

this work will be introduced as well as the organization of the document.

1.1 Motivation

Future wireless communications systems are expected to bring improvements in
the way data are transmitted and the waveforms are designed. Such improvements
are related to higher data rate, lower latency, and flexibility brought by the need
to transmit over hostile channel conditions, as well as higher spectral and power

efficiency [12].
Orthogonal Frequency Division Multiplexing (OFDM)]) [13] has been, since the

3rd generation (3G) of wireless communications, the preferred waveform of choice,
due to its robustness to inter-symbol interference (ISI) associated with multipath
channels. is a[MCtechnique that divides a high data rate stream into N par-
allel lower rate streams that, in turn, modulate N sub-carriers. [OFDM]presents other
interesting advantages that make it so popular, such as the fact that the process of
[OFDM]|modulation and demodulation can be efficiently implemented by the inverse
fast fourier transform (IFFT) operation and its inverse fast fourier transform (EFT),
respectively. Besides, the orthogonality between sub-carriers is one of the main
features of making it relatively robust to inter-carrier interference (ICI) and
allowing a simple frequency domain equalization (FEDE) [1]. The portion of the
spectrum occupied by each stream is usually less than the coherence bandwidth of
the frequency selective channel (also known as a time dispersive (D) channel).
This channel bandwidth represents frequency range where its response is approx-
imately flat. Therefore, the in each stream is neglected. In order to eliminate
interference between the N symbol streams, it is necessary to add a cyclic prefix
(CP) to each symbol, which must be longer than the duration of the impulse
response of the transmission channel. The [CP|duration often represents 10% to 25%
of the symbol period, and therefore the effective throughput of useful data
and the spectral efficiency of systems are reduced [1,9]. In fact, in order
for a system to achieve the same transmission rate of an system
(without [CP) the transmission rate of the useful data must be increased, which in
turn increases the amount of spectrum used. Also, since the [CPlconsists on an exact
copy of final N, = N, samples of the current symbol, the power used to transmit
the [CPl limits considerably the power efficiency of transceivers [9].
Besides the restricted spectral efficiency, time domain transmitted signals in an

system can have high peak values since the instantaneous amplitude of each
sub-carrier that form the symbol is added by the [FFT] operation. As a

3



1. Introduction

consequence, systems are known to have a high peak-to-average power ratio
(PAPR) when compared to[SCl systems, which grows with an increasing number of
sub-carriers. Thus, an system has a limited power efficiency and requires
the use of a power amplifier with a considerable back-off to ensure a distortion-free
linear signal amplification [9}/11].

This brought the need for the development of new techniques as alternatives to
with greater spectral and power efficiency. Recently, within the context of
5G, new waveforms alternative to conventional have been the subject of
many recent studies [6,7], with several techniques being proposed as: filter-bank
multi-carrier [14]]; generalized frequency division multiplexing
[13]); filtered{OFDM] [16]; the non-orthogonal [MC system termed spectrally ef-
ficient frequency division multiplexing [17], which improves spectral
efficiency by packing sub-carriers at frequency spacing below the symbol rate, in-
tentionally creating inter-carrier interference (ICI); and more recently the Time-
Interleaved Block Windowed Burst Orthogonal Frequency Division Multiplexing
technique [9].

1.2 Objectives

Some of the solutions being proposed have drawbacks, such as the difficulty
of extending to considered as a key enabling technology for 5G.
The is already showed to be easily extendable to scenarios
[L1,/18].

Although the already tackles some of the disadvantages inher-
ent to the use of the this technique also presents several interesting chal-
lenges: the promised spectral and power efficiency increase proposed by the method
is limited by the growth of the windowed [OFDMl}based blocks and also due to their
juxtaposition. The initial QFDMlbased sub-blocks, that form the
mega-block are submitted to several operations, such as the cyclic extension and
windowing with a square root raised cosine profile, followed by a time in-
terleaving operation between the samples of the several component blocks
that results in an increased sub-block’s length. Since the blocks are juxtaposed this
results in an increased mega-block length, which is proportional to the window roll-
off. Consequently, the achieved spectral efficiency of this modulation technique is
limited, by either, improving spectral confinement by reducing out of band (OOB)
radiation when using a larger roll-off, or by improving symbol rate when conven-
tional rectangular window is used since a sole prefix is used per the group of
packed [OFDMl-based blocks. Although the spectral confinement of the

4



1.3 Dissertation Outline

based blocks improves with the increase of the window roll-off, the block temporal
extension is also verified which results in a temporal growth of the
mega-block, corresponding to a reduction of the transmission rate. To keep trans-
mission rate, in fact, the spectral occupancy must increase, thus limiting the spec-
tral efficiency gains of the technique. Furthermore, conclusions drawn from this
work are that the windowing operation is responsible for the decrease in the aver-
age power of the signal, which, in turn, depends on the value used for the roll-off.
As a consequence, of the TIBWB-OFDM ]signal tends to grow as the roll-off

increases.

Thus, this work proposes an alternative approach regarding the
symbol construction by allowing a partial overlap between the adjacent windowed
symbols, in time domain to keep transmission rate and spectrum occupancy.
This new waveform would allow achieving a very high spectral efficiency since
there is no temporal expansion of the block, permitting a spectrum
saving when transmitting at a fixed rate. Furthermore, the overlapping operation
creates a flatter waveform, diminishing the windowing attenuation effect and op-
posing the decrease in the average signal power and consequently decreasing the
signal’s However, the overlapping operation introduces interference between
the data transmitted in adjacent sub-blocks. Thus, time domain equalization algo-
rithm must be developed acting as signal reconstruction methods. A forward and
backward successive cancellation equalization method is proposed aiming to over-
ride the self-created interference resulting from this process, based on a sequential
process. In this process, the data sent in the first symbol allows to partially re-
cover the information that has been corrupted (superimposed) by the next symbol.
In addition, the data sent in the last symbol allows partial retrieval of data that has
been corrupted by the previous symbol. Furthermore, to improve robustness against
channels time-interleaving of samples of the packed and with
windowing time overlapping (WTQJ) based blocks is employed. Different embod-
iments of non-iterative and iterative receivers to cancel both channel impairments
(at frequency domain) and interference resulting from the overlapping operation (at

time domain) are proposed.

1.3 Dissertation Outline

This thesis is organized in five chapters. This chapter introduces the topic of the
thesis, the motives that led to investigate and enhance the knowledge in this particu-
lar theme and describes the main goals proposed to achieve with this work. Chapter

2 introduces the concept and model of a typical wireless channel and also discusses

5



1. Introduction

the differences between [SC|and [MC transmission schemes, explaining why the
approach is more efficient when transmitting through channels. This chapter
also presents the concept of discussing its advantages in regard to its effi-
cient implementation and robustness in wireless transmission and its disadvantages,
relative to the limited power and spectral efficiencies. By opposition as presenting
a smaller and similar performance, block-based transmission with [FDEl
(SCHEDE) is presented. Also, and block-based [SCHFDE] are both addressed,
since can be seen as a hybrid technique, handled at transmitter as
[OFDMlbased MOl type, and at receiver as of [SCl type. This chapter also presents
the concepts of the most common linear algorithms. Chapter 3 presents the
theory of the modulation technique, stressing the improvements
towards typical schemes. In this chapter, the chain of operations con-
cerning the block formatting and unformatting are analyzed in the transmitter and
receiver, respectively. Later, in the same chapter, the basic structure of a non-linear
algorithm, known as, iterative block decision feedback equalization (IB-DFE)
is introduced, motivated by the fact that in the transceiver scheme,
the received signal can be regarded as of a type, prompting the employ-
ment of this technique with the [B-DFEl In chapter 4, the new with
WTQ transceiver scheme is presented, leading to the proposal of an overlapping op-
eration between the adjacent sub-blocks, in the transmitter, in order
to compensate the temporal growth in the block’s length and the degradation in the
signal’s [PAPR] observed in the standard transmission scheme. In
this chapter, the time domain equalization algorithms that try to cancel the inter-
ference, introduced by the overlapping operation, are also described in the receiver
section. The [PAPRIissue is discussed for the new waveform and the performance
of the new with scheme is compared to the
scheme while employing the minimum mean square error (MMSE) and the
Turbo{IB-DFEl Additionally, the performance of the new transmission scheme is
also compared while employing the two versions (non-iterative and iterative) of the
proposed time domain equalizers. This chapter ends with a review regarding the
gain in spectral efficiency that can be achieved with this transmission scheme. Fi-

nally, chapter 5 concludes this thesis and presents some suggestions for future work.

1.4 Contributions and Publications

The research presented in this thesis was part of an ongoing research project
whose objectives are to propose highly efficient waveform to 5G and beyond 5G,
within which the [TIBWB-OFDM]| technique was developed. One of the main con-

6



1.4 Contributions and Publications

tributions of this work was the proposal of a new packing strategy for the TIBWB-
OFDM technique that avoids the temporal expansion of [OFDM}based blocks and
the high[PAPRItypically observed in this transmission scheme due to the windowing

operation. Aside this, efficient receivers have also been proposed.

In the context of this dissertation, some of the results have been published count-
ing 1 Provisional Patent Application, 2 accepted publications at national confer-
ences, and one international submission to the IEEE flagship conference GLOBE-
COM2019 (awaiting for decision). The list follows:

e Concerning the implementation and integration of the I'IBWB-OFDM|modu-
lation technique within the long term evolution (LTE) resource grid structure
a presentation [P1] was published at 26th RTCM Seminar.

e In the conventional technique the reduction achieved
by the single use of a[ZPl for multiple OFDM}based packed blocks, is rather
limited, especially when higher root raised cosine (RRC) window roll-off are
used to guarantee spectral efficiency. At /1th Conference on Telecommunica-
tions - ConfTele 2019 a paper [P2] was published proposing a new waveform
that consists on a modification of the transmission technique
by allowing a time domain overlap between the [OFDM}based sub-blocks,
improving both spectral and power efficiencies and keeping transmission rate
and spectrum occupancy. In addition, in order to improve robustness against
[TDI channels time-interleaving of samples of the packed and overlapped-
[OFDM}based blocks is employed. Although a reduction is achieved
by the single use of a[ZP| for multiple [OFDMl-based packed blocks, the over-
all reduction achieved is limited. Therefore, this publication demonstrates
that the values of with can be contained due to

the overlapping operation.

e The spectral efficiency of the new technique is improved at
the expense of bit error rate (BER]) performance since the time overlapping
operation introduces interference in the transmitted signal. In order to im-
prove the performance of the with transmission
scheme, a paper [P3] was submitted (awaiting for decision) at conference
WS-06: IEEE GLOBECOM 2019 Workshop on High Capacity Point-to-Point
Wireless Communications (HCPtP 2019) proposing the new packing strat-
egy and a different receiver embodiment, consisting on non-
iterative equalizers to cancel both channel impairments, at frequency domain,

and interference resulting from the overlapping operation, at time domain.
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e The BERI performance improvement in behalf of the new non-iterative time
domain equalization algorithms is limited. Therefore, along with the new
window overlapping and time-interleaving transmission method, several em-
bodiments of the with receiver consisting, not only
on non-iterative, but also on iterative equalizers at both time and frequency

domains are considered at [P4].

Subsequently, a list of the submissions and publication resulting from the re-
search process in the scope of the thesis is presented:

[P1] F. Concei¢dao, M. Gomes, V. Silva, "Testbed implementation of TIBWB-
OFDM within [CTE] frame structure”, published at 26th RTCM Seminar on January
24,2019 (APPENDIX 1),

[P2] F. Concei¢ao, M. Gomes, V. Silva, R. Dinis, "Time Overlapping TIBWB-
OFDM Symbols for Peak-To-Average Power Ratio Reduction”, published at 1/th
Conference on Telecommunications - ConfTele 2019 on June 27, 2019 (APPENDIX
1D,

[P3] F. Concei¢cao, M. Gomes, V. Silva, R. Dinis, "Highly efficient TIBWB-
OFDM waveform for broadband wireless communications”, submitted on WS-06:
IEEE GLOBECOM 2019 Workshop on High Capacity Point-to-Point Wireless Com-
munications (HCPtP 2019) (awaiting decision),

[P4] M. Gomes, V. Silva, F. Conceicao, R. Dinis, Block Windowed Burst Or-
thogonal Frequency Division Multiplexing Transmission Method with Window Over-
lapping and Time-Interleaving, (PPP115602), June, 2019, (status pending).
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2. Wireless Transmission and Single/Multi-Carrier Modulation Techniques

This chapter introduces the theoretical concepts regarding wireless transmission

and the techniques that are used to modulate the data.

2.1 Wireless Channel

Wireless communication systems offer many advantages, such as mobility and
easy access, however they are more limited than the wireline transmission systems,
such as limited spectrum, capacity and service quality which affect the quality of
received signals and the reliability of wireless systems.

In wireless mobile communications systems, the wireless radio channels are
dynamic and time-varying, leading to the need of constant analysis and estimation
of these channels, due to channel variations and user movement [[19]. Besides,
there is usually no direct line of sight (LOS)) path between the mobile terminals and
the base station. Thus, the electromagnetic waves that carry the information radio
frequency (RE) signal over the air in [RE bands encounter several obstacles, suffer-
ing phenomena of temporal dispersion, diffusion/scattering and multiple reflections
[20]]. This leads to path loss, shadowing and multipath fading.

The path loss or attenuation of a [RF signal, in an obstruction-free , i.e.

between the transmitter and receiver, is proportional to

A‘ 2
P (d) o (m) ; (2.1)

where P, (d) is the receiver signal power at a distance d from the transmitter and
A is the wavelength of the carrier signal. The path loss is a large-scale channel
attenuation effect that represents the degree of signal power attenuation suffered
from radio signals, propagating through free space, which increases at a rate that is
inversely proportion to the square distance between the transmitter and the receiver

[19]. A log-distance path loss can be modeled as

> + Ly, f (2.2)
ref
where 7 is the path loss exponent, that depends on the degree of obstruction and

L. is the path loss value in free space for the reference distance d, .

In order to account with attenuation originating from obstacles and surround-
ing environments, measurements show that the actual signal loss at distance d is
a random variable with log-normal distribution [19]. Therefore, shadowing de-
scribes the random and faster distance-based attenuation effects of the signal and is

included on the path loss model. The total loss can be described as

d
L= 10nlog,, ( ) +Les+X, (2.3)

dref
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2.2 Single-carrier modulation techniques

where X is a normal-distributed random variable that represents the shadowing ef-
fect.

In addition to path loss and shadowing, which are large-scaled attenuation ef-
fects, there is also rapid channel fluctuations within a small region [19]. The
transmitted signal travels through several paths during its transmission, reaching
the receiver through these different paths with varied length. Hence, in a multi-
path channel, the arrival times of the different signal echos are, thus, spread in time
and, thus, the baseband complex impulse response of a time-varying channel can be

written as

R
h(t,t)=Y B (t)e’* V& (c~1,), 2.4)
r=1

where r is the path index from a total of R paths, B, (¢) is the path gain, 6,(¢) is
the phase shift, 7, is the time delay of the r-th path and J denotes the Dirac delta
function.

This causes an effect called multipath fading. The several copies of the waves
that carry the transmitted signal arrive at the receiver with random amplitudes, fre-
quencies and phases and can be combined constructively and destructively, inter-
fering with one another and causing the total received signal power to vary within
a small region. The multipath fading can be modeled through the amplitude of the
complex baseband channel, which has independent Gaussian-distributed real and
imaginary parts with zero mean and equal variance, being Rayleigh-distributed in
most cases, except when a stronger and dominant path (usually the [LOS|path) exists
between the transmitter and the receiver, where it becomes Rician-distributed [19]].

Thus, the scientific community has been developing transmission and modula-
tion techniques that combat the effects suffered by the signals transmitted in wire-

less communication systems.

2.2 Single-carrier modulation techniques

In conventional [SC] modulation techniques, the transmission of a signal with
symbol rate R, requires the use of a bandwidth of at least B = %. Thus, when trans-
mitting at high rates, the bandwidth occupied by the signal is also large. A wireless
channel is regularly a frequency selective channel and has a coherence bandwidth,
B.. This bandwidth represents the frequency range where the frequency response
of the channel is approximately flat. Therefore, high rate transmission scenarios
through channels can be dangerous, especially when the coherence bandwidth
of the channel, B., is much lower than B. In this case, the transmission of wire-

11



2. Wireless Transmission and Single/Multi-Carrier Modulation Techniques

less signals usually suffers from frequency selective fading, i.e., different frequency
components are faded differently by the channel, as opposed to flat-fading where
all frequency components of the signal are equally faded by the channel. Therefore,

the [SC| systems require complex equalization schemes to deal with

2.3 Multi-carrier modulation techniques

In order to deal with frequency selective fading parallel data transmission, also
known as transmission, was proposed. In systems, a high rate stream of
data is divided into N lower rates streams where independent data are modulated
on different sub-channel, multiplexed in the frequency domain. The overall symbol
rate remains the same as in the case, since, in this case, each parallel data stream
has a symbol rate of R;/N and, therefore, the overall symbol rate remains Rj.

However, due to the low rate streams, each sub-channel now occupies B/N,
allowing only a small number of sub-channels to use the carriers that are affected
by a deep fade [19]. Additionally, if the bandwidth occupied by each sub-channel
is smaller than B, each sub-carrier experiences frequency flat-fading. Nevertheless,

a guard band is required between each adjacent sub-channel to eliminate any [CIl

2.4 Orthogonal Frequency Division Multiplexing
One of the most popular[MC modulation methods is the [OFDM] technique. This

section discusses its advantages and disadvantages.

2.4.1 Advantages of OFDM

The transmission technique that has been most used for wireless communica-
tions is which can be described as multiplexing technique and a special
case of M transmission, forming the basis for 4G [LTEl wireless communication
systems [21]]. It was also chosen by as the based modulation technique
adopted by 5G New Radio [8]], although space was left open for the introduction of

new waveforms.

Frequency Selective Fading IS and ICIl immunity

An signal consists of N adjacent and orthogonal carriers spaced, at fre-
quency domain, by Ay = T%»vm’ where Ty, represents the duration of an
symbol or signal. Following the same rule employed in transceivers,
in an transmitter a high rate stream of data is divided into N lower rates
streams through a serial to parallel (S/P) operation that are assigned to each of those

carrier, creating an symbol. These values are put back into serial stream

12



2.4 Orthogonal Frequency Division Multiplexing

with a parallel to serial operation. The data rate per sub-carrier is reduced
by a factor of N, which increases the sub-symbol time by N. Thus, if the symbol
period is 7§ for the source stream, the total period for the symbol/block is
Tsym = NT; . This reduces the effect of because the symbols are substantially
longer. [22].

Therefore, the principle of is to divide the transmission channel’s band-
width into narrowband sub-channels, associated with the orthogonal sub-carriers,
transforming a broadband frequency selective channel into multiple narrowband
flat-fading sub-channels, allowing one to consider a constant attenuation of each
sub-channel, over its entire bandwidth. In other words, the number of carriers em-
ployed in an system should be adjusted in order to the bandwidth of each
sub-channel is affected by flat-fading. This allows simplification in the equaliza-
tion process at frequency domain (EDE) with only one equalization iteration per

sub-carrier, in the receiver.

Each of the sub-carriers is individually modulated and simultaneously transmits
data in an overlapping and parallel scheme, allowing a considerable gain in spectral
efficiency, saving up to 50% of the used spectrum [|19]. The overlapping approach
cause interference between adjacent sub-channels. This interference is, however,
transparent among sub-carriers, due to the fact that they are spectrally spaced from
Ap= ﬁ This orthogonality property shows that the power spectral density (PSD)
peaks of each sub-carrier occur at a point at which the of other sub-carriers
is zero [22[]. Since an receiver calculates the maximum spectrum values
at those points, it can demodulate any individual sub-carrier free from interference
from other sub-carriers [13]]. Hence, is relatively robust to Addition-
ally, since the information data are carried by orthogonal carriers, it can be retrieved
by coherent detection, projecting the received signal onto the signal space, i.e. the
sub-carriers, during its interval [23].

In order to avoid [SIlbetween symbols, associated with multipath fading,
this technique adds, also, to each symbol a cyclic extension of the symbol
itself, called a[CP] in which its duration is required to be greater than the impulse
response of the transmission channel, which, in turn, is related to the delay
spread. This allows transforming the linear convolution that occurs in the trans-
mission channel, in a cyclic convolution at the level of the individual processing of
each symbol. The total delay spread is typically defined as the difference
between the arrival time of the earliest multipath component (typically the [LOS]
component) and the arrival time of the latest multipath components and has a sig-
nificant impact on the This deteriorates the transmission at higher rates

13



2. Wireless Transmission and Single/Multi-Carrier Modulation Techniques

because the distance between symbols (or bits) is smaller and the expansion of time
due to multipath interferes with subsequent symbols (or bits) [22]. If the symbol

duration is much larger than the delay spread, the [[SI become irrelevant.

FFTIFFT implementation

presents other interesting advantages, such as, the easy implementation
of the transmitters based on [[FFT] algorithm and the receivers based on its inverse
transform, i.e. the (EFT) algorithm, allowing an efficient and low complexity equal-
ization in the frequency domain.

Conventionally, a[M transmitter consists on a set of modulators that modulate
the data in a specific set of carriers. The modulator outputs are, then, combined into

one signal [24]. The baseband complex-valued transmitted signal is given by

1) = NZI Spe!?™ 0 <t < Ty, (2.5)
k=0

where Si,k = 0,...,N — 1 denotes the N-size vector of data to be transmitted.
Each S,k =0,...,N — 1 represents a symbol from an M-ary signal constellation
(MQAM, MPSK,...), directly mapped from a bit-stream, to be transmitted at the
k-th sub-carrier with frequency f; = kAr,k =0,...,N — 1. Usually there is one
additional modulation step to translate the set of sub-carriers to a higher center fre-
quency [22].

The orthogonality property between the sub-carriers allows the receiver to de-
modulate the signal in a simple way. In order to demodulate the data carried
by a sub-carrier j, the received signal is mixed with a local oscillator with the same
frequency f; and integrated over the duration of the signal, 7jy,. The operation
expressed by gives the desired output Si,k = 0,...,N — 1, after dividing by
Tsym. For all the other sub-carriers, the integral output is zero because the frequency
difference with k # j, produces an integer number of cycles within the integration

interval, which results in zero [[13]].

Ty'm . Tsm
/) s(t)eﬂnfjtdt:/ ’ ZSkeﬂnfkle J2rfjt gy —
0 0
(2.6)
_ ZSk/ sym ej27r Je— f/)d :SkTsym-

Nevertheless, such approach of generating and detecting the transmitted M signal
would result in a very expensive transmitter and receiver because it would have a

high number of oscillators [13]]. Furthermore, this approach would require very
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2.4 Orthogonal Frequency Division Multiplexing

accurate modulators and demodulators since any deviation on the carrier’s frequen-
cies would result in an incorrect signal detection. Therefore, in order to correctly
demodulate an signal, time and frequency synchronization is necessary, as
illustrated by and (2.6). If not met, [CI will result [13].

The discrete version of an symbol is generated by sampling (2.3). By

letting t = nT,,, where T, is the sample interval and considering that the sub-

carriers are uniformly spaced in the frequency domain by Ay = Tl = NIT = NTI ,
sym K smp

ie., fx =kAg,k=0,...,N — 1, the digital signal in transmitter output is

N—1 ) N—1 D nk
sn=s[n] =5 (nTynp) = Y Spe/> il =y See’ ™ n=0,..N—1. (2.7)
k=0 k=0

The complex baseband symbol, denoted by (2.7), can be defined by a for-
mula that consists on an N-point inverse discrete fourier transform (IDET), except
for the multiplying constant ]%/ Therefore, the transmitter can be imple-
mented by this transform, which, in turn, can be efficiently implemented by the
IFFT when N is a power of two, providing a reduction on the number of complex
multiplications from N? to § log, (V) [13].

In similar fashion, the demodulation of the digital OFDMlreceived signal, at the

receiver, preceding the integration operation can be expressed by

N=l o
xp = x[n] =x(nTynp) = Z Sie” N . (2.8)
k=0
Therefore, the[OFDM]receiver can be implemented by the discrete fourier transform

(DET) transform, which can be efficiently implemented by the [FFT] algorithm.

2.4.2 Disadvantages of OFDM
Although [OFDM)| is a mature technique, it has limited spectral and power effi-

ciency. This section provides a discussion on its disadvantages.

Cyclic-prefix/Guard interval needed

Due to the different time delays on reception, may occur between two con-
secutive symbols where the last part of a symbol adds with the first part
of the next symbol. Therefore, to completely eliminate a guard interval of T,
(Ng samples) is inserted at the beginning of each symbol. The length of
the guard must be greater than the delay spread of the wireless channel [22]]. This
guard interval can be formed of null samples (also known as a[ZP)), which lower the
power needed for transmission at the expense of introduced [CIl [25]]. Nonetheless,

the preferred guard interval is a cyclic extension (also known as [CP) of the current
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2. Wireless Transmission and Single/Multi-Carrier Modulation Techniques

symbol since this still enables the implementation of a simple receiver based
on the[FEFT] A[CPlconsists on an exact copy of final N, = N, samples of the current
symbol.

Hence, a signal has a total length of Nep_orpy = Nep + N and can
be expressed based on by

S [n _N+Ncp] 5 OSHSN(;[;

sn], Nep<n<N+Nep 2.9)

scp—orpm [n] = {

Although the use of a[CP| per[OFDM] symbol eliminates it also reduces the
effective throughput of the[CPHOFDMIsystem as well as its spectral efficiency, since
the duration of the [CP often represents a considerable percentage of the period of
the symbol (which can reach up to 10%- 25%) [1,59]. Another aspect is related to
the power wasted to transmit the which reduces the power efficiency of

transceivers.

Spectrum

An symbol with a rectangular configuration, s[n|,n =0,...,N — 1, can
be expressed by

N1 Jj2mkn
s[n] = Z Sxw(nle V| (2.10)
k=0
where Sy represents a symbol from an M-ary constellation and w[n] ,n=0,... ,N—1

is a unitary rectangular window that limits the length of the modulated signal.
The high amplitude of [OFDM's spectrum outside the allocated bandwidth is

created by the sharp transitions of the rectangular pulse/window used in the signal
generation, whose spectrum is a sinc. This way, the of signal is made
of a superposition sum of sinc shaped spectra, each one associated to a sub-carrier
and centered in the corresponding frequency, f.

These lateral lobes, of considerable amplitude add together giving rise to con-
siderable emissions, producing a decrease in the spectral efficiency of the
system since they cause interference on any other signal’s spectrum placed at near

frequencies.

Peak to Average Power Ratio

systems are also conditioned by the ratio of high peak power vs. aver-
age power ratio (PAPR]), which grows proportionally to the number of sub-carriers
employed on the transmission. This high results from the large fluctuations
of the signal’s envelope and it’s associated to a decrease of the amplifica-
tion efficiency [5,26]. Such a high demands a large dynamic range in the
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2.4 Orthogonal Frequency Division Multiplexing

power amplifier of the transmitter. The linear amplifier must as thus, operate with
a large output backoff to accommodate such a large dynamic range signals linearly
[19] and avoid amplifier’s saturation. In the non-linear region, the amplifier satu-
rates meaning it cannot produce any higher output voltage regardless of the input

voltage, distorting the signal [22].
The [PAPR] of a continuous time domain signal, x (¢), is expressed by

PAPR (x(t)) = 10log,, (mgj[cx[)z;)t ifzt()t])] ) dB, (2.11)

where x* (¢) corresponds to the conjugate of x(z) and the E[.] operator represents
the mathematical expectation or mean value.

By analysing the signal definition in (2.10), if we assume Sy = 1 for
any k =0,...,N — 1, the peak power value of the signal is max [s[n]s* [n]] = N?
and the mean square value of the signal is E [s[n]s* [n]] = N. For that reason, the
maximum [PAPR| value for an symbol with N sub-carriers occurs when each
sub-carrier is modulated with the same symbol constellation and is equal to N. The
most common method to evaluate the symbol-based of a transmitted signal
is to obtain its complementary cumulative distribution function (CCDF). In this

case, this function provides an indication of the probability of that signal’s envelope
exceeding a certain [PAPRIthreshold [26]] and can be expressed by

CCDF (PAPR (s[n])) = Prob{PAPR (s[n]) > C}, (2.12)

where PAPR (s[n]) is the [PAPR] of the symbol and § denotes the [PAPRI
threshold.

Therefore, the probability of attaining the maximum value is very low,
since the modulated data is random and uncorrelated. However, it can be concluded
that the of an signal tends to grow when the number of sub-carriers,
N, increases. Intuitively, by making use of smaller size [FFTk (equivalent to the
number of sub-carriers, N), a reduction on can be accomplished [9,[18]].

2.4.3 Equalization
The received signals that went through frequency selective fading
channels can be recovered through equalization by a simple one-tap frequency do-
main equalizer (EDE). If the is chosen to be long enough so that all the inter-
ference between adjacent symbols, due to the multipath, occurs within this
interval, the received signal, Yy, at each sub-carrier k =0, ..., N — 1, after discarding
the [CPl can be expressed as
Y = SiHi + Mg, (2.13)
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2. Wireless Transmission and Single/Multi-Carrier Modulation Techniques

where Hj denotes the channel’s frequency response at k-th sub-carrier and 7y rep-
resents the complex additive white gaussian noise (AWGN]) sample with variance
E [|nk|2}, at that sub-carrier. In order to estimate the transmitted signal, Sj,k =
0,...,N — 1, the equalizer multiplies the received signal by a coefficient at each
sub-carrier k, Fy, as follows

Sy = FY,. (2.14)

Zero-Forcing Equalizer

The zero-forcing (ZF) equalizer simply eliminates the channel effect by invert-
ing the channel frequency response and forces the frequency selective-faded signals
back to flat-faded ones defining F; = ‘I{I—I_kk‘z = ﬁk,k =0,...,N—1 [19], where H]
represents the complex conjugate of the channel’s frequency response. Therefore,

the estimated signal is given by

o SiH,

Sk +&—Sk+&

— . (2.15)
H, ' H, H,

However, (2.15) shows that the noise associated to the sub-carriers that lay inside

a deep fade region, i.e. when H; — 0, is greatly enhanced.

Minimum Mean Square Error Equalizer

The equalizer, as the name suggest, minimizes the mean square er-
ror of the received signal by determining the equalizer coefficient that satisfies
min {E [S‘k —Sk} } ,k=20,...,N—1,, taking the noise into account. This results

m N
Hk

[Hil>+5

where y denotes the signal-to-noise ratio (SNR)) ratio. Therefore, the estimated

Fy (2.16)

signal is given by

& S]([‘I]J‘I]:< T]kH]j . Sk|Hk|2 T]/J‘II:<

= = . 2.17
TR AT e e O

Equation (2.17) suggest that the, in high{SNR]scenarios, the MMSE equalizer per-
formance approaches the [ZH equalizer. In addition, in low{SNRI cases, the compo-
nent %, dominates over |Hy|? and the second term of the equation related to noise

tends to be low, thus, resolving the noise enhancement problem.
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3. Block Windowed Burst OFDM methods

In this chapter the theoretical concepts of hybrid modulation techniques, such

as BWB-OFDM| and [TIBWB-OFDM] are introduced.

3.1 BWB-OFDM
The transmission technique [2] was proposed in order to allow,

on the one hand, a better spectral efficiency, by employing transmitted signals with
a[PSDlas compact as filtered{OFDM] schemes [16] and, on the other hand, a better
power efficiency when compared to conventional schemes. The new
scheme grants the possibility to reach a compromise between higher data rate and
spectrum confinement by removing the need of a [CPL However, this transmis-
sion scheme expects to maintain the same complexity and the same advantages of
standard scheme, especially regarding the orthogonality between sub-
carriers, allowing simple The greater spectral efficiency is obtained by in-
creasing the spectral confinement of the signal transmitted, when compared to [CP+
schemes, by using windowing techniques. This is achieved by maintaining
the same transmission rate and the number of sub-carriers. Another way of grant-
ing a greater spectral efficiency is to increase the transmission rate and maintaining
the same spectral characteristics of the [CPHOFDM] scheme, keeping the same sym-
bol’s rectangular configuration [2,9]]. The increase in power efficiency is obtained
by concatenating a number of symbols, to which a single prefix of zeros
is added, thereby eliminating the [CPl Besides, the windowing operation keeps the
individual symbol’s energy constant. In schemes, the symbol’s
power is increased after the [CPl insertion leading to a loss in the power efficiency
£= Iﬁ’ where N, is the[CPllength [2].

The transmitter, presented in figure is built on the filtered-
schemes [2]. The modulated data symbols, Si,k =0,...,N — 1 at the -
th sub-carrier, are usually generated by direct mapping of a bit-stream, b, where
channel coding and bit-interleaving is applied into a selected signal constellation to
improve the [BERI performance when transmitting through channels by detect-
ing and correcting burst of errors. By leveraging on the [FFT] algorithm, the high
rate data stream is split into N lower rate sub-streams that are transmitted in paral-
lel, spectrally spaced by Il\,, over overlapping sub-bands, with each one modulating
one sub-carrier belonging to a set of N orthogonal sub-carriers [2]. The complex
envelope of a baseband [OFDM]| symbol is given by (2.10).

The[PSDlof the transmitted signal can be enhanced by applying windowing tech-
niques instead of using filtering techniques. The BWB-OFDM]| transmitter applies

IReprinted with permission of the authors.
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3.1 BWB-OFDM

a cyclic extension to the conventional [OFDMI| symbol and replaces the rectangular

window with a roll-off dependent window, known as This symmetric win-

dow multiplies with the samples of the signal, granting a reduction in the frequency

side lobes. The greater the roll-off, the lesser the amplitude of the lateral lobes that

are obtained in the spectrum, resulting in greater spectral confinement (as repre-
sented in figure but at the same time, increasing the length of the symbols in

time domain.
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Figure 3.1: Diagram of the BWB-OFDM] transmitter [1].

The conventional OFDM]|symbols/blocks are converted to a single BWB-OFDM
symbol/mega-block. Hence, a[BWB-OFDMIsymbol results from the concatenation
of a set of cyclic extended and time domain windowed symbols.

10

— Rectangular
---SRRC

—B=0.10
—B=025
B=0.50

Normalized Frequency

Figure 3.2: [PSDI of the BWB-OFDM I transmitted signal as a function of the window
roll-off, highlighting the obtained spectral confinement [2].

Knowing that the length of the conventional symbols is N (number of
sub-carriers), subsequent of the cyclic extension and windowing operations, the
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3. Block Windowed Burst OFDM methods

length of each new windowed symbols is extended to Ny, = N (14 B),
after discarding the tailing zeros from the windowing operation in the time domain,
where 3 represents the roll-off of the window. In order to accommodate multipath
propagation delay effect, inherent to wireless channels, a time guard interval
is added at the end of the block. For this purpose, a single of length N, is
added to the mega-block, ensuring that N, is longer than the channel’s delay spread.
Hence, a mega-block has a total length of Ny = NN (1+ ) + N, =
NympNs + Nzp.

Considering that s, [n],i = 1,...,Ny are the N symbols resulting from
these operations, a symbol/mega-block, before [ZPlinsertion, which is
expressed by s,, [n],n=0,...,NgysNs — 1, can be described as sum of juxtaposed

windowed with a delay proportional to Ny, and can be expressed through

N;
swin) =Y sw [n— (i—1) Ny , (3.1)
—1

whose spectrum can be deduced by applying the discrete time fourier transform

(DTFD to G-1)

Sy (€)= DTFT (s, [n]) ZS (/) e M= DNoyms (3.2)

where S,,, (¢/*) represents the DTET] of the symbols resulting from the op-

erations previously mentioned.
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Figure 3.3: Example of the BWB-OFDM)|symbol’s amplitude spectrum [1].

Due to the signal’s spectrum characteristics, it is easy to presume
that in case a deep in-band fade occurs in a frequency selective channel, the modu-

lated data is corrupted and cannot be easily recovered. In other words, the detection
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3.2 TIBWB-OFDM

of the transmitted signal is heavily conditioned by the frequency response of the
channel since the spectral data that modulate a specific set of sub-carriers that lay
inside the deep fade regions are completely destroyed. Hence, this system has the
same drawbacks of an scheme when transmitting over hostile channel con-
ditions causing performance degradation since the signal spectrum of the transmit-
ted mega-block simply consists on an overlapped and phase-shifted
spectrum of all Ny windowed [OFDM] symbols, as represented in figure , where
Ny =3 [9].

At the reception, emphasis is put in the equalization procedure that is performed
in the frequency domain (EDE), treating the received signal, i.e. the Ny consecutive
windowed symbols, as a block-based transmission, which makes the
a technique of hybrid modulation.

3.2 TIBWB-OFDM

In order to solve the problem of high sensitivity to deep fading, a[MCl technique,
termed Time-Interleaved Block Windowed Burst Orthogonal Frequency Division
Multiplexing (TIBWB-OFDM)), was recently developed allowing the signal to be
resilient against deep in-band fades [9]. This modulation technique performs a
time-interleave operation between the samples of the various sub-symbols
that make up the mega-block. In practice, such an operation corre-
sponds, at the level of each individual symbol component, to the temporal
expansion of its samples and, as such, the compression and repetition of its spec-
trum along with the allocated bandwidth of the symbol. Thus, this
operation causes the replication of the spectral data over the available bandwidth,
occupied by the signal, creating a diversity effect in the frequency
domain thus increasing the robustness of the method against deep fading of the
communication channel [[1,9]. It can be concluded that the occurrence of deep
fades is now less burdensome, since the affected data are now replicated in other
regions of the spectrum and the corrupted data affected by the deep fade is not
completely lost but just degraded. Thus, it can still be recovered from the remain-
ing unaffected replicas that contains the same information [9]. It should be noted
that the technique retains all the advantages of the
technique without adding complexity to the transceiver.

The process of constructing the symbol (i.e. the transmitter) is
shown in figure " and is described in more detail in the next section, followed
by the description of the receiver system shown in figure .

For the sake of better understanding the construction of the
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3. Block Windowed Burst OFDM methods
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Figure 3.4: Diagram of the [IBWB-OFDM I transmitter [1]].

____________________ TIBWB-OFDM unformating ___________________
i - S
[T S
i —> v —> !
FI-—I'N E Wind. [ FFT2N : 12 : !
M ! L > |
! N & & |
Y, l A ! 8uw.2 w2 Sk2 :
X | R E—— —— Y m— i e ] Demapper & N
FDE o IFFT), _E, P Wind. [T |FFTon [ |42[5 7|/ L] Bit Deinterleaver & —= b
X ! removal > g — S |1 | Channel Decoding
1
1 -~ a 1
) éu}N Su;,Ns_sk,N,, H
i — Y m—— |
' Wind FFTon [ |42 |
— — 1

____________________________________________________________

Figure 3.5: Diagram of the TIBWB-OFDM]receiver [1].

symbols, we can consider one symbol s, [1],i € {1,...,N;} of the original set of N;
symbols that compose the symbol after the cyclic extension
and windowing operations with length Njy,,,,. We can define a new symbol, resulting

from the expansion of s,,, [n] by a factor Ny, by

swi [ 7]+ if nmod Ny =0

0, if otherwise

Se; [n] = , (3.3)
forn=0,1,...,NgNyyup — 1.

It should be noted that there is no loss of data with the application of this oper-
ation and that the signal’s energy resulting from the expansion operation is equal to
the energy of the original signal, since the operation is temporarily translated into
a simple addition of zeros gaps between the samples of the original signal, which
will be filled by the samples of the other windowed symbols [T].

Thus, a symbol results from a juxtaposition sum of the ex-
panded symbols, s,, [n], with unitary time delay between consecutive symbols, fill-
ing the zeros inserted through the expansion process, between not-null samples,

with the samples belonging to the other sub-symbols, and can be expressed through

[1] N
seln) =Y s ln—(i—1)], (3.4)
=1
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3.2 TIBWB-OFDM

whose spectrum results in
. Ns . -
Sz (¢/) =DTFT (sg[n]) = ¥ Se, () 071, (3.5)
i=1

where S, (¢/") represents the DTFT of the expanded symbol i, s, [].
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Figure 3.6: Example of the symbol’s amplitude spectrum [1].

As expected, the resulting spectrum still remains an overlap of each of the in-
dividual spectra associated with each symbol s, [1],i = 1,...,N;, however, due to
temporal expansion, the spectrum of these symbols are now compressed by a factor
of ]%X and replicated N, times in the frequency domain, as shown in figure m"

where N = 3.

3.2.1 Transmitter

The transmitter is built based on the transmit-
ter [2]. The only difference relates to the block representing the time-interleave
operation applied to the symbols after the cyclic extension and windowing
operations.

The N; symbols compounded by N carriers, that is, S,k =0,...,N — 1
with i = 1,...,Ny; [9] are generated through an N-sized performed by the
IEET] algorithm, and are given by

j2mkn

= si[n] = ZSkw nje v, (3.6)

where n =0,...,N — 1 and w|n] is a unitary rectangular pulse with length N. As
previously mentioned, in order to construct a symbol, the cyclic ex-
tension and windowing operations must be applied to each one of the N
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3. Block Windowed Burst OFDM methods

symbol, to perform spectral shaping [9]]. In this way, the unitary rectangular pulse
w[n] is replaced by an window, expressed by

1, n|<5(1-B)
hsrre[n] =4 cos (4% [%"—(Fﬁ)]) » BU-phiia+p) BT
0, In[ =5 (1+B)
where n = —N,...,N and 8 denotes the window roll-off. Consequently, the new N;

windowed symbol are generated, expressed by

Sw; = [Si[Si]] xon @ hsRRC1x2N) (3.8)

where the operator © represents a point-wise Hadamard multiplication. The tailing
zeros from the referred operation are, then, discarded and sy, represents a vector
whose length becomes Nyyp = N (14 B).

The simple time domain juxtaposition of the component[OFDM]| symbols forms
a [2] and can be expressed in the time domain as or in vector
form by

Sw = [Swy [Sw,| -+ [Swy, ] - (3.9)

technique adds robustness to BWB-OFDM] against deep in-
band fades (prone to happen in wireless broadband communications), by perform-
ing a time domain interleaving operation, with period Nj, of the samples of block sy
[1,9], resulting in a set of N; interleaved symbols, denoted by sz, [n],i = 1,...,N;.

The interleaved block vector is given by

sp = Msy, (3.10)

where IT™) is the time-interleave matrix with period Ny of size Ngymp X Ngymb, Where
the c-th column has a "one” at row | -]+ (¢Nsymp mod NeymbNs) [11].

Equation (3.10) relates with (3.4) since each of one of the interleaved symbols,
sz, [n], is concatenated to generate a single mega-block consisting of N interleaved
symbols, forming a TIBWB-OFDM]symbol, s [n],n =0,...,Ng— 1, where Np =
NsympNy. This can be written, in vector form, through

v = [5x[0], -+ 5 N5 — 1] = [ 5ml -+, ] 1 = [SmiSo S ] TTY
(3.11)
block construction ends by appending a single guard interval
(ZP), of length N, to sy, inserted at the end of the mega-block
symbol) in order to deal with frequency selective multipath channel’s delay spread.
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3.2 TIBWB-OFDM

Thus, the transmitted TIBWB- symbol, x[n] ,n=0,...Ny—1, is given by the

vector

Xn = [Sxl00x, ] |y s (3.12)

where 0 (1xN.p) represents a null vector (ZP) of dimension N,,. The total length of
the transmitted mega-block is, then, Ny = Ng + N;),.

3.2.2 [TIBWB-OFDM] Receiver
The main role of the receiver, shown in figure [3.3] is to equal-

ize the received signal and perform the time-deinterleave and matched filtering op-
erations. The latter is intended to compensate for interference between adjacent
sub-carriers (ICI)), prior to the bit-deinterleaving and channel decoding operations
[91].

The received signal, denoted as y, = y[n],n =0,...,Ny — 1, is converted to the
frequency domain by means of a long N,-sized resulting Y, = DFT (y,) ,k =
0,...,Ny—1 [9]. Assuming that the[IST] arising from multipath fading, is eliminated
by the use of the [ZP, Y; can be written through (2.13) where X; = DF Ty, (x,)
denotes the transmitted signal, in this case.

As settled in the previous chapter, linear of the signal is performed in the
receiver. This process can make use of a[ZH equalizer or relying on a more efficient
technique that results from the application of the method.

The estimated signal, Xk,k =0,...N, — 1, is then converted to the time do-
main after applying an [[DFT] of size N,, and, eventually, the guard interval (ZP)
is removed, following the time-deinterleave operation. This operation is applied to
the resulting signal and is complementary to the operation applied in the transmit-
ter, obtaining the separated symbols £,, = £;[n],i = 1,...,N;, each one with length
Ngymp = N (14 B). In order to employ the same window (matched filtering), it is
necessary to add a certain number of zeros to each symbol, so that their length reach

2N. Then, the matched filtering operation is performed as follows

Sw; = Xn; © hsrrC 12N (3.13)
Afterwards, in order to obtain an estimation of the original symbols, Sy, k =
0,...N—1,i=1,...,N; the estimated sub-symbols, $y, = Sy, [n],n=0,...,2N—1,
are converted back to the frequency domain, Skw,- = Sw; k] ,k=0,....2N —1,i =
1,...,Ny, through a 2N-size [DFT]l and downsampled by 2 [9], resulting in

St: = Sw; [2K] 1 o - (3.14)

1
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3. Block Windowed Burst OFDM methods

Finally, the de-mapping, bit-deinterleaving and channel decoding operations, com-
plementary to those used in the transmission process, are applied to the estimated

symbols Sk to obtain an estimate of the original binary sequence, b.

3.3 TIBWB-OFDM with IB-DFE

Although the two linear frequency domain equalizers, previously described in
section 2.4.3, provide a satisfying performance in reversing the distortion incurred
the channel, the performance is still far from the match filter bound (MEB) [27]. In
block-based [SC| transmissions category, where the
transceiver scheme fits, in order to tackle the or inter-block interference (IBI),
arising from the multipath effects, a more suited non-linear equalization technique
can outperform the conventional linear equalizers [1]]. This equalization technique
is known as [2829].
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Figure 3.7: Diagram of the TIBWB-OFDM]receiver with Turbo [B-DFE! [1].

Figure depicts the equalizer schematic for a re-
ceiver. This iterative frequency domain equalizer is compounded by two filters. On
the one hand, the filter in the feedforward (EE) path acts as a conventional [EDE]
aiming to reduce the precursors of the channel impulse response, assuming perfect
channel knowledge. On the other hand, the filter in the feedback (FB) path tries
to cancel the remaining or due to postcursors from the previous estimation
[1,30].

The equalizer processes the received signal block, Y,k =0,...,N, — 1 as whole
and produces at the output, for each iteration /, a frequency domain block serving as
an estimation of the equalized symbol, X,ﬁ, k=0,...,N.— 1, which
can be written as

Xl =FY.—-BX ", (3.15)

where Fkl and Bi, k=0,...,Ny— 1 are the frequency domain coefficients of the [FH
and [FBl filters, respectively. Besides, )Aflf_l represents the [DFT] of the estimated
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3.3 TIBWB-OFDM with IB-DFE

block £ ~1,n=0,...,N, — 1 after the decision device, denoting the hard or soft[FBl
estimation of )Zf,_l, i.e., the [IBWB-OFDM)| estimated symbol from the previous
(=N} iteration. In order to maximize the overall SNRIthe optimal [FH and

filter coefficients are, respectively [1.31]

! KHY
Fr =+ 1 : (3.16)
o (1Pl 1)
and
Bf = ph! (FiH 1), (3.17)

where ¥ represents the SNR], «k is a normalized constant selected to guarantee that
%,Z;{V:_Ol Flek = 1 and pyyx is a correlation factor that measures the block-wise reli-
ability of the £/,~! estimates from the previous iteration, employed in the loop.
Therefore, p,; measures the reliability between X/, at the output of the [FF filter
and )A(lf, the estimated signal at the output of the decision device [30]. At the first
iteration of the [B-DFEl p,;x = 0 and the equalizer can be classified as a simple
equalizer since the filter has only null coefficients. The reliability pp
constitutes a key parameter for the good performance of the receiver and is
defined in time and frequency domains as
o _Eln) _E[%
Poik = = . (3.18)
E [|x|?] E[|X[?]

Although the exact computation of py;; depends on the TIBWB-OFDM] transmitted

signal x;,, (which in fact is the aim of the equalization procedure), a good approxi-

mation can be computed as [1,,29]

1 E[RE

Pk s [%_1 |2} ) (3.19)
where ! is the signal obtained at the output of the [FR filter. In the loop, a
decision device is included. Its purpose is to provide block estimates as best as it
can in order to guarantee a good measure of the block reliability, since the inaccu-
rate data estimation affect the pj;; accuracy, affecting the overall performance []1]].
Ina receiver employing after unformatting the equalized
mega-block, as described in section 3.2.2, the decision device acts, producing either

a soft or hard decision.

3.3.1 [IB-DFE with hard decisions
After unformatting the TIBWB-OFDM] symbol the sub-symbols, de-
noted by Ski,k =0,....,N—1,i=1,...,N; are estimated. A hard decision is, then,
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3. Block Windowed Burst OFDM methods

taken on each one of these blocks, generating the hard symbols §ki,k =0,....,N—
1,i =1,...,Ns by choosing the constellation symbol (among the M possible can-
didates), based on the minimum distance criteria [30]. Afterwards, the resulting
bit-stream obtained from the hard symbols takes the role of the original data and
is used to format the original mega-block, as described in section
3.2.1, and compute the correlation factor, ppy.

However, soft decisions can improve the accuracy of the [B-DFE block-wise
reliability factor Py computation over [30]. When channel coding is em-
ployed, soft-decoding can be performed over Ski, on the channel decoder output.
Therefore, either by leveraging on the soft-information contained in Sk,-, or after
soft-decoding Sk,-, a better hard decision can be taken to generate S'k,»- The inclusion
of the channel decoder in the loop, a technique known Turbo [B-DEFE! can

improve the performance of the equalizer operation []1]].

3.3.2 [IB-DFE with soft decisions and channel coding

To improve the performance, the block-wise averages are replaced by symbol
averages, meaning that, now, the input is Ski = DFT ($y,), where $,. denotes
the average symbol value conditioned to the output of the previous iteration
[30.,31].

If the original symbol sample values directly come from a normalized
quadrature phase shift keying constellations (i.e., Sy, = Bo+ jB1 = £1+ )
with Gray mapping it is easy to show that the log-likelihood ratio (LLR]) information
of the in-phase bit, bog, and quadrature bit, by, based on the received Sk,» is given,
respectively, by [1]

AP _ log (Prob{bo — O|Ski}>  4Re {5y} (3.20)

Prob{by = 1|5} o5
and
Prob {b; = 0|S}. AIm{ S,
A0 —tog [ Prob b =005kt m{2 33 (3.21)
i P}’Ob{bl = HSki} o

where G% represents the variance of the complex noise plus the residual interference
at[FH filter output. The hard decisions of both bits are defined by the signs of (3.20)

and (3.21)), respectively [30]].

The average bit values resulting from soft demodulation can, thus, be computed

as

_ AL0
Bo = Prob{by =0} — Prob{by = 1} = tanh (%) , (3.22)
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3.3 TIBWB-OFDM with IB-DFE

and

_ A
B = Prob{b; = 0} — Prob{b, = 1} = tanh <%> (3.23)

Therefore, the [LLR] values provide the soft decisions of both the in-phase and

quadrature bits and the reliabilities of these average bits are, respectively, given

by
|[30| = tanh <| 5 l) , (3.24)

P = lﬁll—ranh< : ') (3.25)

The block-wise reliability factor of an [[B-DFE! receiver employing soft decisions
[1,31], for a[TIBWB-OFDMlIsystem, ppx, can be expressed by

and

lNle

Poi=75) Z ( ) (3.26)

llk

A correct estimation of Gn is a key factor for an accurate estimation of reliable
[LLRI through (3.20) and (3.21) and an accurate computation of Py, which de-
pends on transceiver scheme. In a conventional receiver the[LLRlvalues are
computed on a symbol-by-symbol basis. Alternatively, the Turbo{IB-DFE employs
the channel decoder outputs instead of the uncoded soft decisions in the [EBl loop.
Therefore, the main difference between conventional and Turbo{IB-DFE
is in the decision device [31]. This way, when a coded bit-stream is transmitted,
the estimation of 6,2, also influences the performance of the soft decoder, which,
in turn, degrades the [LLRk estimations and, consequently, provides an inaccurate

estimation of Ppyg.

Instead of computing G% at each iteration (which adds considerable
complexity to the system), for the case, the G% is estimated at the
first [B-DFEliteration by performing kind of average on the[SNR] ¥, along the signal
bandwidth, avoiding the unrealistic enhancement of G% due to deep fades [1]. Thus,

o2

n is estimated as

G2 s Zl 1
TN S T YH
where & denotes the power transmitted per modulated symbol (& = 2 for a

modulation). When using this estimation, the [B-DFE] algorithms converges to the

(3.27)

expected result, showing no performance loss, after just a few iterations, when
compared to a genie receiver that computes the exact value of 62, given by, 6% =
E[IX]—Xd] [1).
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The concept of a new waveform, arising from the TIBWB-OFDM]technique op-
timization, is introduced in this chapter, in which a partial overlap of the windowed
sub-symbols is allowed and a new equalizer is defined. Many studies have
already included the concept of overlapping or other similar operation that generate
interference within the data structure, at time and/or frequency domains, in order
to improve spectral efficiency of the transmission scheme [32-34]. An increased
complexity in the receiver is necessary to identify and deal with self-created inter-

ference in the transmitted signal and maintain an acceptable performance in wireless
channels [34-36].

The waveform as presented in [[1] claims several advantages to
conventional CPJOFDM]along with being easily employed in systems com-
pared to other waveforms [11,|18]]. The use of [ZPl improves power efficiency [2],
since no power is wasted on its transmission. A spectral efficiency gain is also
claimed by the use of windowing, that improves the spectral confinement
and reduces emissions of the (OFDM}based blocks. Although spectral con-
finement increases for higher window’s roll-off, the length NyNgymp,=N;N (14-) of
the block increases proportionally, due to the juxtaposition of the
component symbols. This implies a reduction of symbol rate, which limits spectral
efficiency gains. Also the overall average power of the block is re-
duced thus implying an increased of the transmitted which limits achievable
power efficiency gains.

If we consider an symbol with the same length as a
mega-block discarding the [ZP} that is Norpy = Ny — Nz, = NyN (14 B)
= NyNgymp = Np, one could expect to get a higher [PAPRI than the
transmitted signal since the [FFT] operation is performed with a larger number of
points. However, this might not be true owing to the windowing operation. This op-
eration consists of a point-wise time domain product between the selected window
and the cyclically extended symbol. The window employed corresponds to
an which is equivalent to a rectangular window when the roll-off is equal
to 0. In this case, the of the signal is, indeed, reduced, be-
cause the window has no effect in regard to the temporal amplitude of the signal. In
other words, the window does not affect the average power, neither the maximum
power of the signal since the symbol simply consists of Ny
symbols, each one having N sub-carriers. Hence, by employing smaller size [FETS,
the probability of getting a high lessens. Nevertheless, this situation is not
optimal taking into consideration that by using a rectangular window there is no

spectral confinement and, therefore, the spectral efficiency is not improved. In fact,
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4. Time Interleaved Block Windowed Burst OFDM with Time Overlapping

in this particular case, the spectrum of the transmitted signal simply consists of a
superimpose spectrum of all N symbols and, as a consequence, will have
the same drawbacks of concerning spectrum leakage that can cause ICI [2].

Besides that, when 8 > 0 is used to achieve greater spectral confinement, the
length of the block grows, as already explained, and thus two op-
tions can be taken. If the original symbol transmission rate is kept constant, the re-
quired bandwidth for transmission must increase. For better understanding, taken as
example the construction of two TIBWB-OFDM] waveforms, A and B, with 84 > 0
and Bp = 0, the length of the TIBWB-OFDM ] blocks relates by Ng, = Np, (1+ ).
If we have as constraint the original symbol transmission rate 1/7}, the time waste
on transmitting blocks A and B should be the same, meaning that the Ng, samples
of block A should be transmitted (14 f3) times faster than the samples from block
B. Thus, this means that the minimum required bandwidth (according to Nyquist
theory) should relate as B4 = Bp(1+ ). On the contrary, if the available band-
width is a constraint, the transmission rate achievable by waveform A is (1+ f3)

times slower than the achievable with waveform B.

In order to address both the issues presented by the scheme
and achieve an improved spectral efficiency by avoiding the temporal expansion of
the signal, an alternative packing of the windowed component blocks of the
symbol is proposed, by allowing a partial overlap between adjacent
windowed symbols, in the time domain, as shown in figure {.1]

The next sections present the details on the TIBWB-OFDM] with trans-
mitter and receiver. The [[IBWB-OFDM]| with transceiver architecture is pre-
sented in figure

4.1 TIBWB-OFDM with WTO Transmitter

The way this new waveform is created is based on the operations performed on
the BWB-OFDM and TIBWB-OFDM transmitters [2,9], followed by an overlap-
ping procedure. This packing follows the windowing procedure given by (3.8),
while preceding the time interleaving procedure (3.10), described in the previous
chapter.

First, the coded and bit-interleaved bit-stream is mapped onto symbols origi-
nating from an M-ary constellation, which are loaded onto Nj sets of sub-carriers,
ni=0,...,N—1wherei=1,...,Ns, according to (2.10). Channel coding and bit-
interleave operations allow to minimize burst of bit errors.

Afterwards, the N; symbols are cyclic extended and windowed forming
the windowed symbols, s,,.,i = 1,..., Ny, which can be expressed by (3.8)
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OFDM block 2
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OFDM block 1

TIBWB-OFDM new packing with windowing
time overlapping

Full overlap N
| ——

windowed windowed windowed
OFDM block 1 OFDM block 2 /\ OFDM block 3

Partial overlap N <N, < N(l + ﬂ)

windowed windowed
OFDM block 2 OFDM block 3

windowed
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Figure 4.1: New packing proposal using windowing time overlapping for high effi-
cient TIBWB-OFDM| waveform.
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Figure 4.2: [TIBWB-OFDM)| with [WTOI transceiver architecture.

[——s]Cyclic Ext.f—
&wind. |

nw~71

Time overlapping of
windowed OFDM blocks

|

S |

Frame |°Br 1
e e E
'

|

'

Time expansion and
windowing overlapping
distortion compensation

for each i. The windowing operation is performed using the window defined in
(3.7).

Then, after discarding the tailing zeros, the mega-block is ob-
tained through (3.1). At this point, the overlapping operation is applied. Each one
of those cyclic extended and windowed symbols, sy,.,i = 1,..., Ny, is over-
lapped with the adjacent sub-symbols, that is, the last samples of the current sub-
symbol are added, in the time domain, with the first samples of the next sub-symbol.
The new BWB-OFDM with symbol/mega-block has a different configuration
and, thus, instead of juxtaposing the symbols as given by (3.1)), windowed
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4. Time Interleaved Block Windowed Burst OFDM with Time Overlapping

GO =
HNSymb Nsymb

]INsymb

N

]INsymb

- — (NsNoymp)
X (Ny(Ns=1)+Noymn)

Figure 4.3: Matrix structure for packing with time overlapping. Iy, denotes an
identity matrix of dimensions Ngymp X Neymb-

blocks are partially overlapped with overlap signal samples being given by
Ny
Swo [n] = Z Sw; [(n—(i=1)N;]  and N<N;<Ngymp - 4.1)
i=1

or in vector form by
Swo = SwGo 4.2)

where N, represents the first overlapped sample from each block. The equality
stands for the case without overlap. Gy is a rectangular matrix that
group component blocks with overlapping, having the structure presented
in figure For the case without overlapping, G is a NyNgymp X
NsNgymp square matrix.

Figure [{.1]presents the concept of the overlapping operation between adjacent
sub-symbols and a comparison of prior art block construction, in

the new proposed block format with windowing time overlapping.

The spectrum of (4.1]) can be expressed as

Swo () = % Sw, (e7) e Ii= DN (4.3)
i=1

Therefore, taking into consideration the same spectrum usage, this waveform allows
to transmit with a higher rate and, in this case, the power spectrum of the new
with mega-block is similar to the non-overlapped one, since it

contains the superimposition of the spectrum of each windowed [OFDM] symbol.
The remaining steps for the construction of the follows as de-
scribed in section 3.2.1, with time-interleaving being performed according to (3.10)
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4.2 TIBWB-OFDM with WTO Receiver

where sy vector is replaced by Sye, and [ZP being appended; as stated before, time-
interleaving grants for robustness against deep fades in broadband wireless chan-
nels, making more effective the use of frequency domain equalizers [1,/11], while
is used for preventing

This way, the new waveform has intentionally introduced interference between
the Ny blocks that shape the mega-block where the number of over-
lapped samples, N, is dynamic and can be regulated through Nys = Ngym, — N
The overall with block (excluding [ZP) has a total length of
Nop = N; (N;—1) +Nsymb. When setting N;=N this results in the minimum block
length Nog = N (N;+ ), thus meaning there is no temporal extension compared
to packing Ny conventional [OFDM]blocks with rectangular windowing (please note
that § < 1). Since the packed windowed [OFDM]blocks are independent, although it
happens some spectral regrowth resulting from the partial time overlapping, this is
minimum, with the new proposed waveform still achieving considerable spectrum
confinement compared to conventional The new with win-
dowing time interleaving can deliver as so very high spectral efficiency. The pack-
ing with time overlapping has also as consequence the increase of the average power
of the transmitted signal, and thus a reduction on the signal’s[PAPRL note that, since
only the tails of the windowed symbols overlap, the increase (in average)
of the peak power of the block is minimum. Thus, the proposed
technique enables also a considerable improvement in power efficiency.

4.2 TIBWB-OFDM with WTO Receiver
Although the proposed [[IBWB-OFDM)| new packing method enables a highly

efficient spectral and power transmission, these are achieved at the expense of in-
troduced interference between consecutive sub-blocks, as can be easily concluded
from figure As so, the with receiver must entail two
equalization steps. The receiver architecture must be composed at first by a lin-
ear (or non-linear) equalizer at frequency domain to cancel channel impairments,
followed by a time domain linear (or non-linear) equalizer of the type forward and
backward successive cancellation, employed to cancel out windowing time overlap-

ping distortion.

4.2.1 Frequency Domain Equalization
TIBWB-OFDM]| is seen as a hybrid modulation technique []1,/11], where the

received packed block can be seen as of a block-based [SC| transmission type, and it

is equalized as a whole in the frequency domain. Both, linear or iterative frequency
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4. Time Interleaved Block Windowed Burst OFDM with Time Overlapping

domain equalizers can be employed [/1,/11].

Following the same analysis, if the |[ZPl added to the transmitted signal is longer
than the channel’s impulse response, the received signal at frequency domain, Yz, k
=0,...,Ny— 1, with Ny = N, + Nop = N, + N; (Ns — 1) 4 Ngyp can be expressed
as a function of the of the transmitted signal, S,k =0,...,N,— 1 as (2.13).

In order to get an estimate of the transmitted signal, S‘k,k =0,...,Ny—1 the
received signal is equalized in the frequency domain, which can be performed by
the equalization method [1] as expressed by or by the [B-DFE

described in section 3.3 from the previous chapter.

Afterwards, the estimated signal is converted to time domain, §, = §[n],n =
0,...,Ny — 1, through a N,-sized [[FFT so its can be removed. Then, the time-
deinterleave operation is applied on the time domain signal. This operation reorders
the signal so that it can be reverted to its original sequence, based on the number of
blocks, Nk.

4.2.2 Time Domain Equalization

At this point, after applying the and time-deinterleave operations to the
received signal, an estimate of the with signal is obtained. In
order to get the original [BWB-OFDM)| signal, prior to the overlapping operation, it
is necessary to develop another equalization algorithm to cancel its effect. These
equalization algorithms are developed in time domain and aim to obtain an estimate
of the Ny windowed and extended symbols, §,.,i = 1,...,Ns; with length
Ngymp = N (1+ B). After performing this time domain equalization, the detection
of the component blocks follows the procedure described in the previous
chapter or in [1},2]. For that, it is necessary to add an equal number of zeros
to each symbol, N, in order to increase its length up to 2N to enable the match
filtering operation (same window) based on (3.7). This operation is performed
in an overlapping approach, similar to the overlapping operation described in the
transmitter, resulting in the sub-symbols estimates, after discarding the tailing zeros
from the point-wise multiplication with the window, followed by an of each
sub-block to recover individual symbols, basically following the procedure
of the transmitter of figure [3.4]in reverse order.

These time domain equalization algorithms can be developed as [ZF or MMSE
channel cancellation methods, although, in this case, the channel can be perceived
as the product of both windows used in the transmitter and the receiver, i.e., a[RRC|,
where hgge [n] = h3gpc [1]. The cancellation method is possible due to the cyclic
extension operation performed in the transmitter and illustrated in figure |4.4". The
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4.2 TIBWB-OFDM with WTO Receiver

principles of the forward and backward successive interference cancellation method

to cancel out windowing time overlapping distortion are presented in figure (4.3

_l_(_[_,. m ——!-—b- .o'. “.‘ __W’_l__:
i ot ; t by /{\ /[V\ i zp
; . DR < .
IL" 'O\F/I;\] __DII_S’ 1: l“. _H;?l_s_l SB

t= ra " »

Figure 4.4: Windowing and cyclic extension operations [?2].
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Figure 4.5: Time domain equalization algorithm interference cancellation concept.

The i-th cyclic extended and windowed symbol of BWB-OFDM block
will be represented as

Sw; = [so.h—y, Si;hyi1,, @4
sy—1,h—1, syho, sy41.h1, SN —1.hy 1]

where for the sake of simplicity /& denotes the hsgrc window EI, defined in (3.7),
X={4(1-B)andY =5 (1+B).

I'The tailing zeros from the square root raised cosine are removed.
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4. Time Interleaved Block Windowed Burst OFDM with Time Overlapping

The correspondent symbol after at transmitter is given by

SWO,' - [SWOZ‘A’_Y ) SWO,",YJH P 7SW0,“’,1SWO[,0SW0,'71 y T 7SW0,'7Y,1]
- [SO,‘h—Y +SNli,1 th T 7SYflih*17 sYihOv Ty

4.5)
SN/ihX + S0i+1h*Ya )

SNsymb_lihY_l + SNsymbeliJrl h,X]

4.2.3 Cancellation Method

After the match filter operation, the interference cancellation algorithms are ap-
plied to the received signal. Considering the first symbol §,,; and following the
cyclic extension operation, it is known that the same data is replicated in the sym-
bol, although weighted with different windowing factors. Thus, in an noise-free
scenario, it is possible to retrieve the information entirely. However, in this case,
the second symbol is distorted since it contains interference due to the partial over-
lap with the tail of the first symbol. The following equation represents the vectors

of the first and second received symbols in a noise-free environment.

S = Bwi iy 8w SwioSwr o Sy
_ 2 2 2
- [S()]tha T 7SY—11h717 SY1h07 Tty
2 4.6)
SNI1 hX + Sozhxh_y, e,
2
SNgymy—11 ¥ 1+ SNy —Ny, Py —1h—x]
Swy = [SW2‘7YSW2‘7Y+1 77 9 Swa 1 SwaoSwo s 7SW2,Y71]
2 2 2
== [S()zh—y +SN1] hXh*Y7 e 7SY712h717 SY2h07 Ty (4 7)

SN/Zh)z( +sohxh_y,--,

Y —— LIy + SNoymr—Niy Py —1h—x]
The first replica of the first received symbol has no interference from any other
symbol, thus, leveraging on the window knowledge, it is possible to estimate the
interference caused by the second symbol in the first symbol. By using both the
Hadamard multiplication and division operations on the samples from the first sym-
bol’s first replica, it is possible to retrieve the data sent on the second replica of the
same symbol, that is causing interference with the first replica of the second symbol,
as illustrated by figure .5] Afterwards, by subtracting the interfered portion of the
first symbol’s second replica with the samples from the first replica of the second

symbol, the original data can be recovered. The samples of the distorted second

symbol are given by §,,, j, where j = —5 (1—B),--- 5 (1— ). If we consider a
sample at indexes j = —%’, fe ,—%’ (1 —B), the original sample can be recovered
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4.3 TIBWB-OFDM with WTO Receiver with Linear Equalizers Results

through

N > Swij
stJ = SWZJ _h(j+N,) _h2 (48)
J

This procedure is iterative, allowing to estimate the distortion introduced in a sym-

boli,i=1,...,Ny, due to the symbol i — 1, i.e.,

d o 2 Swilj
sWi,j = sWi,]. — h(j+N,) h2 (49)
J

In similar fashion, we can perform the cancellation in the backward direction, as
shown in In this case, samples j = %’(1 —B), -, Y from penultimate sym-
bol are distorted since it contains interference from the left tail of the last symbol.
Therefore, it is also possible to estimate the interference caused by the last symbol
in the penultimate symbol, following similar analysis. This process is iterative, al-
lowing to estimate the distortion introduced in a symbol i, i = Ny, ..., 1, due to the

symbol i+ 1.

4.2.4 MMSE cancellation method

This method is similar to the previous one, however, the calculation of the in-
terference values and partial estimations of the symbols take into account the SNRI
Instead of simply using the Hadamard division, we apply a second Hadamard prod-
uct with the window samples and, later, a Hadamard division that includes the[SNR]
Y. The forward and backward cancellation method are defined by equation

h2

Svng = Swij = My Swi, J-# (4.10)
()

ty

where j takes the respective values for each method, previously defined.

Thus, this time domain cancellation algorithm is similar to the usual MMSE
IEFDE! algorithm, intending not only to cancel the window’s effect but also to mini-
mize the error due to[AWGN|

The next sections present the main results regarding the [PAPR] the BERIperfor-
mance and the saving in spectrum achieved by the new TIBWB-OFDM with

waveform.

4.3 TIBWB-OFDM with WTO Receiver with Linear
Equalizers Results

The first receiver embodiment was considered for a single input single out-

put (SISO) channel. Its architecture is represented in figure [{.6] This receiver
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4. Time Interleaved Block Windowed Burst OFDM with Time Overlapping

architecture consists on a linear equalizer at frequency domain to cancel channel
impairments, while a time domain linear equalizer of the type forward and back-
ward successive cancellation is employed to cancel out windowing time overlapping

distortion.

TIBWB-OFDM Unformatting

Y : ;
I - |
X IFFTNX ! Time W?;SZ:!Z%JT BWB-OFDM |, it aomapper & N Soft Decision §
~ - 1| Deinterleaving Compensation Unformatting i ~ Channel Decoding Device ki
Xk Xn 1 Sh
L ]

Fi

Figure 4.6: with WTOl receiver with a linear equalizer in both fre-
quency and time domains.

4.3.1 [PAPRIssue
The following simulations aim to compare the of the

waveforms with and without the symbol overlap operation, as a function of the
amount of overlapping samples, which depends on N; and the window roll-off, f3.
In addition, the of an signal with the same length as the TIBWB-
OFDM signal, that is, Noppy = NNs (1 + ), was calculated. In all the simulations
it was considered N = 64 sub-carriers, Ny = 16 blocks and[QPSK|modulation under

a Gray coding rule.

as function of time overlapping
By keeping the window roll-off set at § = 0.5, B = 0.25 and 8 = 0.1 and

by varying the number of overlapping samples between adjacent symbols (N,y),
through N, the [PAPRT's [CCDH of the and
with transmitted signals were plotted for different values of N;.

As illustrated by figures and [4.9]it can be concluded that by introducing
the overlapping operation, the new waveform has lower values when com-
pared to the non-overlapped waveform, since = % represents the ratio between
the number of sub-carriers, N, and the first overlapped sample of the sub-block,
N;. In addition, the decreases with increasing number of overlapping sam-
ples, i.e., lowering ;. As previously stated, the also depends on the window

roll-off, decreasing as the roll-off decreases.

as function of the window roll-off
Alternatively, in order to corroborate the last statement, another simulation was

performed. In this case, by keeping N, fixed at N; = 64, i.e., 4 = 1, and by changing
the window roll-off, 3, the of the TIBWB-OFDM I and [TIBWB-OFDM] with
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Figure 4.7: [PAPRT's of the with and without
transmitted signals for f = 0.5.
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Figure 4.8: [PAPRT's of the with and without
transmitted signals for f = 0.25.

transmitted signals, for which its CCDF = 1073, were plotted for different
values of f3.

Figure [4.10] shows that the values are almost independent of the win-
dow roll-off for the overlapped waveform whereas the values of the non-

overlapped waveform tend to grow with increasing roll-off.

4.3.2 BER|performance

The following simulations aim to evaluate and compare the BER] performances
results concerning the [[IBWB-OFDM| waveforms with and without the symbol
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Figure 4.9: [PAPRT's of the with and without
transmitted signals for f = 0.1.
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Figure 4.10: [PAPR| of ([IBWB-OFDM ]| with and without[WTOlat CCDF = 1073 as
function of the window roll-off, 3.

overlap operation (for the sake of comparisons, it was also considered conventional
[OFDMVCP{OFDM ] schemes), over two channel types: an channel and a
severely channel with 32 symbol-spaced multipath components with uncorre-
lated Rayleigh fading. Perfect synchronization and channel estimation are assumed
at the receiver. In addition, these simulations also present the BER] performances of
the TIBWB-OFDM]| with[WTO]and the standard TIBWB-OFDM as a function of the
window roll-off, B and highlight the role of the proposed receiver. The number of
sub-carriers for the waveforms is N = 64 and the number of blocks
is Ny = 16. Moreover, the overlapping operation is performed with N; = N. Con-
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sequently, in the channel the with transmitted mega-
block has a total length of Nog = Nj (N5 — 1) 4 Ngyp = 1056, while the standard
transmitted mega-block has a total length of Ng = NNy, = 1536.
(QPSK] constellations with a Gray coding rule are applied. To cope with a[TD]chan-
nel, a[ZP of length N, = 32 is added to both signals, leading to overall blocks with
length N, = 1088 and N,, = 1568, respectively. The transmitted symbol
has a length of Norpm = Ny or Norpy = Ny + N, for the AWGN] channel and
channel, respectively. Similarly, the has a length of N, = %/ = 32. Unless
otherwise stated, channel coding is employed using a (128,64) short low-density
parity-check (LDPC) code and bit-interleaving is applied over 10 consecutive coded
words. The following results concern the use of alMMSE[FDE receiver to cope with

channel impairments.

TIBWB-OFDM| vs TIBWB-OFDM| with [WTO| in a receiver without interfer-
ence cancellation

100 F T
f ---OFDM 1
TIBWB-OFDM with WTO
————— TIBWB-OFDM 1
10" ~6- —_— El
F ——3=025 3
~~~~~~ —--3=05

~..
~..
~.,

10%F ., .

BER

0t e RS E

E,/N,(dB)

Figure 4.11: BERIresults for , with and without[WTO]over
an [AWGN] channel as a function of B employing the no-cancellation receiver.

Figures H.11 and (.12 show, respectively, the BER| performance for
and with and without when the receiver does not employ the
overlapping cancellation operation. Clearly, although the window roll-off, 3, has no
effect on the [BERI performance concerning the technique, it plays
an important role on the with case. This can be explained
by recognizing that a higher window roll-off means that the TIBWB-OFDM] blocks

grow larger which results in a greater number of interfering samples in time domain,

since N; = N = 64 is kept constant in all simulations. Also, the performance of the
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Figure 4.12: BERIresults for with and without[WTO| over
a[TDl channel as a function of  employing the no-cancellation receiver.

TIBWB-OFDM]technique is identical to the conventional[DFDM]when transmitting
in an [AWGN] channel. It also can be observed that, even without the cancellation
operation, the[BERI performance of the with tends to be better
than the[CPHOFDM] in the[TDlchannel, which is due to the time-interleave operation

that creates a kind of diversity effect.

TIBWB-OFDM] with WTO|MMSE! vs receiver vs no-cancellation receiver

10°

I
- --OFDM
—MMSE
----- No-cancellation |
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—©-3=05

4 5
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Figure 4.13: BER results for TIBWB-OFDM] with WTQ] over an AWGN] channel
as a function of  employing a[ MMSE] and a no-cancellation receiver.

Figure [4.13|compares the BER] performance over the same [AWGN] channel for
[OFDM] and the new with while employing three different
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Figure 4.14: BERI results for with over a channel as a
function of B employing a[MMSE] and a no-cancellation receiver.

receivers: the time domain cancellation method; the time domain can-
cellation operation; and the case without cancellation. Figure .14 presents similar
results, regarding a[TDlchannel. Clearly, both figures show that, when channel cod-
ing is applied, the[ZE| cancellation method has a performance that is even worse than
the classic receiver (without the time domain equalization opera-
tion), with a degradation of about 2dB. However, for the cancellation, the
receiver shows a slight performance gain (less than 1dB when comparing with the
no-cancellation receiver) than the no-cancellation receiver, regardless of the win-

dow roll-off factor.

with vs [ZF vs genie vs no-cancellation receiver
Figures [d.15]and .16 present the TIBWB-OFDMIBER] performances, while
applying the overlapping operation for different window roll-offs (0.25 and 0.5),
with the previous receivers, as well as for the case with perfect reconstruction (PR)),
i.e., a genie receiver where there is an ideal cancellation of the symbols tail’s effects
and the interference resulting from this process is perfectly eliminated. It can be
seen, in both figures, that the receiver with a cancellation is the one with
better performance with results that are the closest to the ideal receiver for both

channel types (only 1dB or less from the case with perfect cancellation).

with sub-blocks

Figures and [4.18|present the BER]results for some sub-blocks (first, sev-
enth, thirteenth and sixteenth) that make up the TIBWB-OFDM] with[WTOlreceived
signal in both channel types, for B = 0.5 and 8 = 0.25, in a scenario with uncoded

47



4. Time Interleaved Block Windowed Burst OFDM with Time Overlapping

T
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Figure 4.15: BER] results for with employing a ZE
genie and a no-cancellation receiver for § = 0.25.

—MMSE

BER
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Figure 4.16: BER]results for with employing a
genie and a no-cancellation receiver for f = 0.5.

transmission and where the time domain interference cancellation algorithm
is applied to the received overlapped signal. In both figures, it is clear the succes-
sive cancellation between each sub-block’s tail. Regardless of the roll-off, it can
be noticed that the first and the last sub-blocks have better performance than the
remaining blocks (i.e. the ones in the middle). This can be explained by the fact
that the edge sub-blocks (first and last) have half the number of interfering samples
than the remaining blocks. Furthermore, the estimation of each sub-block is used
to reconstruct the next sub-block through a backward and a forward iterative pro-

cess, as mentioned previously. Hence, the error propagation is also a concern in this
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Equalizer Results
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Figure 4.17: BERlresults for some TIBWB-OFDMT's with[WTO] sub-blocks using a
IMMSE] receiver in an channel.
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Figure 4.18: BERIresults for some [TIBWB- s with sub-blocks using a
receiver in a[TDlchannel.

transmission scheme.

4.4 TIBWB-OFDM with WTO Receiver with Itera-
tive Frequency Domain Equalizer Results
A second embodiment of the with receiver consists on

an iterative equalizer at frequency domain, of the type [B-DFE] maximum ratio

combining or equal gain combining (EGC) [11] employed to cancel the
channel impairments, while a time domain linear equalizer of the type forward and

backward successive cancellation is employed to cancel out windowing time over-
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lapping distortion. A sketch of this receiver is presented in figure .19

TIBWB-OFDM L
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Time Windowing Time BWB-OFDM g
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Figure 4.19: [TIBWB-OFDM] with receiver with frequency domain iterative
equalizer and time domain linear equalizer.

The next simulations present the set of results, for case, concerning the
employment of the Turbo{IB-DFEl principle on the with and with-
out receivers, for the transmission scenario over the channel previously
mentioned with channel coding and bit-interleaving applied over 21 consecutive
coded words. In these simulations it was considered N = 64 sub-carriers, Ny, = 42
blocks, [QPSK|modulation under a Gray coding rule, a[SRRC window with § = 0.5
and B = 0.25 and the overlapping operation is performed with N; = N for the
with case. These simulations aim to compare the [BERI per-
formance of the with transmission under the criteria
and the first 4 iterations of the with transmission with an
IB-DFE] receiver. In addition, it would be useful to analyze and compare the per-
formance of both receivers provided by the use of the Turbo technique,
while transmitting a coded sequence of symbols, with and without
the overlapping operation between its adjacent sub-symbols. Two situations for the

computation of the [B-DFE] block-wise reliability p,; are studied.

4.4.1 [IB-DFE with hard decisions

Figure [4.20|presents the [IBWB-OFDM]with[WTOIBERI performances for § =
0.5 and B = 0.25, using the py;; approximation employing the input %, and output
%, of the hard decision device. Figure [{.21] allows to compare this performance
with the BER] performance for the case.

When employing the [B-DFE] with hard decisions, the mega-
block is unformatted and each constellation symbol loaded in each sub-carrier of
the original symbols is estimated through the minimum distance criteria.
This estimation is performed by a decision device and, then, it is used to format the
presumably original mega-block, compute the correlation factor
through (3.19) and the filter coefficients through (3.16) and (3.17).

Both figures show that the proposed with and without
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Figure 4.20: BER] performance for with employing the
IB-DFE receiver with hard decisions, for § = 0.5 and § = 0.25 .
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Figure 4.21: BERl performance for employing the IB=DFE]receiver
with hard decisions, for = 0.5 and B = 0.25 .

receiver with hard decisions, when transmitting a coded sequence, has
an improvement (around 1.7dB for the overlapped waveform and 2.3dB for the
case) in[BER| performance over the with and with-
out criteria, with just two iterations of the [B-DFElalgorithm. Besides,
in both transmission scenarios, the [B-DFE] receiver can deal with occurring deep
fades with small error propagation and shows some evolution from iteration to it-
eration [1,30]. However, it is clear that this evolution is much more pronounced
for the with transmission since each iteration allows a better
estimate of the transmitted signal. This can be understood keeping in mind that each
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4. Time Interleaved Block Windowed Burst OFDM with Time Overlapping

iteration provides a better reconstruction of the transmitted signal,
cancelling the effect of the overlapping operation between the adjacent sub-blocks,
by applying iteratively the time domain interference cancellation algorithm to the
received signal. These simulations also show that, although the [IIBWB-OFDM
IB-DFE] receiver can achieve a determined BER] with just a few iterations, it is
possible for the with receiver to almost match its
[BERI performance with a few more iterations. For this case, we observe that at
the 1-st iteration (MMSE] receiver) the receiver outperforms the
with receiver by a large margin, where the bulk of gain is
about 0.8dB and 1.6dB, when B = 0.25 and 8 = 0.5, respectively. Nevertheless,
at the 5-th iteration of the [B-DFE] algorithm, the receiver has a
gain around 0.3dB, for the B = 0.25 case and around 0.9dB for the f = 0.5 case,
when compared to the with receiver. Finally, we can rein-
force the idea that although the window roll-off, 3, has no influence on the [BERI
performance concerning the technique, it has a huge impact on the
with WTOIBER] performance since a higher roll-off corresponds
to a large number of overlapped samples, considering that Ny; = Ngypp — N; =
N(1+B)—N,.

4.4.2 [IB-DFE with soft decisions

100 F T
3 —MMSE ]
IB-DFE 2nd iteration -
[ & T T IB-DFE 3rd iteration |
eSS e IB-DFE 4th iteration —=
IB-DFE 5th iteration 1

-=—3-0.25
--3-05

BER

108

104 £

E,/N,(dB)

Figure 4.22: BERI performance for with employing the
IB-DFEl receiver with soft decisions, for B = 0.5 and f =0.25 .

Figures [4.22)and [4.23|present, respectively, the with and with-
outWTOIBERI performances for B = 0.5 and 8 = 0.25, using the proposed block-
wise soft reliability factor ppy.
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Figure 4.23: BERl performance for [[IBWB-OFDMlemploying the [B-DFElreceiver
with soft decisions, for B = 0.5 and f =0.25 .

When employing the Turbo{IB-DFE with soft decisions, both systems are ex-
pected to improve in performance. This is done by including a coder/decoder
and a bit-interleaver/bit-deinterleaver on the loop and calculating the average
bit values through and (3.23)). Unlike the with hard decisions that
employs a decision device, estimating the transmitted symbol/bit based on the min-
imum distance criteria, the Turbo{dIB-DFEl with soft decisions calculates the [LLR] of
the transmitted bits, through and (3.25)), allowing a better estimate of the
original bit-stream and, consequently, the reliability factor, pyy, through (3.26).
This procedure helps to obtain a better measurement of the residual interference
and reduces the errors caused by occurring deep fades [30]. Both figures show
that the proposed with and without receiver with
soft decisions, when transmitting a coded sequence, has a considerable gain in[BER]
performance over the with and without receivers employ-
ing the technique with hard decisions. The [BER| performance gain of the
with[WTO]receiver, employing the soft [B-DFEl technique, is more
noticeable through each iteration, when compared to the receiver employing the
hard technique. The bulk of gain at BER = 1073 is about 0.25dB for the
2-nd iteration, 0.23dB for the 3-rd, 0.28d4B for the 4-th and 0.36dB for the 5-th
iterations, when B = 0.5 and about 0.23dB for the 2-nd iteration, 0.24dB for the
3-rd, 0.31dB for the 4-th and 0.36dB for the 5-th iterations, when § = 0.25. The
performance improvement of the TIBWB-OFDM]receiver, employing the soft
technique, is also improved in each iteration, when compared to the re-
ceiver employing the hard [B-DFE] technique. The bulk of gain is roughly 0.3dB
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4. Time Interleaved Block Windowed Burst OFDM with Time Overlapping

for all the iterations, when B = 0.5 and § = 0.25.

4.5 TIBWB-OFDM with WTO Receiver with Itera-

tive Time Domain Equalizer Results

In this section, a third embodiment of the [TIBWB-OFDM] with receiver
is presented.

TIBWB-OFDM Unformatting

Yy 3 i
— Time W\gdcwmg Time BWB-OFDM Bpre(nappev & . Soft Decision 0
~ - Deinterleaving Compensation Unformatting &) | channel Decoding Device .

X Xn Sk,

Fy

) Mapper &
BWB-OFDM Bit Interleaver &
Formatting Channel Coding

Figure 4.24: [TIBWB-OFDM]| with receiver with frequency domain linear
equalizer and time domain iterative equalizer.

It relies on a linear equalizer at frequency domain, such as or [ZH to
reverse channel effects, while an iterative interference cancellation time domain
equalizer is employed to eliminate the overlapping distortion. The time
domain equalizer performed in the first stage consists on a forward and backward
successive cancellation, such as the or cancellation operations, previ-
ously described, while in the following stages uses the prior estimated TIBWB-
OFDM signal. A sketch of this receiver is presented in figure {.24]

The next simulations present the set of results, for case, concerning the
employment of this receiver with non-iterative In the first iteration a
successive cancellation algorithm is also employed. These simulations aim
to evaluate the [BER] performance of the with transmission
scheme while applying the [IC-TDE algorithm with 3 iterations and comparing it
with the scenario.

In the previous section, it was stated that the evolution was more pro-
nounced for the with transmission since each iteration al-
lowed a better estimate of the transmitted signal by applying iteratively the time do-
main equalizer to the received signal. In this receiver, instead of applying iteratively
the time domain equalizer to the received signal, each iteration (except the first one)
performs the time domain equalization algorithm assuming that the prior estimated
signal is the one that allows a perfect reconstruction of the distorted signal. Figure
displays the gains in performance achieved by employing the in
the with receiver. The with
receiver can almost achieve the BER|performance of the with just 3
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MIC-TDE iterations. For this case, we observe that at the 1-st iteration time
domain equalizer) the receiver outperforms the
with receiver by a relatively large margin, where the bulk of gain is about
1dB and 1.7dB, when B = 0.25 and B = 0.5, respectively. Nonetheless, at the 3-
rd iteration of the [IC-TDE] algorithm, the receiver has a gain of
around 0.3dB, for the B = 0.25 case and around 0.6dB for the 8 = 0.5 case, when
compared to the with receiver. These results suggest that
this receiver, when combined with the [B-DFE] algorithm, can achieve a better per-
formance, when compared to the case where only the is employed at the
with receiver.

T

—MMSE ]
o 1IC-TDE 2nd iteration -
& . T IIC-TDE 3rd iteration |

----------- TIBWB-OFDM

—&-5=0.25
—©-5=05

Figure 4.25: BERl performance for[[IBWB-OFDM]with and without[WTOlreceiver
employing the [IC-TDE algorithm, for 8 = 0.5 and § = 0.25 .

4.6 TIBWB-OFDM with WTO Receiver with Itera-
tive Equalizers Results
In this section, a last embodiment of the with [WTO] receiver

is discussed. It consists on a combination of both previously presented receivers,
wherein an iterative equalizer at frequency domain, of the type IB-DFE] MRC or
[EGC and a [IC-TDE] are employed. A sketch of this receiver is presented in figure
4.26

The produced graphics present the set of results, for channel, concerning
the employment of this receiver. All simulation parameters were kept constant.
These simulations aim to evaluate the [BER] performance of the
with transmission scheme when both the and [IC-TDE] algorithms
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Figure 4.26: with receiver with frequency domain and time

domain iterative equalizers.
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Figure 4.27: BERI performance for with receiver employing
both the [B-DFE and [IC-TDE] algorithms with hard decisions, for § = 0.5 and

B =0.25.
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Figure 4.28: BER| performance for with receiver employing
both the [B-DFEl and [IC-TDE algorithms with soft decisions, for B = 0.5 and =

0.25.
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4.7 Spectrum Saving

with 5 iterations are applied. The same two situations for the computation of the
IB-DFEl block-wise reliability pp;; were considered.

Both figures show a combination of the performance from the two pre-
vious presented receiver. It is clear that the gains in performance tends to
improve per [B-DFEliteration, being more noticeable for the case with soft
decisions. Additionally, along each iteration, the BER] results improve per
MIC-TDEl iteration. This iterative process allows achieving a better performance,

when compared to both previous cases:
o [IB-DFE] where the [EDE| only deals with the channel impairments.

o [[IC-TDE! where the time domain equalizer only deals with the time overlap-

ping interference.

We observe that at the 5-th iteration the TIBWB-OFDMI|IB-DFE| receiver with
hard decisions (figure has yet a considerable gain over the TIBWB-OFDM
with receiver with hard decisions (figure [#.20), where the bulk of
gain is roughly around 0.3dB and 0.9dB, when B = 0.25 and 8 = 0.5, respec-
tively. However at the 5-th iteration the BER] performances of both
receiver with hard decisions and with WTOIIIC-TDEJIB-
DFE receiver with hard decisions (figure are almost similar when 8 = 0.25.
When 8 = 0.5 the first receiver outperforms the second one and the bulk of gain is
around 0.05dB.

It also can be concluded that at the 5-th iteration the
receiver with soft decisions (figure {.23)) has a significant gain over the TIBWB-
OFDM with[WTOIIB-DFElreceiver with soft decisions (figure 4.22)), where the bulk
of gain is around 0.45dB and 1dB, when B = 0.25 and 3 = 0.5, respectively. How-
ever at the 5-th iteration the receiver with soft decisions has
smaller gains when compared to the with [IC-TDE/NB-DFE
receiver with soft decisions (figure 4.28|), where the bulk of gain is around 0.3dB
and 0.65dB, when B = 0.25 and B = 0.5, respectively. Therefore, this receiver
embodiment is the one that presents the best [BERI results and exhibits the same
complexity as the [B-DFE receiver, since the signal reconstruction performed in
the [EBl loop also enables to cancel the time domain interference resulting from the

overlapping operation.

4.7 Spectrum Saving
As mentioned earlier in this chapter, one concern about the standard TIBWB-

OFDM technique is the increase in the sub-symbol’s length. In fact, larger blocks
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lead to higher sensibility to both carrier frequency offset (CEQ) and Doppler ef-
fects. These phenomena occur in frequency dispersive (ED) channels, also known
as time selective channels, where the user mobility is taken into account. There-
fore, taking as reference the channel coherence time, the admissible maximum
Doppler drifts or any residual are reduced by a factor equal to the ratio of
the block duration, i.e., Ny, and the conventional block du-
ration whichis N (1 + ) [[1]]. The TIBWB-OFDM]with[WTOltransmission scheme
can be modelled not to produce an increase in the symbol’s length. This way, the
with waveform allows a spectrum saving, compared to the
waveform, which is proportional to the temporal growth of the
[OFDMLlbased blocks. The temporal extension of the sub-blocks are proportional
to roll-off, B and can be observed by figures where § = 0.5 and where
B =0.25.
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Figure 4.29: Power spectrum of and TIBWB-OFDM] with and withoutWTOl
with N; = 64, for f =0.5.
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Figure 4.30: Power spectrum of and TIBWB-OFDM] with and without[WTOl
with N; = 64, for = 0.25.
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5. Conclusions

This thesis addressed a modified version of the [IBWB- signal by allow-
ing a partial time domain overlap between the adjacent OFDM-based sub-symbols
that compose the overall signal, termed [[TIBWB-OFDM] with

This new waveform eases deterioration in the signal’s produced by the
windowing operation performed in the TIBWB-OFDM transmitter. This is done
through the overlapping operation that attenuates the effect of the windowing oper-

ation.

The of the transmitted signal was evaluated for both with
and without scenarios by calculating its It could be seen that the
achieved for the classic TIBWB-OFDM case was heavily dependent of the
roll-off employed in the windowing operation. Otherwise, the obtained in
the with was almost independent of the roll-off value. Be-
sides, the probability of getting a high [PAPR]tends to decline when the number of

overlapped samples in the signal increases by lowering N;.

Furthermore, this new waveform allows achieving an increased spectral effi-
ciency since it eliminates the signal temporal expansion, as verified in the TIBWB-
OFDM case. However, this transmission scheme introduces interference between
the data sent by consecutive sub-symbols, bringing the necessity of developing in-
terfering cancellation algorithms, in time domain, to enhance the BER| performance
of the current receiver. results were observed for two window roll-off values
in order to evaluate its impact. It can be concluded that a larger roll-off produces

worse results, keeping N; constant, since it increases the degree of signal distortion.

Under and channel coding, the non-iterative interference
cancellation time domain equalizer was the one that showed the best results
when transmitting both in an [AWGN] channel and a [TD] channel, outperforming
the receiver with no interference cancellation. The [BER] performance was also ap-
praised for different receiver embodiments consisting of non-iterative and iterative
equalization algorithms to cancel both channel impairments, at frequency domain
(EDE) and interference resulting from the overlapping operation, at time domain.
The [BER] performance was greatly improved when the algorithm was in-
cluded in the with receiver and when the was em-
ployed, the results almost matched the ones from Finally
a combination of the two iterative receivers was tested, exhibiting the best overall

performance.
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5.1 Future Work

5.1 Future Work

Although some interesting results were achieved with the inclusion of the non-
iterative and iterative frequency and time domain equalizers in the
with[WTO]receiver, all simulations were performed for the SISOJcase and the chan-
nel was considered perfectly estimated. Moreover, perfect synchronization between
the transmitter and receiver was assumed. Therefore, one of the future work sugges-
tions is the universal software radio peripheral (USRP)-based development of the
with transmission scheme in a more realistic and practical
scenario. Since the signal temporal expansion is now avoided, it is straightforward
to adapt both the 4G [LTE or the new 5G New Radio radio interfaces resource grid
for the with transmission. Another interesting future work
sugesstion involves the study of the same transmission scheme but expanding the
system regarding a implementation.
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Testbed implementation of TIBWB-
OFDM within LTE frame structure
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3= Qo
ml=
gL
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o 5G wireless networks must be able to meet the requirements imposed by the
ever increasing demand in capacity, while guaranteeing robustness, reliability

and spectral efficiency.

» Multiple-Input Multiple-Output (MIMO)
» New Spectral and Power Efficient Waveforms
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Introduction

o MIMO employs multiple antennas at both the transmitter and receiver,
meeting the capacity requirement and enabling significant performance
improvements, namely in terms of spectral efficiency through Spatial
Multiplexing (SM).

o OFDM is a mature technique that allows an efficient equalisation and the
removal of MIMO inter-stream interference, providing spectral efficiency and
robustness against frequency selective fading.

However, it comes with several drawbacks:
o Severe out-of-band (OOB) radiation
o High peak-to-average power ratio (PAPR)

o Aloss in spectral and power efficiency (due to
the use of the cyclic prefix)
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Introduction

o Alternative OFDM-based techniques have been proposed to overcome the
limitations imposed by OFDM, achieving a superior spectral efficiency.

Time-Interleaved Block Windowed Burst-OFDM (TIBWB-OFDM)
(Sharing properties of OFDM-type and Block-based single carrier-

type)

o Low OOB emissions

o Spectral and power efficiency

o Easily combined with MIMO systems

o Prompts the use of iterative frequency domain equalizers
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MIMO TIBWB-OFDM
TIBWB-OFDM Waveform

o Hybrid Block Transmission Technique
Transmitter side: Windowed OFDM transmission

Receiver Side: Single carrier-type transmission with SC-FDE (Single
Carrier — Frequency Domain Equalization).

o TIBWB-OFDM packs together several windowed small size OFDM-based
blocks, with a zero padding (ZP) guard interval appended at the end.
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Signal spectrum of the transmitted block
composed by three OFDM symbols

MIMO TIBWB-OFDM
TIBWB-OFDM Waveform

Without time-interleaving

With time-interleaving
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LTE Physical Layer
Allocation of Bandwidth

Formed by the concatenation of resource blocks.

Each resource block consists of 12 subcarriers.

The subcarriers are separated by 15 kHz.

Total bandwidth of a resource block is 180 kHz.

Transmission bandwidth configurations from 6 to 110 resource blocks.
Channel bandwidth ranging from 1.4 to 20 MHz.

O O O O 0 O

1H(f)| 4

f l Transmission bandwidth = Number of resource blocks I '

fe

i I Channel bandwidth I i
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LTE Physical Layer

Time Framing

In the time domain, LTE organizes the
transmission as a sequence of radio
frames of length 10 ms.

Each frame is then subdivided into 10
subframes of length 1 ms.

Fach subframe is composed of two
slots of length 0.5 ms each.

Each slot consists of a number of
OFDM  symbols, either 7 or 6,
depending on whether a normal or
extended cyclic prefix is used, resulting
in 14 or 12 OFDM symbols per
subframe.
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LTE Physical Layer

Time — Freguency Representation

There is an alternative way to represent the
transmission of a LTE signal which consists of a

time-frequency representation, called a downlink
resource grid.

Each one of the modulated complex values, called
physical resource elements is mapped on a time-
frequency resource grid, in which the x-axis indicates
the OFDM symbol to which it belongs in time and
the y-axis represents the OFDM subcarrier to which
it belongs in frequency.

One resource element is placed at the intersection
of an OFDM symbol and a subcarrier.
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LTE Physical Layer

Resource Grid Content

Each resource element in the resource grid contains the modulated symbol of either user
data, reference or synchronization signal or it can also contain control information
originating from various higher-layer channels.

A variety of physical signals, Subcariers 1_SOrTMamOOs 11y s
including reference and e k
synchronization signals, are
transmitted in the shared physical
channels. Physical signals are
mapped to a specific resource
element in the resource grid.

1

H [ o
Cell specific
. reference

signal

s Bee

Downlink reference signals, such as the
cell specific reference signals, support

the channel estimation functionality =
needed to equalize and demodulate o 3 Y R E ) ,Hg TR ETY 073 FTN BT
the control and data information. ‘
OFDM symbols
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B PSCH (Primary Synchronization Channel)
SSCH (Secondary Synchronization Chanmel)

LTE PhySical Layer B RS (cell-specific Reference Signal) for selected Tx antenna port
Resource Grid Content

Subframe 0

Slotd | Slot1
Downlink synchronization signals include the detection -
of frame boundaries, determination of the number of | ]
antennas, initial cell search, neighbor cell search and .
handover. Two synchronization signals are available in =
the LTE: the Primary Synchronization Signal (PSS) and | |
the Secondary Synchronization Signal (SSS). o
PRB|
Both the PSS and the SSS are transmitted as 72 E
subcarriers located around the DC subcarrier, =
PRE| '
aE
PRE
E
i §
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Implementation

o MIMO transmission with Ny=2 and N; = 2.

o LTE signal:
= 8 frames, 80 subframes, 160 slots
= 1120 OFDM symbols

o OFDM symbols:
= 6 resource blocks
=  Number of Useful Subcarriers N = 72
= Number of FFT points NFFT = 128
= Cyclic Prefix (CP) NCP = 10 for the first symbol in every slot and NCP = 9 for
the remaining ones.

= Quadrature Phase Shift Keying (QPSK) Modulation

o TI-BWB case:
= N.=4 OFDM-based blocks of size NFFT = 32 with only N = 18 useful
subcarriers.
= SRRC windowing with roll-off 3=0.5
= TI-BWB block length N, = 2688 (N, is included in the non-useful subcarriers)
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Implementation

Power spectrum of an
OFDM symbol
transmitted in both the
antennas.
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Implementation

It was necessary to maintain the same structure of the resource grid so that the
receiver can receive and decode the information correctly.

In other words, the physical channels of the
resource grid that carry the reference and I
the synchronization physical signals must =

be sent on the pre-defined subcarriers \3 Jm,mwwm ul

relative to the original resource grid, which :
is based on the transmission of

conventional OFDM symbols.

Y

e —

It was necessary to adapt the process
of constructing the TIBWB-OFDM
symbols based on the time-frequency
representation of a LTE signal.
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Implementation

Therefore, the first approach used in this work was the configuration of the first
14 symbols sent in each frame, which represents the first subframe, as
conventional OFDM symbols and the remaining ones as TIBWB-OFDM symbols.

Also, note that TIBWB-OFDM symbols have a larger number of samples than the
original OFDM symbols due to the application of the cyclic extension and
windowing operations. Consequently, it was introduced a zero pad in the
conventional OFDM symbols so that they appear with the same length as the
TIBWB-OFDM symbols.

However, the new created frames are now 14 ms long, due to the process of
constructing the TIBWB-OFDM symbols.
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i R . RTCM 2019

Implementation N Unused by selected Tx antenna port, or undefined for all ports

In order to reduce the number of
OFDM symbols needed for
transmission, we reallocated the
resource elements that represent the
the cell-specific reference signals. This
can be done because the black dots
represent unused subcarriers.

With this approach we assume that
only the first symbol transmitted in
each slot of the first subframe needs
to be an OFDM symbol. However, the
sixth and seventh symbols of the first
slot must be OFDM symbols because
they carry the synchronization signals
and therefore, it is necessary to
maintain their structure.
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Conclusions

o TIBWB-OFDM presents always superior gains both in terms of power
consumption and efficient spectral usage, when compared with OFDM.
Additionally, it can easily be combined with MIMO systems.

o Nonetheless, the structure of a LTE signal and the way the information is
organized in both time and frequency (resource grid) is not flexible enough to
simply allow the replacement of the OFDM symbols by the TIBWB-OFDM
symbols.

o Thus, would be interesting to study about the frame structure and the
resource grid of the 5G New Radio in order to conclude if a better
implementation of the proposed TIBWB-OFDM technique is possible.
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Abstract—The Time-Interleaved Block Windowed Burst Or-
thogonal Frequency Division Multiplexing (TIBWB-OFDM)
waveform enables to achieve greater confinement in the signal
spectrum that improves with the increase of the window roll-
off since the out-of-band (OOB) radiation drops. However, the
TIBWB-OFDM block length grows temporarily, which corre-
sponds to a decrease of the transmission rate, limiting the
increase in the spectral efficiency of the system. Furthermore,
the windowing operation is responsible for the reduction in the
average power of the signal, which, in turn, depends on the
value of the window roll-off. As a consequence, the Peak-to-
Average Power Ratio (PAPR) of the TIBWB-OFDM signal tends
to grow as the roll-off increases. Therefore, this work proposes
an alternative method concerning the TIBWB-OFDM symbol
construction by allowing a partial overlap between adjacent
windowed OFDM symbols in order to reduce PAPR.

Index Terms—TIBWB-OFDM, PAPR, Overlapped-TIBWB-
OFDM, spectral efficiency

I. INTRODUCTION

Future wireless communications systems are expected to
bring improvements in the way data are transmitted and the
waveforms are designed. Such improvements are related to
higher data rate, lower latency, and flexibility brought by
the need to transmit over hostile channel conditions, as well
as higher spectral and power efficiency [1]. Orthogonal Fre-
quency Division Multiplexing (OFDM) [2] has been, since the
3rd generation (3G) of wireless communications, the preferred
waveform of choice, due to its robustness to inter-symbol inter-
ference (ISI) associated with multipath channels. OFDM is a
multicarrier technique that divides a high data rate stream into
N parallel lower rate streams that, in turn, modulate N sub-
carriers. The process of OFDM modulation and demodulation
can be efficiently implemented by the inverse fast Fourier
transform (IFFT) operation and its reverse, the fast Fourier
transform (FFT), respectively. The orthogonality between sub-
carriers is one of the main features of OFDM because it
denies any inter-carrier interference (ICI) and allows a simple
frequency domain equalization (FDE) [3]. The portion of the
spectrum occupied by each stream is usually less than the
coherence bandwidth of the frequency selective channel (also
known as a time dispersive channel) and, therefore, the ISI
in each stream is neglected. In order to eliminate interference
between the N symbol streams, it is necessary to add a cyclic
prefix (CP) to each OFDM symbol, which must be longer

than the duration of the impulse response of the transmission
channel. The CP duration often represents 10% to 25% of the
OFDM symbol period, and therefore the effective throughput
of useful data and the spectral efficiency of CP-OFDM systems
are reduced [3],[4]. In fact, in order for a CP-OFDM system
to achieve the same transmission rate of an OFDM system
(without CP) the transmission rate of the useful data must
be increased, which in turn increases the amount of spectrum
used. In addition, due to the power wasted on CP transmission,
the power efficiency of CP-OFDM transceivers is decreased
[4].

Besides the restricted spectral efficiency, time domain trans-
mitted signals in an OFDM system can have high peak values
since the instantaneous amplitude of each sub-carrier that
form the OFDM symbol is added by the IFFT operation. As
a consequence, OFDM systems are known to have a high
peak-to-average power ratio (PAPR) when compared to single-
carrier systems, which grows with an increasing number of
sub-carriers. Thus, an OFDM system has a limited power
efficiency and requires the use of a power amplifier with a
considerable back-off to ensure a distortion-free linear signal
amplification [3],[4].

Thus, the development of new techniques as alternatives
to OFDM, with greater spectral and power efficiency, has
been the subject of many recent studies [5],[6], with several
techniques being proposed as: filter-bank multicarrier [7]; gen-
eralized frequency division multiplexing (GFDM) [8]; filtered-
OFDM [9]; the non-orthogonal multicarrier system termed
spectrally efficient frequency division multiplexing (SEFDM)
[10], which improves spectral efficiency by packing sub-
carriers at frequency spacing below the symbol rate, intention-
ally creating inter-carrier interference (ICI); and more recently
the Time-Interleaved Block Windowed Burst Orthogonal Fre-
quency Division Multiplexing (TIBWB-OFDM) technique [4].

Although the spectral confinement of the TIBWB-OFDM
blocks improves with the increase of the window roll-off,
since the out of band (OOB) radiation drops, the size of the
TIBWB-OFDM blocks grows temporarily, which corresponds
to a decrease of the transmission rate, limiting the increase in
the spectral efficiency of the system. Furthermore, conclusions
drawn from this work are that the windowing operation is
responsible for the decrease in the average power of the signal,
which, in turn, depends on the value used for the roll-off. As a



consequence, the PAPR of the TIBWB-OFDM signal tends to
grow as the roll-off increases. Therefore, this work proposes
an alternative method with respect to the TIBWB-OFDM
symbol construction by allowing a partial overlap between
adjacent windowed OFDM symbols, in the time domain. For
that, it is necessary to develop equalization algorithms in the
receivers capable of overriding the self-created interference
resulting from this process. This new waveform would allow
achieving an increased spectral efficiency since there is no
temporal expansion of the signal. Furthermore, the overlapping
operation diminishes the windowing attenuation effect and
opposes the decrease in the average signal power. In this paper,
Section II presents the TIBWB-OFDM waveform concept.
Then, Section III presents the PAPR concept and describes the
PAPR issues related to TIBWB-OFDM. Section IV describes
the process of generating the new Overlapped-TIBWB-OFDM
waveform. Section V presents the main results and finally
Section VI concludes the paper.

II. TIBWB-OFDM WAVEFORM

The TIBWB-OFDM transmitter is built on the Block Win-
dowed Burst Orthogonal Frequency Division Multiplexing
(BWB-OFDM) transmitter [11], which grants greater confine-
ment in the signal spectrum, and thus, increases the spectral
efficiency by converting the OFDM symbols to BWB-OFDM
symbols. The OFDM symbols are sequentially cyclically ex-
tended and windowed, in the time-domain, through a non-
rectangular, roll-off dependent window (Square Root Raised
Cosine - SRRC window). This process is responsible for the
reduction of the OOB radiation, typically observed in OFDM
systems. Each one of those windowed OFDM symbols is
extended to Nyy,, = N (1 + B) samples after discarding the
tailing zeros from the windowing operation in the time domain,
where 3 represents the window roll-off. In this waveform, N
windowed OFDM symbols or blocks are packed together and
are added a single zero-pad (ZP) of length V., in order to
deal with the multipath channel’s propagation delay, thereby
improving power efficiency [11]. A BWB-OFDM mega-block,
sp, can be described as a sum of juxtaposed windowed OFDM
symbols, s,k = 1,...,N,, with a delay proportional to
Ngym and can be written as:

N,—1
SB[n] = Z sw,k[n - stym] (1)
k=0

Hence, a BWB-OFDM mega-block has a total length of
N, = N;N(1 + ) + N.. Moreover, since the CP attached
to each transmitted symbol is eliminated, the BWB-OFDM
can either achieve higher transmission rates than CP-OFDM
schemes while maintaining the same spectrum or achieve
better spectrum confinement maintaining the same data rate
[11].

The Time-Interleaved BWB-OFDM (TIBWB-OFDM)
[3],[4] technique allows the signal to be resilient against
deep inband fades by compressing and replicating the
original spectrum of the BWB-OFDM block in the allocated

bandwidth. Fig. 1 presents the process of creating the
TIBWB-OFDM mega-block. This technique generates the
TIBWB-OFDM symbols by performing interleaving on the
time samples of each BWB-OFDM block (from a total of
Ny), which creates a diversity effect at the frequency domain,
granting much better robustness against inband deep-fades

[3].
III. PAPR ANALYSIS

The PAPR of a continuous-time domain signal, x(¢), is
expressed by

mazx[z(t)z*(t)]
Ela(t)z*(t)]

where 2*(t) corresponds to the conjugate of x(¢). In order to
maintain the orthogonality, an OFDM symbol with a rectan-
gular configuration, s[n],n =0,..., N — 1, is generated as a
sum of N modulated sub-carriers, equally spaced in frequency
by the inverse of the symbol period, i.e. Af = T%, where T
represents the OFDM symbol period [12]. The discrete-time
version of this signal can be expressed by

PAPR(z(t)) = 10logio( ) [dB] (2

j2mkn

N-1
s[n] = Z Sgwlnle” ™~ 3)
k=0

where Sj, represents a symbol from an M-ary constellation
and w(n] is a rectangular window.

If we assume Sy, = 1 for any k, the peak power value of the
signal is max[s[n]s*[n]] = N? and the mean square value of
the signal is E[s[n]s*[n]] = N. For that reason, the maximum
PAPR value for an OFDM symbol with N sub-carriers occurs
when each sub-carrier is modulated with the same constella-
tion symbol and is equal to N. The most common method to
evaluate the symbol-based PAPR of a transmitted signal is to
obtain its Complementary Cumulative Distribution Function
(CCDF). In this case this function provides an indication of
the probability of that signal’s envelope exceeding a certain
PAPR threshold [12] and can be expressed by:

CCDF(PAPR(s[n])) = Prob{ PAPR(s[n]) > 6} (4)

where PAPR(s[n]) is the PAPR of the OFDM symbol and §
is a PAPR threshold. Therefore, the probability of attaining the
maximum PAPR value is very low, since the modulated data
is random and uncorrelated. However, it can be concluded that
the PAPR of an OFDM signal tends to grow when the number
of sub-carriers, N, increases. Intuitively, by making use of
smaller size FFTs (equivalent to the number of sub-carriers,
N), a reduction on PAPR can be accomplished [4].

If we consider an OFDM symbol with the same length
as a TIBWB-OFDM mega-block discarding the ZP, that is
NOFDM = Nx — Nz = NsN(l +B) = Nstynu one
could expect to get a higher PAPR than the TIBWB-OFDM
transmitted signal since the IFFT operation is performed with
a larger number of points. However, this might not be true
owing to the windowing operation. This operation consists of a
point-wise time domain product between the selected window
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Fig. 1. TIBWB-OFDM mega-block construction [3],[4].

and the cyclically extended OFDM symbol. The window
employed corresponds to an SRRC, which is equivalent to a
rectangular window when the roll-off is equal to 0. In this case,
the PAPR of the TIBWB-OFDM signal is, indeed, reduced,
because the window has no effect in regard to the temporal
amplitude of the signal. In other words, the window does not
affect the average power, neither the maximum power of the
signal since the TIBWB-OFDM symbol simply consists of N
OFDM symbols, each one having N sub-carriers. Hence, by
employing smaller size FFTs, the probability of getting a high
PAPR lessens. Nevertheless, this situation is not optimal taking
into consideration that by using a rectangular window there is
no spectral confinement and, therefore, the spectral efficiency
is not improved. In fact, in this particular case, the spectrum
of the transmitted signal simply consists of a superimpose
spectrum of all Ny, OFDM symbols and, as a consequence,
will have the same drawbacks of OFDM concerning spectrum
leakage that can cause inter-channel interference [11].

IV. OVERLAPPED-TIBWB-OFDM

The way this new waveform is created is based on the
operations performed on the BWB/TIBWB-OFDM transmit-
ters [11],[4], followed by an overlapping procedure. First, the
coded and bit-interleaved bitstream is mapped onto symbols
originating from an M-ary constellation, which are loaded
onto N, sets of sub-carriers, np = 0,....,N — 1 where
k=1,...,Ns,according to (3). Afterwards, the BWB-OFDM
mega-block is obtained according to (1). At this point, the
overlapping operation is applied. Each one of those cyclic
extended and windowed OFDM symbols, s, 1,k =1, ..., Ng,
is overlapped with the adjacent symbols, that is, the last
samples of the current symbol are added, in the time domain,
with the first samples of the next symbol. The new overlapped
symbol can be expressed by

Ng—1

SOB[n] = Z sw,k[n - sttart} (5)
k=0

where Ngiqrt < Ngym represents the first overlapped sample
from the block.

Fig. 2 presents the concept of the overlapping operation
between adjacent symbols.

Symbol k

i |

N samples
- » ?

Symbol k+1

NCL+ B) — Mot = Nevm — Natart  samples
“ i

Fig. 2. BWB-OFDM mega-block with overlapped symbols.

The spectrum of (5) can be expressed as

N,—1
Sop(e™) = Z Sw7k(€jw)6_jw'I€Nstart (6)
k=0

Therefore, if we consider the same spectrum usage, this
waveform allows to transmit with a higher rate and the power
spectrum of the new Overlapped-BWB-OFDM mega-block
is similar to the non-overlapped one, since it contains the
superimposition of the spectrum of each windowed OFDM
symbol.

This way, the new waveform has intentionally introduced
interference between the N, blocks that shape the BWB-
OFDM mega-block and, thus, the number of transmitted
samples is reduced to Ny = Ngzore(Ns — 1) + Ngym. The
number of overlapped samples, N,s is dynamic and can be
regulated through Nos = Ny — Ngpare. If we considered a
BWB-OFDM mega-block with N = 64, Ny, = 4, = 0.5
and Ngqrt = 64, the length of the transmitted signal reduces
from N, = NN,(1 + 8) = 384 (in the TIBWB-OFDM
case) to N, = 288 samples. Since we are transmitting the
same data in less time, this allows an improvement of the
spectral efficiency when compared to the Non-Overlapped
BWB-OFDM scenario.

Furthermore, the overlapping operation creates a flatter
waveform with fewer transitions, reducing the time domain
window effect and, thus, opposing the decrease the average
signal power and, consequently, reducing the PAPR. In this
case, to generate the TIBWB-OFDM mega-block it is nec-
essary to inquire about what is the factor used in the time-
interleave operation, since in this case, the signal length may
not be multiple of the number of blocks, N,. Therefore, in
order to maintain the advantages created by this technique,
with respect to its robustness in time dispersive channels, the
number of blocks and Ng,,+ must be chosen accordingly.
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Fig. 3. PAPR’s CCDF of the OFDM, TIBWB-OFDM and Overlapped-
TIBWB-OFDM transmitted signals for 8 = 0.5.
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Fig. 4. PAPR of TIBWB-OFDM and Overlapped-TIBWB-OFDM for which
the value of its CCDF = 10~3 as function of the window roll-off, B.

V. SIMULATION RESULTS

The following simulations aim to compare the PAPR of
the TIBWB-OFDM waveforms with and without the symbol
overlap operation, as a function of the amount of overlapping
samples, which depends on N+, and the window roll-off, 5.
In addition, the PAPR of an OFDM signal with the same length
as the Non-Overlapped-TIBWB-OFDM, that is, Norpy =
NN, (1 + B), was calculated. In all the simulations it was
considered N = 64 sub-carriers, N; = 16 blocks and 4-QPSK
modulation under a Gray coding rule.

By keeping the window roll-off set at 8 = 0.5 and by
varying the amount of overlapping samples between adjacent
symbols, Ngiqrt, the PAPR’s CCDF of the OFDM, Non-
Overlapped-TIBWB-OFDM and Overlapped-TIBWB-OFDM
transmitted signals were plotted for different values of Ngqpt.

As illustrated by Fig. 3, it can be concluded that by
introducing the overlap operation, the new waveform has lower
PAPR values compared to the non-overlapped waveform,
since v = N:Xm represents the ratio between the number
of sub-carriers, N, and the first overlapped sample, Ngiqrt.
In addition, the PAPR decreases with increasing amount of
overlapping samples, i.e., lowering Ngtqr¢.

Alternatively, by keeping Ngiqr¢ fixed at Ngygre =
64, i.e., v = 1, and by changing the window roll-off,
B, the PAPR of the Non-Overlapped-TIBWB-OFDM and
Overlapped-TIBWB-OFDM transmitted signals, for which its
CCDF = 1073, were plotted for different values of S.

Fig. 4 show that the PAPR values are almost independent of
the window roll-off for the overlapped waveform whereas the
PAPR values of the non-overlapped waveform tend to grow
with increasing roll-off.

VI. CONCLUSIONS

In this paper, a modified version of the TIBWB-OFDM
signal is proposed by overlapping the adjacent sub-symbols
that compose the signal, in the time domain. This new wave-
form eases deterioration in the PAPR of the signal produced
by the TIBWB-OFDM transmitter. This is done through an
overlapping operation since it attenuates the effect of the
windowing operation on the calculation of this parameter, at
the expense of introducing interference between the data sent
by consecutive sub-symbols.
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