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Abstract

We live in an era where the world of communications is becoming increasingly demanding,
as technology around it evolves. Hence, it is crucial to understand and overcome all the de-
mands that the upcoming generation of wireless networks require. One of the most important
aspects is to maintain low complexity systems, that are capable enough of granting high spectral
efficiency, under adverse channel conditions.

The Orthogonal Frequency Division Multiplexing (OFDM) has been the modulation tech-
nique of reference for 4G systems, considering that it provides high data transmission rates and
it is based on the Fast Fourier Transform (FFT) and the Inverse Fast Fourier Transform (IFFT),
which allows low complexity systems. In an OFDM transmitter, the high data rate stream is
divided into N parallel lower rate streams, the sub-carriers, that are orthogonal to each other.
This orthogonality between the sub-carriers grants a robustness against Inter Carrier Interfer-
ence. Nonetheless, this approach still has some drawbacks, such as a limited spectral and power
efficiencies. Thus, in order to deal with these issues, new hybrid modulation techniques were
developed, such as the Time Interleaved Block Windowed Burst OFDM (TIBWB-OFDM).

The TIBWB-OFDM architecture allows the transmitted signal to be resilient to deep in-band
fades, as the information is replicated through the entire channel’s bandwidth. Additionally,
it uses a smoother window than the conventional OFDM, a Square Root Raised Cosine one.
However, the spectral efficiency of the TIBWB-OFDM is still limited by the increased length
of its blocks, in time domain. This issue can be tackled by using a different packing approach
for the TIBWB-OFDM symbols, by using Windowing Time Overlapping (WTO), which allows
the windowed OFDM blocks to be partially overlapped in time.

Therefore, this dissertation proposes a parallelization of TIBWB-OFDM by implementing



a computational efficient matrix framework of the TIBWB-OFDM with WTO transceiver.

Keywords

Time Interleaved Block Windowed Burst OFDM with Windowing Time Overlapping (TIBWB-
OFDM with WTO), Frequency Domain Equalization (FDE), Matrix Framework, Spectral Effi-
ciency, Parallelization



Resumo

Vivemos numa era onde o mundo das comunicacdes se estd a tornar cada vez mais exigente,
a medida que a tecnologia evolui. Portanto, é fundamental compreender e superar todos os
desafios que as proximas geracoes de redes sem fios exigem. Um dos aspetos mais importantes
¢ manter a baixa complexidade dos sistemas, mas que sejam capazes de garantir alta eficiéncia
espetral em condi¢Oes adversas de canal.

O Orthogonal Frequency Division Multiplexing (OFDM) tem sido a técnica de modulagao
de referéncia para sistemas 4G, dado que permite altas taxas de transmissdo de dados e €
baseado na transformada de Fourier rdpida (FFT) e a sua inversa (IFFT), que permite man-
ter a baixa complexidade dos sistemas. Num transmissor OFDM, os dados com alta taxa de
transmissao sdo divididos em N sub-portadoras de ritmo inferior, que sdo ortogonais entre si.
Esta ortogonalidade, entre as sub-portadoras, garante uma robustez contra Interferéncia Inter
Canal (ICI). No entanto, esta abordagem possui algumas limitacdes, sendo as principais uma
limitada eficiéncia espetral e energética. Assim, para lidar com esses problemas, foram desen-
volvidas novas técnicas de modulagdo hibrida, como o Time Interleaved Block Windowed Burst
OFDM (TIBWB-OFDM).

A arquitetura do TIBWB-OFDM permite que o sinal transmitido seja resiliente a desvanec-
imentos de banda profundos ( deep in-band fades), uma vez que a informacao é replicada ao
longo de toda a largura de banda do canal. Para além disso, € usada uma janela mais suave
que a do OFDM convencional, a janela Square Root Raised Cosine (SRRC). Porém, o TIBWB-
OFDM também apresenta uma eficiéncia espetral limitada a medida que o comprimento dos
seus blocos (no dominio do tempo) aumenta. Esta contrariedade pode ser colmatada usando
uma abordagem diferente para a compactacao dos simbolos TIBWB-OFDM, que permite que
os blocos OFDM janelados sejam parcialmente sobrepostos - TIBWB-OFDM com Windowing
Time Overlapping (WTO).

Portanto, esta dissertacdo propde uma paralelizagdao do TIBWB-OFDM ao implementar

ii



uma versiao matricial eficiente do transcetor TIBWB-OFDM com WTO.

Palavras Chave

Time Interleaved Block Windowed Burst OF DM with Windowing Time Overlapping (TIBWB-
OFDM with WTO), Igualizacao no Dominio da Frequéncia, Estrutra matricial, Eficiéncia Es-

petral, Paralelizacao
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1. Introduction

The world of mobile communications is becoming increasingly demanding, as technology
around it evolves. So, there is an urgent need to understand and overcome all the challenges
that the next generation of communications entail. This means that, while maintaining a high
spectral efficiency, these services and their respective networks should be robust and deliver

very low latencies, while performing under unfavourable channel conditions.

1.1 Motivation and Context
Orthogonal Frequency Division Multiplexing (OFDM) has been the modulation technique

of reference for 4G systems and considered, by 3GPP, for 5G [7]], since it allows low complexity
systems, based on the Fast Fourier Transform (FFT) and the Inverse Fast Fourier Transform
(IFFT), to get a high and robust data transmission rate. OFDM is a Multi-Carrier (MC) approach
that splits a high rate data stream into N parallel lower rate streams [4] - the sub-carriers, which
are orthogonal to each other. Such fact allows OFDM systems to avoid Inter Carrier Interference
(IC]) and to have a simple Frequency Domain Equalization (FDE), as long as the Cyclic Prefix
(CP) is greater than the channel delay spread [8].

Although OFDM favors the equalization process and the use of relatively simple equal-
izers, it has its drawbacks, being the main one a limited spectral and power efficiency. This
results in the need to use linear power amplifiers (that have low efficiency) capable of ensuring
a distortion-free amplified signal, which is very hard to warrant. As an alternative to this, Block
Windowed Burst OFDM (BWB-OFDM) was developed to cover some of the OFDM issues by
using a Zero-Padding (ZP) guard interval, instead of the conventional Cyclic Prefix (CP), and
a smoother and non-rectangular window (SRRC) window, which grants a better spectrum con-
finement [9]. Still, both OFDM and BWB-OFDM performances can be disturbed by the deep

fade regions of time-dispersive channels.

As a complement and improvement to both OFDM and BWB-OFDM, Time Interleaved
Block Windowed Burst OFDM (TIBWB-OFDM) was developed and will be of particular inter-
est throughout this work. This new hybrid modulation technique reduces the harm caused by the
deep fading events through the replication of the information all over the designated bandwidth.
Additionally, TIBWB-OFDM offers higher transmission rates and increased energy efficiency

of the overall communication system [6].




1.2 Objectives

1.2 Objectives

The most significant purpose of this dissertation is to present a new and more efficient
TIBWB-OFDM transceiver, more specifically when employing Windowing Time Overlapping
(WTO). Although the overlapping process smooths the waveform, which reduces the window-
ing attenuation, it also corrupts the data of adjacent sub-blocks. Therefore, it is crucial to
develop techniques to properly equalize and reconstruct the TIBWB-OFDM received signal,
in time domain. Focusing on such goal, a backward and forward cancellation method is pre-
sented in this work, based on a efficient matrix process, which aims to efficiently recover the
once corrupted overlapped data, with fast and straightforward computations, that can be easily

parallelized.

1.3 Dissertation outline

This dissertation is divided into four chapters. The current chapter provides the motivations
and objectives of this work. Chapter 2 presents the research background, exposing SC and
MC techniques, emphasizing OFDM, while Chapter 3 displays the new hybrid BWB-OFDM
methods. In Chapter 4 the new TIBWB-OFDM with WTO algorithm is introduced, along
with the new matrix version of it. Chapter 5 discusses the obtained results and the respective

conclusions.
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2. Background

This chapter presents some relevant scientific research, regarding the SC and MC modula-

tion techniques and how they are employed throughout this work.

2.1 Wireless Propagation

Wireless communications offer a wide range of possibilities, such as its mobility and flex-
ibility, while being easily installed and relatively cheaper than wired networks. However, a
wireless channel cannot be designed and optimised in the same way that a transmitter or re-
ceiver can. Thus, bearing in mind that a transmitted wireless signal suffers changes throughout
its propagation path, before arriving at its receiver, it is crucial to consider two unavoidable
factors when engineering a wireless system: large-scale fading and small-scale fading [10].

Large-scale fading is induced by signal attenuation caused by long distance transmission and
diffraction around large obstacles in the propagation path. It is provoked by both path loss (P)
and shadowing (S). In a Line of Sight (LoS) free space transmission the attenuation of a given
wireless signal obeys the dLZ distance law [[11]]. However, in a real scenario there is generally no
straight LoS path linking mobile stations with the base station. Supposing that there is a direct
LoS between the transmitting antenna (Tx) and a receiving antenna (Rx), the path loss relates

with the received signal power, P,(d), and the distance d, between the two antennas:

A‘ 2
Py(d) =< (m) 2.1

where A is the wavelength of the carrier signal. Thus, through a free space propagation, the
received power by Rx decreases proportionally to the the square of d, the distance between Tx
and Rx. Furthermore, as the frequency of the carrier increases, the path loss also increases,
since the frequency, f, is inversely proportional to the wavelength, A.

Small-scale fading is defined by abrupt changes in the received signal strength over a rel-
atively short distance and time period [11]]. Such variations happen due to multi-path fading,
created by small obstacles that cause reflection, diffraction and/or scattering. As a result, the
signal is received with delay spread, which can be seen as distinct signal echoes arriving at dif-
ferent times. Thus, the impulse response of a time-varying channel, 4(7;¢), can be represented
by:

h(tit) =Y a(t)e 10§ (1 — 1) (2.2)
i

with o/(z) is the complex amplitude, J(7) the Dirac delta function and 7; the delay of the i-th
path.

2.2 SC and MC modulation techniques

In a Single Carrier (SC) modulation system only a signal frequency is used to transmit the

desired data. Hence, considering the system transmission rate as Rg, the occupied bandwidth
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2.3 Orthogonal Frequency Division Multiplexing

is, at least, B = %. Typically, wireless channels are frequency selective and characterized by a
given coherence bandwidth, B.. Coherence bandwidth is a measure of the frequency range over
which the frequency response of the channel can be considered flat. So, if B is much higher
than B, in time dispersive channels, fading is likely to occur. Additionally, considering the fact
that the currently used and upcoming transceivers must handle high data transmission rates, SC
systems cause a huge delay spread, higher than the symbol duration, which creates ISI.

Since it is really challenging to avoid ISI using SC modulation, due to its need of complex
systems, Multi-Carrier (MC) transmission was introduced. The principle of this method is to
divide the data stream into N several ones, which allows each stream to have a lower bit rate,
given by %. This prevents ISI, given that the symbol duration is much larger than the delay
spread, and keeps the channel equalization and estimation a less painless process [[12]]. Still, it is
necessary to deal with potential ICI, if, for instance, the sub-carriers frequencies are near to one
another. By including a guard interval between each sub-channel this issue can be eliminated,

although some spectral efficiency is lost.

2.3 Orthogonal Frequency Division Multiplexing

OFDM is one of the most prominent digital MC modulation techniques, since it expanded
the use of a single sub-carrier modulation by using N lower rate sub-carriers within the same
single channel.

An OFDM signal is represented by N contiguous and orthogonal sub-carriers that are evenly
T% is the transmission rate [12]. In an OFDM
scheme, a bit-stream is first mapped into a chosen M — ary signal constellation and then channel-

spaced, at frequency domain, by NLTy, where

coded and bit-interleaved. The generated complex numbers are then subjected to a serial to
parallel S/P conversion and the pilot symbols are attached into the OFDM signal. In order to
avoid ISI, a CP is inserted across each block after the IFFT process is applied [13]. OFDM can
be easily implemented, based on DFT and IDFT, in low complex systems, allowing a fast and
efficient computation of both FFT and IFFT, respectively. Hence, an OFDM transmitted signal,

s[n], can be expressed as follows:

N-1 j2mnk
$=[Suln=0..n—1 and s, =) S’ N ,n=0,.,N—1 (2.3)
k=0

where Sy is the symbol of the M-ary constellation transmitted at the carrier k. Since Ts indicates
the symbol duration, N7 represents the entire OFDM block duration.

On the OFDM receiver, the CP is removed and the obtained signal, y,, is converted into
frequency domain and equalized, resulting in St. Then, to acquire the estimated bit-stream,
b, the symbol sequence must go through demapping, bit-deinterleaving and channel decoding
processes. OFDM is quite robust to ICI, due to its sub-carriers orthogonality, allowing the

receiver to decode the OFDM signal in a straightforward manner.




2. Background

2.3.1 Downsides of OFDM
Regardless of being such a developed technique, OFDM still has its drawbacks, namely its

limited spectral and power efficiency. Since ISI may happen as a result of varying temporal
delays during reception, a guard interval, at the start of each symbol, is required. Considering
this guard interval as CP, a CP-OFDM system has a total signal length of Ncp_orpy = Ncp+ N
[14]. The CP size is given by Ncp and it has to be larger than the channel delay spread, so that
ISI can be eliminated. Consequently, the use of a guard interval, although being crucial, it
comes with a reduction of the overall spectral efficiency of the system.

Additionally, is it mandatory that both the OFDM transmitter and receiver have the same
sampling frequency, due to the fact that this technique is highly sensible to synchronization
errors. For instance, if there is a slight frequency offset, the orthogonality of the sub-carriers
can be ruined, which causes ICI [|13]].

Another issue regarding OFDM systems is the windowing configuration. An OFDM symbol
windowed by a unitary rectangular window, w|n], can be represented through:

Jj2mnk

N—1
sn=sn]=Y SiWnle' ¥ ,n=0,..,N—1 (2.4)
k=0

where Sy is the symbol of the M-ary constellation transmitted at the carrier. The spectrum of
this rectangular pulse is a sinc, which means that its abrupt transitions, at the time domain,
causes the high amplitude OFDM spectrum to be assigned outside of its bandwidth. As a result,
the lateral spectral side lobes can cause Out-Of-Band (OOB) emissions, lowering the global
spectral efficiency of the system.

The high Peak-to-Average Power Ratio (PAPR), rised by the considerable peaks of the
OFDM signal’s envelope, causes a decrease in the amplification efficiency [15]. The PAPR

of a time-continuous signal, x(¢), is given by:

 max|x(r) o (A0 (1)]
PAPR = —E{|x(t))|2} < 10/ 210 <—E [x(t)x* (t)] ) [dB] (25)

where x*(¢) represents the conjugate of x(¢) and E[| the mean value. As the number of OFDM
subcarriers increases, the PAPR also increases. Because of this high PAPR level, the trans-
mitter’s power amplifier must have a wide dynamic range, which significantly decreases its

efficiency [15].
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3. OFDM-based Hybrid Modulation Techniques

This chapter covers the key theoretical concepts of both BWB-OFDM and TIBWB-OFDM,
the hybrid modulation techniques employed throughout this work.

3.1 Block Windowed Burst OFDM (BWB-OFDM)

Aiming to achieve a higher spectral and power efficiency than the conventional Orthogonal
Frequency Division Multiplexing scheme, whilst maintaining high transmission data rates, the
Block Windowed Burst OFDM [|16] modulation technique was proposed. The main feature of
BWB-OFDM is removing of CP without giving in systems’ low complexity and its advantages.

Based on the OFDM transmitter, the BWB-OFDM symbol packs Ny OFDM symbols. As in
conventional OFDM the bit-stream, b, is first channel-coded and bit interleaved,so that the BER
performance is improved. Then, this sequence is mapped om a M-ary constellation. Afterwards,
the high data stream is split into Ny X N lower rate sub-streams and Ny OFDM symbols with size
N are obtained. To each of the individual conventional OFDM symbols, s;, with i = 1,..., N,
given by (2.4) is then applied a window operation, by using a smoother Square Root Raised
Cosine (SRRC) window [12]]:

! ],V\nl<%(1—l3) N
hsrreln] = { cos(3p [§ — (1=B)]). 5(1—B) < |n| < 5(1+B) 3.1
0 |n| > 5 (1+B)
where n = —N,...,N and f is the window roll off value that grants an improved spectral ef-

ficiency, by attenuating the secondary lobes. Each resulting windowed symbol, s, ,, can be

mathematically represented by:

Swn = [Sn8n](1x2w) O BsRRC 1,01 (3.2)

where © represents a point-wise product and the bold label a vector. The figure below compares

the two windowing techniques, concerning their Power Spectral Density (PSD) disparities:
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3.1 Block Windowed Burst OFDM (BWB-OFDM)

— rectangular
---SRRC

— B=0.10
— B=025
B=0.50

-1.0 =0.5 0 0.5 1.0
normalised frequency

Figure 3.1: PSD of the windowed signal with a SRRC window in time domain

The BWB-OFDM frame is then formed by packing those Ny symbols together, s,

Sp = [Sw,l|Sw,2|---’5w,Ns](1><Nb) (3.3)
where N, = Ny x N(1 4 ). At the BWB-OFDM symbol is added a single ZP guard interval,
instead of the conventional CP, and it can be expressed by:

X = [380(15Nz) ] (10, (3:4)
where Nzp corresponds to the null ZP added samples and Ny = Ng x N(1+ ) + Nzp.

OFDM m
L
#
S1 t

4
] sj.l;‘.] t
> IFFT. — Cyclig Ext.— I.
5 N[ | &wind. [0
g2 ' -
=5 S2 Sw,2
£ g8 Sk ' - > = “a
a9 g0 S [— IFET~. [F—>{Cyclic Ext..— P 03| sp Ry,
F—* &g /L N1: | awind [P |/ 5k
= g 5 P " o ) [ L
m LoC . . < <
20 : : x /
% ] S’J\’,. S-u-; N 1L
= > . ‘ At : . o
IFFTpy [ Cctie Ext = o\ fasn - e\l
| [ & wind. Vo, t
j_; 2_ SB

Figure 3.2: BWB-OFDM transmitter scheme outline ||

On the BWB-OFDM decoder presented on figure BE[, the received BWB-OFDM block,
Yn, is equalized in frequency domain as a whole, resulting in the estimated block, Xj. After-
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3. OFDM-based Hybrid Modulation Techniques

wards it is converted into time domain, %, = IDFT (X}) and the ZP guard interval is withdrawn.
The same windowing process is applied (matched filtering) after adding sufficient null samples

capable of increasing the length of symbol until 2N:

Sw.j = )’C\nvj(IXZN) © hSRRC(]xZN) (3.5)

These §,,; BWB-OFDM symbols are then converted into frequency domain and down sam-
pled by 2, acquiring the Sk estimated OFDM data. Lastly, the channel decoding and bit-

deinterleaving operations are carried out.

Y p 8. &, &
Y, &—— AWGN _ ~nt w.1 wi__ "kl
— —] ] —— |
Nx /= wind. —{FFT,, {21/ 5o g !
- L an [ VT[] e cg!
— I © g O A
FDE : : : : [ 8Ew b
ESE
~ -
Xn | S ] = =IP|| te=E8
remove /2 wind. BleeT _’l2_’/ |l 586 |
IFFTNX ZP —> ' — 2N — — L _______ :
- — [P e Y e g = )
X A A A A
k
X n,Ns S w,Ns S w,Ns Sk, Ns
Figure 3.3: BWB-OFDM receiver scheme outline
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Figure 3.4: BWB-OFDM symbol’s amplitude spectrum

Comparing to OFDM, BWB-OFDM offers a better spectral confinement and a higher bit
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3.2 Time Interleaved Block Windowed Burst OFDM

rate, although it has some drawbacks too, such as poor performance in hostile channel condi-
tions. This happens when a set of sub-carriers of the several OFDM symbols, packed in the
BWB-OFDM block, are affected by deep fade zones, as seen in figure [16]. As a result,
the BWB-OFDM receiver might have issues in retrieving the transmitted signal, if the desired

spectral data is located on those fading regions, decreasing the overall system performance.

3.2 Time Interleaved Block Windowed Burst OFDM

The TIBWB-OFDM transmitter grows from the BWB-OFDM one, although it allows the
signal to be resilient to deep in-band fades without compromising the low complexity shown in
BWB-OFDM systems. This aims not only to keep the good spectral efficiency characteristics
of BWB-OFDM, but also to broaden its robustness against the dispersive channel effects [[16].
Hence, the principle of TIBWB-OFDM is to replicate the information through all the channel’s
bandwidth by expanding each OFDM symbol that compose the BWB-OFDM block in time by
a factor N;. Figure [3.5|depicts that process for Ny = 3:

Deep Fading
: Region :

" ' b }
3 .

3

=

-

E

<

£ — - —- Symbol1
g Symbol 2
o — — — Symbol 3
o

hdd Frequency-
s Selective
L%D Channel

0 1/3 YR 1
Normalized Frequency

Figure 3.5: TIBWB-OFDM signal amplitude spectrum formed by 3 OFDM symbols [3|]

As the TIBWB-OFDM transmitter reproduces the data several times in other parts of the
spectrum, the corrupted information can be easily retrieved, making the effect of the deep fade
regions less problematic.

Figure [3.6]details the construction of the TIBWB-OFDM block. The first stages of TIBWB-
OFDM transmission are the same as the BWB-OFDM, until the construction of vector sp given
by (3.4). After those operations a time-interleaver is applied and the block vector is generated
by:

sz =sp [ [(Ns) (3.6)
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3. OFDM-based Hybrid Modulation Techniques

where [](N;) is the [N, x Nj| periodic interleaving matrix with period N;. Lastly, the guard
interval ZP is added at the end of the block, so that the transmitted TIBWB-OFDM symbol can

deal with frequency selective multi-path channel’s delay spread:

Xp = [STC|O] XNZP]]XNx (37)

where x,, has length Ny = Ng x N(1+ ) + Nzp .

== —3 ::] — |
| - Cyclic Ext.
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| 5 3 SIn-.t 2
Mapper & 5 FET Cyeiic Bt Ti")e_ P
Bit Stream Bit Interleaver & M /], Tl ] | awind | i ~ / # Frame Assembly z >
Channel Coding Pl .5 ) : Interleaver | ¢ 5 -
| i " n
:; ______ :—_ j.l - j
| IFFT. Cyclic Bxt
| & 3 & Wind : :
e —a |

s Sy e S x

mtAs

Figure 3.6: TIBWB-OFDM transmitter design [3]]

The TIBWB-OFDM receiver main objectives are to equalize the received signal, perform
deinterleaving and match filtering, in order to compensate carrier impairments and avoid ICI
before the demodulation and channel decoding. Through a N, sized DFT, the received signal,

Yn, 18 converted to the frequency domain, Y;:
Y =X Hy + 1y hk=0,....Ny_1 3.8)

where Hj, is the channel impulse response and 7y is Aditive White Gaussian Noise (AWGN),
Xy = DFT(x,) and k =0,1,...,N, — 1. Afterwards, the the TIBWB-OFDM signal is estimated

using linear Frequency Domain Equalization, expressed by:
Xy = FYy (3.9)

Then, X; is converted back to the time domain and the guard interval (ZP) is removed from
the TIBWB-OFDM block, followed by time-deinterleaving. The same SRRC window used in
the transmitter is applied to each sub-block (matched-filtering), and a few number of zeros is

added to each symbol until its dimension is 2N:
Swi = Xn; O hgRRC(1x2) (3.10)

Finally, the estimation of the initial transmitted symbol is obtained by applying a 2N FFT
and down-sampling it by 2. The channel decoding, demapping and bit-deinterleaving operations

are then carried out.
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Figure 3.7: TIBWB-OFDM receiver design [3]]

3.3 TIBWB-OFDM with Iterative Block Decision Feedback
Equalization

Despite the fact that the FDE addressed in the previous section perform quite well, there is
room for improvement. Hence, the Iterative Block Decision Feedback Equalization (IB-DFE)
equalizers emerged as a more advanced way to deal with both Inter Block Interference (IBI) and
ISI, by using two relevant filters: (1) the Feedforward (FF) filter (Fkl ), similar to a conventional
linear FDE that deals with the precursors created by the channel and (2) the Feedback (FB) filter

(B,l{), which tries to eliminate ISI and IBI using data from a previous estimation [3]].

Figure 3.8: Turbo IB-DFE design for the TIBWB-OFDM receiver [|1]]

The TIBWB-OFDM with IB-DFE is shown in figure [3.8] where the received signal, Y, is

processed by the equalizer, resulting in a block that acts as a estimation of the TIBWB-OFDM

)

symbol, X", for each iteration /, which is given by:

x) = gy, —gx(-V (3.11)
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3. OFDM-based Hybrid Modulation Techniques

where Fk(l) and B,il) are the FF and FB filter coefficients, executing either soft or hard decisions.

The optimal values for these coefficients are, respectively [3]:

0 _ KHy
R = - e (3.12)
¥ +(1 — Ppik |Hi|”)
for the FF filter and
BY = pl V(EVH, ~1) (3.13)

for the FB filter, where Y represents the SNR, k is a normalized constant value that ensures the
condition %Zﬁ;ol Fk(l) H; = 1 and py; represents the correlation factor and acts as a measure of

the estimated block reliability [[11]:
] el

Ppi = = E[|xn|2] - E[|Xk|z]

(3.14)

Replacing the transmitted TIBWB-OFDM signal, x,, with the FF output, )“cf,l_l), a proper ap-

proximation can be achieved [/11]:
i E [ﬁgllfl);’(ilfl)]
Ppic = = e (3.15)
e[|

n

When the IB-DFE makes a decision, either a soft or a hard one, it must ensure that the
produced estimated block is the best possible [3]]. A hard decision follows the minimal distance
criteria and its computation is quite simple considering that it is based on the smallest possible
distance between the estimated symbol and its constellation symbol. Despite of being a bit more
complex, soft decisions significantly enhance the IB-DFE efficiency.

Rather than using a block-wise approach, the effectiveness of the IB-DFE receiver can be
improved by estimating symbol by symbol, Sk,»- Considering a case where the initial OFDM
symbols are directly computed using a QPSK constellation with Gray mapping, the LLR data
based on the received Sk,» symbol, can be expressed by:

A 1o ( Prob {b, = 0|3y} )_4Re{Ski} .16

Prob{b, =1(Y) |5} o2
and
x,f.l :10 Prob {b, :O|Ski~} _ 4Im {8y, } 317
! Prob{b; = 1(X) |8} o?

where b is the in-phase bit, by i1s the quadrature bit and an describes the complex noise

with residual interference aggregated at the FF filter output.
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3.3 TIBWB-OFDM with Iterative Block Decision Feedback Equalization

As aresult, the average bit values resulting from soft demodulation can be calculated as [17]:

_ 220
Bo = Prob{by = 0} — Prob{by = 1} = tanh (%) (3.18)
and
_ A
Bi = Prob{b; =0} — Prob{by = 1} = tanh 5 (3.19)
and so, the reliability of such average bits is given by:
A
by _lal _ ki
P = |Bo| = ranh (3.20)
and
n
b1 _ 17| _ ki
Py = |Bo| =tanh = (3.21)
Hence, the block-wise soft reliability factor,pp; is determined by:
~ 1 Ng N—1 b b
pc=5Y ¥ (ol +p0)) (3.22)
i=1 k=0

In order to accurately calculate a steady estimation for LLR and pp, a precise G% estimation
must a fundamental aspect in the IB-DFE receiver. In TIBWB-OFDM, the variance is estimated,
based on the average SNR, 7, along with the signal bandwith [[17]. Hence, G% is indicated by:

) & Ne—1 1

o2 = I (3.23)
TN S 1y

with & being the transmitted power by each modulated symbol.
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4.1 TIBWB-OFDM Transmitter with WTO

TIBWB-OFDM implementation has several advantages over the conventional OFDM and
BWB-OFDM, while using similar low complex systems. Although, it is still possible to in-
crease the TIBWB-OFDM transmitter spectral efficiency, by partially overlapping the win-
dowed OFDM blocks that compose the TIBWB-OFDM symbols. However, this leads to the
need of a more sophisticated equalizer on the receiver side, since the overlapped data is cor-
rupted before even being transmitted. Hence, a balance, between such complexity and an ade-
quate behaviour of the system, is required [?, ?].

As stated in Chapter 3] the introduction of the guard interval ZP, instead of the conventional
CP, enhances the power efficiency of the scheme. The SRRC window also improves the overall
performance of the system, considering it confines the spectrum and reduces the OOB emis-
sions, when increasing the window roll-off, 3. On the other hand, the length of the TIBWB-
OFDM block also increases as 8 increases, since NyNyyup = NyN(14-B). As a result, the
spectral efficiency is limited, due to the fact that the symbol rate has to decrease. Additionally,
the windowing process reduces the overall average power of the transmitted TIBWB-OFDM
signal, thus limiting the PAPR reduction efficiency gains [4].

To overcome these concerns, an alternative TIBWB-OFDM packing solution was proposed
and it is presented in the following section, the TIBWB-OFDM with Windowing Time Over-
lapping (WTO), where the windowed OFDM symbols are able to be partial overlapped.

4.1 TIBWB-OFDM Transmitter with WTO

The fundamental objective of the overlapping operation is to avoid the temporal expansion
of the TIBWB-OFDM signal, induced by window roll-off factor, . The transmission of the
TIBWB-OFDM Block with WTO is similar to the one described in Section up until the
windowing of the OFDM symbols and the sub-consequently removal of its tailing zeros. At
this instance, the overlapping process occurs, where each OFDM symbol are overlapped to the
adjacent sub-symbols, that is, the last j samples of a given frame are added to the first samples
of next frame. The TIBWB-OFDM with WTO partially overlap the tails of the OFDM symbols,
which can be expressed by:

N
swoln] = Y swiln— (i—1)N]] (4.1)
i=1

where N < N; < Ngy,, and N; addresses the first overlapped sample from each frame.

This new waveform can also be obtained by the product of the TIBWB-OFDM mega block
and the overlapping matrix structure, Gy specified in figure with vector s, given by:
Swo = SWGO (4.2)

This matrix is composed by N; identity matrices denoted by Iy For a better understand-

symb *

ing of how Gy varies, the higher the desired overlapped samples, the lesser columns the matrix
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4. Time Interleaved Block Windowed Burst OFDM with Windowing Time Overlapping

has. For instance, if no overlap occurs, G is square matrix with dimension [Nstymb X Nstymb].

G, =
]INsymb Nsymb

I[Nsym'b

Nsy[nb

- —J (NsNeymb)
X (Ni(Ns=1)+Nsymb)

Figure 4.1: Matrix arrangement for time overlapping samples, G [4]

TIBWB-OFDM original packing

N(1+p5)
windowed windowed windowed
OFDM block 1 OFDM block 2 OFDM block 3

TIBWB-OFDM new packing with windowing
time overlapping

Full overlap N
S —
windowed windowed windowed

OFDM block 1 A OFDM block 2 OFDM block 3

partial overlap N <N; < N(]. + 3)
f i
windowed windowed windowed
OFDM block 1 OFDM block 2 OFDM block 3

Figure 4.2: Comparison between the original TIBWB-OFDM packing method and the overlap-
ping one (TIBWB-OFDM WTO) [4]

Figure [4.2] depicts the overlap process in a more straightforward manner, where the new
total length of the block, instead of being NyNjyy, is now Nog = Nj(Ny — 1) + Nyypp, With
N; being the first overlapped sample from each block. If N; = N, then the block reaches its
minimum possible length, Ny, = N(Ns+ B), since the tails of the windowed symbols are
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4.2 TIBWB-OFDM Receiver with WTO

fully overlapped. This means that there is no temporal extension, when comparing with the
conventional OFDM symbol packing with the rectangular window. Additionally, by using the
TIBWB-OFDM packing method, the system’s power efficiency has a significant increase, due
to the considerable reduction of the block’s PAPR. The spectrum of this new waveform can be

computed as :

Ns . . .
Swo(€) =Y 8y, (e/)e MmN (4.3)
i=1

4.2 TIBWB-OFDM Receiver with WTO

The TIBWB-OFDM with WTO transmitter does indeed provide significant improvement in
both the spectral and power efficiencies. However, the overlapped information induces interfer-
ence between adjacent sub-blocks, giving the receiver the crucial task of correctly estimate the
original data. Hence, its design must enclose both a FDE and Time Domain Equalizer (TDE) in
order to deal with this issue. Figures#.3]and 4] depict both the transmitter and receiver scheme
for the TIBWB-OFDM with WTO, respectively:

TIBWB-OFDM formatting with windowing time overlapping

: — Sn,1 Sw,1 Sr.1 :
| >~ i |
! | » Cyclic Ext.— — > |
: N FFrN | &wind. | : % P L’ | !
| i © o " ¢ 1
1 K] , !
: Sn 2 Sw .2 g).Q X S0 :
s > »|Cyclic Ext < E % > p Sp :
H : IFFT, T - > R _

A RN N|: | &wind. | s 5 EXO / .| Frame :
| 235 = s Assembly !
: P (o '] :
! H o = e !
| Sn, N, Sw,N, E .8 N SN :
1 . = . .

: —* IFFT, —|Cyclic Ext.—» g ol > :
X : N1: | &awind. [ Jd o R :
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Figure 4.3: TIBWB-OFDM with WTO transmitter design [4]
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TIBWB-OFDM unformatting with windowing time overlapping
distortion compensation
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Figure 4.4: TIBWB-OFDM with WTO receiver design [4]]

4.2.1 Frequency Domain Equalization
Upon reception, the TIBWB-OFDM signal can be perceived as SC block based transmission
type, since TIBWB-OFDM is a hybrid modulation technique. Hence, the equalization is han-
dled in the frequency domain, which allows the use of Frequency Domain Equalization (FDE),
granting a low complexity system with relatively high robustness against channels with high
delay spreads [13]]. Bearing in mind that the ZP added to the original signal has to be longer
than the channel’s impulse response, the received signal, Yy, at each sub-carrier K =0,...,N,— 1
is given by:
Yie = SiHy + Mk 4.4)

where Hj is the channel’s frequency response, 1y the complex addtive white Gaussian noise
(AWGN) and Ny = Nzp + Nop, with Npp referring as the length of the TIBWB-OFDM with
WTO block.

Afterwards, an estimation of the transmitted signal, Si,k=0,....N, — 1, can be obtained by
using, for instance, the IB-DFE method depicted in Section An N sized IFFT is applied to
the estimated signal, converting it to the time domain, and its ZP is removed. Lastly, the time

deinterleaving process occurs, which shifts each symbol back to its original position.

4.2.2 Time Domain Equalizer

The FDE process provides an estimation of the TIBWB-OFDM signal that still has overlap-
ping samples. Thus, it is necessary to cancel the “corrupted” data and obtain an estimation of
the original transmitted signal, using some time domain equalization algorithm. To accurately
detect the OFDM component blocks, it is fundamental to restore the length of the windowed
OFDM blocks, by adding N, zeros to each symbol until it reaches a length of 2N, so that the
matched filtering operation is possible (using the same window described in [3.1)). This whole
procedure can be perceived as the reverse of the TIBWB-OFDM transmitter (3.6).
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4.2 TIBWB-OFDM Receiver with WTO

In this case, the product of the window and the signal is performed twice, one time on the
transmitter and another on the receiver side. Therefore, the channel can be seen as the product
of both of those windows, that is, its square, where hggrc[n] = thRC [n]. As illustrated by Figure
[4.3] at each symbol a cyclic extension is applied, making it possible to employ the cancellation
method. The forward and backward cancellation method uses the high and low amplitude parts
of the adjacent OFDM blocks to successively cancel the WTO distortion they have with each
other, as depicted by figure 4.6|

S_’ET_, oFoml 3. :." Y _sf‘ﬁff_l_,: Xn
C ot G 'r--+f L - [z
| . g _ s "\_f'r‘&_/-\:.‘:-\_, " i \I ! 1 |j t"
> |oFoM| ->Ns |F B CwNs by
. o n SB
t t

Figure 4.5: Windowing and cyclic extension of the OFDM symbols, S [5]]

The i-th OFDM symbol, previously cyclic extended and windowed is expressed by:

Swi = [80,1—y s 51—y 41, s Sy 171, 5%, 0, Sy 41,015 -+ SN — 15 v —1] (4.5)

where 4 is the SRRC window defined in l| X= %%7(1 —pB)andY = %V(l +B).
After applying the WTO at the transmitter, the symbol can be described as:

Swo; = [swoi_7y7SW0i7,y+1 "y Swo; 1 Swo;oSwo; s ;Swo,-_y,l]
= [so,h—y +sn,_ hx, - sy—1;h-1, syho, -,

4.6)
snhx +50,,, 0y,

Svamb* lihY*I + SNsylnb_Nli+1 h_X]

4.2.3 Zero-Forcing Cancellation method

The ZF method consists in simply reverting the channel response. It is usually applied in
the FDE of MC signals subject to frequency selective fading. In this case the FF filter employed

at the receiver is:
H
k

H

Fi k=0,.,N—1 4.7)

where H; is the conjugate of Hy. Replacing F; in (4.4), the estimated signal is given by:

A SiHe M Nk
§ =Kk kg 4 K 48
T H, + H, X + H, @.3)
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4. Time Interleaved Block Windowed Burst OFDM with Windowing Time Overlapping

ZF is ideal for a noise-free scenario, since all the data can be perfectly retrieved. Neverthe-
less, this method shows high noise levels in cases where the carriers suffer deep fading, inducing
the channels frequency response to zero, Hy — 0.

The same ZF principle can be used in time domain to compensate for the distortion caused
by WTO. In the TIBWB-OFDM with WTO technique, some of the adjacent symbols are cor-
rupted by the tails of both the previous and next symbol. Considering §,,; and §,,» as the vectors
of the first and second windowed and cyclic extended symbols, respectively, in a noise-free

situation [4]:

§W01::[§WL7Y§WL7Y+1""’§WL71§WLO§W1J7"‘7§WLY—J
:[Solhay,"',Sy_]lhzl, Sylh%,“-, (49)
SNhhﬁ—%S%hxh_yf--, .
SNyymp—11 hg_y+ SNogmb—Ni, Y —1h—x]
SW02 [SW2 stz —y+10 " 7§W171§W10§W11f"7§W2Y7J
= [Sozh_y + SNI1 hxh_y, cee ,SY,12h2_1 , Syzh(z), cee (4 10)

24
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Successive cancelation left-to-right (OFDM block 1,..,Ns)

windowed windowed windowed
OFDM block 1 OFDM block 2 OFDM block 3

LA\

Successive cancelation right-to-left (OFDM block Ns,..

«

Figure 4.6: Forward and backward successive interference cancellation model [6]

As perceived by Figure 4.6] where the principles of the forward and backward sucessive
interference cancellation are depicted, both the left tail and the right tail of the OFDM block of
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4.2 TIBWB-OFDM Receiver with WTO

the TIBWB-OFDM symbol present no interference whatsoever. Thus, allied to the knowledge
of the SRRC window influence [|6], it is possible to correctly estimate the interference in the
second symbol, caused by the first one (forward direction), and in symbol Ny — 1 due to the
last one (backward direction). Applying Hadamard multiplication and division to the left tail of
the first symbol produces an estimation of the information sent on the right tail of that symbol,
which is interfering with the left tail of the second symbol. This way, it is possible to obtain
the original sent data at the second symbol, by subtracting the left tail of the first symbol to the

samples from the left tail of the second symbol.

Considering §,,, ; as the corrupted samples of the second symbol, the original samples can

be retrieved following:

. 2 Sy
SWZaj = SWz,j _h(j+N,) h12 (411)
J
where j = —%V, e ,—%V (1 — B). This operation can be extended to a general case for a symbol
I, as so:
Al _ A h2 §Wi_17j 4.12
Swi,j = Swi,j— (j+M™) h2 ( : )
J

withi=1,---,N,.

N
’ D
ing on the left tail of the last symbol. The right of this symbol has no interference, so it is

The backward cancellation follows and identical pattern, where j = %’ (1=PB),--- start-
similar to the left tail of the first symbol. Hence, it is also possible to get an estimation of the

interference created by the last symbol in its precent symbol.

4.2.4 Minimum Mean Square Error (MMSE) Cancellation method
Given that the ZF approach struggles in poor channel conditions, the MMSE true to over-

come channel deep fades. Thereby, this method’s main goal is to minimize the square error,
{E [Sk—5Sk]},k=0,...,N —1,, which translates to:

Hy

= — (4.13)
Hil” + 1

F
where 7y represents the Signal-to-Noise Ratio (SNR). Thus, the estimated signal can be ex-

pressed by:

e SkH H}; mH;  SlHl? Nk},

= = . (4.14)
H?+5 [ HP 45 [HP 5 HP 5

From this equation (4.14)), it is easy to aknowledge that, for low SNR values, the noise
enhancing problem is worked out and for high SNR values the MMSE acts like a ZF equalizer.
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4. Time Interleaved Block Windowed Burst OFDM with Windowing Time Overlapping

While applying the MMSE method to WTO schemes, the forward and backward cancella-
tion (#.6)) is expressed by:

h2
Shvei = Swin = WS j———5— 1 (4.15)
2
(#2) +5

where the Hadamard division is only performed at the end using the SNR value.

4.3 TIBWB-OFDM with matrix approach

In this section it is proposed an efficient matrix based implementation of the TIBWB-OFDM
transceiver with WTO.

As seen throughout the previous sections, the TIBWB-OFDM transceiver was largely ex-
panded until reaching a peak of its spectral and power efficiency, by using proper packing,
windowing and equalization methods. The use of a smoother SRRC window (3.1)) grants a
higher spectrum confinement of the transmitted OFDM symbols, while keeping the same sym-
bol energy as the OFDM. Additionally, the WTO process allows a considerable reduction in
the total length of the packed OFDM symbols, which also improves transmission rate, when

comparing with the conventional windowed OFDM.

4.3.1 TIBWB-OFDM Transmitter with matrix approach

Furthermore, the TIBWB-OFDM transmitter can take a matrix approach. For instance,
instead of windowing an OFDM block and then remove its trailing and ending zeros, the matrix
approach proposes to process these operations all at once. This means that, after studying the
behaviour of the system, the desired matrices are precomputed, allowing a lower complexity
scheme.

Hence, the main concept is to compact the Formatting, Filtering and Fourier Analysis pro-
cesses into matrix operations. Considering S; = [S,-,O,S,-J, e ,S,-7(N,1)}T as the i-th N-carrier
OFDM symbol, where i =0,--- ,N;_1 and S = [So,Sl, e ,SNH] and F~! as the Inverse Dis-
crete Fourier Transform (IDFT) square matrix (N x N) that converts the symbol stream into the

time domain, the Ny OFDM symbols can be expressed by:

FlS=1s) s (4.16)

SNS*J (NXNy)

A cyclic extension must be employed to each of those Ny symbols, before applying the

windowing process:

} 4.17)
S0 Sttt SNl o)

where 1j represents a [-sized vector of 1s and ® the Kronecker multiplication.
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4.3 TIBWB-OFDM with matrix approach

T
Lethggprc = [0, hSRRC,N: s hSRRC()? s hSRRCN; 0] (2NXNy) be the vector of SRRC

coefficients with length 2N. The windowing operation can then be performed as:
15, ®hsgre (4.18)
The BWB-OFDM block, as defined in can thus be matritially computed as:
5= [Swer Swis r swe ] = A (15 ©@hsgre) © (12 ®F’1S> (4.19)

where © represents the point-wise Hadamard multiplication and A depicts a matrix that cuts
out the trailing and ending lines of zeros created by the SRRC windowing process and can be
written as:

A=[0xiep) Tvip) Ovepyetap) (4.20)
I, is an identity (n x n)-size matrix and 0,,x, is a (m x n)-sized matrix of zeros.

Lastly, the windowed symbols are juxtaposed and time-interleaved, increasing the robust-
ness against the deep-in band fades [3]], generating the TIBWB-OFDM block (3.6):

sz = [I™vect (sp) (4.21)

where TI™) is the permutation square Ny-sized matrix that performs the time-interleaving pro-
cess, with period Ny and vect() is a vector which mutates a matrix into a column (through

column reading).

The matrix approach used for building the TIBWB-OFDM with WTO block, X, follows a

similar approach and it is given by:
X — 1) pect [A ((lvas ®hsrre) @ (1o ®F—ls)) Go] (4.22)

where Gy is the overlap matrix mentioned in Figure d.1]

Reminding that the overall TIBWB-OFDM symbol construction process remains the same
as stated in Section @ after X is computed, a ZP, longer than the channel’s delay spread, is
added at the end of each block, granting robustness to ISI. Thus, the TIBWB-OFDM with WTO

blocks are ready to be obtained and equalized by the receiver.

4.3.2 Matrix framework for the TIBWB-OFDM Receiver

The TIBWB-OFDM receiver has the crucial task to correctly estimate and equalize the
TIBWB-OFDM with WTO block (4.2). Hence, upon reception, the ZP guard interval is re-
moved the TIBWB-OFDM block y and the time-deinterleave operation is performed:

yr =T Myecr(y) (4.23)
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where TTI7™) is the permutation square N;-sized matrix that performs time-deinterleaving, that
is, the transpose matrix of IT"), and vect () is a vector that mutates a matrix into a column. The
minimum length of the block, in a fully overlapped scenario, is N;(Ns+ 3). If no overlap occurs
the block has length equal to NyNyyp.

Considering a noiseless transmission, the signal’s equalization can be easily performed by a
ZF equalizer. Based on the fact that the windowing factors of the employed SRRC window on
the overall TIBWB-OFDM block are fully known, it is possible to entirely estimate the inter-
ference caused by the overlapped samples. Hence, a conceivable approach to this problem is to
build a matrix that, when applied to TIBWB-OFDM block with WTO, both unfolds the over-
lap process and achieves matched-filtering. However, for better understanding, these will be
addressed as separated matrices operations. The interference compensation, caused by WTO,
is achievable relying on the principle of the forward and backward successive interference can-
cellation, stated in where the %V B + 1 higher coefficients of the left tail of the windowed

symbol, h.f;, can correlate with the ones on the right tail, /,, resulting in the windowing

influence factors, a = — h’l ’gf’_’ . The De-overlap matrix, Dy, is a (N x Nj)-sized matrix and its
eft

architecture is described in Figure

DO = A1 00 LI ] 0 0 0 A
0 1 L] L] L]
N|O 1 . . . N
. . .
' '
3 1 . 1 2 3| 4
tha to 4 thac_tu tha_cm th to
N [ ] inv| inv inv N
' N N 4
2 1 1 1 2|4
Dhseero Dhseero 1 /Y D,
N 1 inv inv N
-— -—
S N
3 2 1 1
Dhm to th&ctor tha to ° . th t
. in
—r————»
N N
L] L] L]
. . . 1 0
) L] L] 1 0
0 0 0 LRI 001

L ~ [NN, x NN,]

Figure 4.7: Square (NN x NNj)-sized matrix design, Dy, for time de-overlapping samples,
when the transmitted symbols are fully overlapped @)

D;;ajcm represents the (%] B+ 1)—sized diagonal square matrix that cancels the interference
on windowed symbol i due to symbol i — j, withi =0,--- ,Ng—1and j =0,---,i— 1, where

o I
Dp,, 18 glVEN by.

Note that, since unfolding and interference compensation due to WTO is carried separated and prior to match-
filtering, the ZF coefficients as defined in (4.11) and (4.12) do not come squared.
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Figure 4.8: Diagonal square (%’ B+ 1) -sized matrix that contains the windowing factors, A

The indexes, 1,2,3,--- Ny — 1, present inside the Dy, factor matrix on Figure can be seen
as DY

factor

, .e the power of the matrix Dy, ., where the exponent is of N power.

In fact, Dy resembles the implementation of the forward and backward successive interfer-
ence cancellation method, illustrated in Figure 4.6 and detailed in (4.9) and (.10), where the
lower triangular part of the matrix represents the forward cancellation and the upper triangular
part features the backward cancellation. Considering a TIBWB-OFDM block, with 3 symbols,
as depicted in the mentioned figure, §,,, j, Si,,; as the interference of the symbols and let sAWO,.J
denote received samples associated to the i-th OFDM block of the received TIBWB-OFDM
with WTO symbol. The estimated symbol can be expressed by:

. . 50,
$1,j = Swor,j = i) 5 (4.24)
J
h j+ h j+ h2i+
§w27j = §W02~,j — _(Iil TVI)'S‘\WI»J. = §W02,j — %S\WO[J + %SWOOJ (425)
J J Jj

This cancellation method is possible due to Dy, since it provides the windowing factors
to perfectly estimate the existent interference, as the left tail of the received signal is free of any
interference from its later symbol [4]. The backward successive cancellation method process
follows an identical approach, starting at the end of the TIBWB-OFDM block and using the
diagonally inverted Dy, -

So, as the left and right tails of the fully overlapped TIBWB-OFDM block, have no influence
in the overlap process, ¥ samples are removed from each extremity. This way, the product
between the TIBWB-OFDM block (y;) without its tails, y,,, and the square N Ns-sized Dy matrix
is given by:

Sc = ywDo (4.26)

where §. is the NN;-sized column-wise vector that represents the de-overlapped TIBWB-OFDM
compensated block. However, it is still necessary to properly expand the signal into its original
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transmitted dimensions, 2N X N; (including the trailing zeros caused by the windowing opera-
tion), by both unfolding the interferences and perform match-filtering. Thus, §, is rearranged
into a N x N;-sized matrix, representing each tailless OFDM symbol (1,2, - -, N;) like so:

)
o)
|

B i ] _[NXNS]

Figure 4.9: Tailless compensated TIBWB-OFDM N x N;s-sized block composed of Ny N-sized
OFDM symbols, §..

The scratched coloured parts of the Figure display the % B-sized tails that need to be added
back on each N-sized OFDM symbol. Since a noiseless transmission was assumed, those tails

can be straightforwardly computed as they exclusively depend on the SRRC windowing factors,
_ - SNy
hyg
matrix multiplication of §. with Eg (Figure [4.10] - the expansion matrix) results in the 2N x
N;-sized TIBWB-OFDM block. The obtained symbols with the WTO interferences correctly

unfolded, are then match-filtered with #.18] resulting in:

, similarly to the process depicted in Dy, on Figure Afterwards, a simple

Se = (1}, ®hggre) © (Eo,) (4.27)
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EO_ 0O 0 O o o o 0 N
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Figure 4.10: (2N x N)-sized matrix, Eg, used for expanding the overlapped symbols

The upper and lower parts of Eqg suggest the trailing zeros, caused by the SRRC windowing
process. The section containing Dy, indicates the windowing factors that compensate and
add both the left and right tails to each symbol, respectively, performing the matched-filtering
operation. The center of Ey is an identity N x N matrix (In), since the intermediate samples of
the OFDM symbols are not affected by the WTO process, remaining unchanged.

The resulting TIBWB-OFDM block, §g, is then unformatted according to the conventional
TIBWB-OFDM receiver, as represented in Figure

In summary, S¢ is deinterleaved, obtaining the time domain OFDM blocks, X, ; with i =
1,---,Ny followed by a 2N-sized FFT, decimation by 2 and demodulation into the original
2N x Ni-sized transmitted bit-stream.

This new implementation allows an efficient and fast computation, as both the De-overlap
matrix (Dg) and the expansion matrix (Eg), although having a considerable size, are very sparse
matrices. This means that they have a large number of zero-valued elements, which saves
a huge amount of memory, as well as granting a higher speed processing. Furthermore, the
matrix approach grants a possible parallelization of the TIBWB-OFDM transceiver, where the

high data rate transmissions and respective equalization’s can be solved independently.
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Conclusions



This dissertation proposed a matrix approach for the TIBWB-OFDM transceiver, more
specifically when applying Windowing Time Overlapping. Since a noiseless scenario was con-
sidered a priori, the ZF equalization method was chosen to perfectly estimate the symbols
interference caused by the overlapping operation.

The TIBWB-OFDM with WTO presents a more confined spectrum, by partially overlapping
the adjacent symbols, achieving higher spectral efficiency values. This means that less power is
required for the transmission of the block, since several samples are overlapped with eachother.
However, this originates ISI, which leads to the need of more complex equalization techniques.
The developed work proves that it is possible to mutate the operations associated with TIBWB-
OFDM, including the equalization, into simple and straightforward matrices and thus, lower
complexity systems. This way, by only defining the main variables of the TIBWB-OFDM,
such as the number of OFDM sub-carriers, N, the number of BWB-OFDM symbols, Ny and
the window roll-off value, 8, some matrices can be pre-computed, granting an improvement in
the system’s computational efficiency. The implemented matrices are very sparse, meaning that
the mathematical operations are processed with higher speed than the conventional TIBWB-
OFDM. Additionally, by enforcing the matrix approach to the TIBWB-OFDM scheme, it is
conceivable to achieve a parallelization of this modulation technique.

For future research, since this work was only performed in a noiseless and simulated envi-
ronment, it should be interesting to apply the matrix framework to TIBWB-OFDM with WTO
in a real-life scenario, bringing the need to develop new channel synchronization and estimation

algorithms, as well as new equalization methods, in order to enhance the BER performance.
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