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With regard to performance, commitment, effort, dedication, there is no middle

ground. Or you do something very well or not at all.

- Ayrton Senna

Do not be afraid of getting lost ... the more we give of ourselves, the more we will

find ourselves.

- Pope John Paul II
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Abstract

In the segment of communications industry, wireless mobile communications
are one of the most important innovations of our times due to its impact in the global
economy and society. Expectations grow with the arrival and demands that the fifth
generation of mobile telecommunications (5G) brings associated with an every-
where user access with better reliability and quality. In this context, Orthogonal

Frequency Division Multiplexing (OFDM) is a widely used system that guarantees
robustness against frequency selectivity channels, provide high data transmission
rates and a easy implementation based on the discrete Fourier transform. However,
this technique has high limited spectral efficiency, low power efficiency and sen-
sitivity to synchronization errors. As an alternative, hybrid modulation techniques
such as the time interleaved block windowed burst orthogonal frequency division
multiplexing (TIBWB-OFDM) were developed.

This thesis develops the TIBWB-OFDM transceiver model and the modifica-
tions necessary to implement this technique in a real wireless link scenarios. Hence,
channel estimation and frame synchronization algorithms were the key challenges
and focus of this work. An important step to achieve reliable frame synchronization
is the choice of preamble sequences with optimum correlation proprieties, such as
the Zadoff-Chu (ZC) sequences. Our experimental results show that by applying a
correlation algorithm and a threshold device it is possible to detect perfectly each
TIBWB-OFDM frame beginning. On the other hand, ZC sequences were also used
to acquire the channel information by applying estimators and algorithms based on
the OFDM technique.

Therefore, this thesis proposes a joint channel and frame synchronization esti-
mation using power amplified ZC sequences as preambles in the TIBWB-OFDM
method.



Keywords

Channel Estimation, Cross-Correlation, Frame Synchronization, Zadoff-Chu
(ZC) sequences, Time Interleaved Block Windowed Burst Orthogonal Frequency
Division Multiplexing (TIBWB-OFDM)



Resumo

No contexto da indústria de telecomunicações, as comunicações móveis desem-
penham um papel muito importante devido ao seu impacto na economia e na so-
ciedade global. As expectativas aumentam com a introdução da quinta geração
(5G) que permite o acesso dos utilizadores em qualquer lugar com elevada fia-
bilidade e qualidade de serviço. Dentro deste contexto, é usado o Orthogonal

Frequency Division Multiplexing (OFDM) que garante robustez contra canais se-
letivos no domı́nio da frequência, fornece elevadas taxas de transmissão de dados
e fácil implementação baseada na transformada discreta de Fourier. No entanto,
esta técnica apresenta uma eficiência espectral limitada, baixa eficiência energética
e sensibilidade a erros de sincronismo. Como alternativa, foram desenvolvidas
técnicas de modulação hı́bridas, como o Time Interleaved Block Windowed Burst-

OFDM (TIBWB-OFDM).

Esta dissertação desenvolve o modelo do transceptor TIBWB-OFDM através
da introdução de técnicas adequadas a um cenário de comunicações reais sem fios.
Consequentemente, os principais desafios e foco deste trabalho passaram pelo de-
senvolvimento de algoritmos de estimação de canal e sincronismo de tramas. Um
passo importante para obter uma sincronização de tramas fiável é a escolha de
preâmbulos com propriedades de correlação ótimas, como por exemplo, as sequências
de Zadoff-Chu (ZC). Os resultados experimentais mostram que aplicando algorit-
mos de correlação e um dispositivo de limiar, é possı́vel detectar perfeitamente o
ı́nicio de cada trama TIBWB-OFDM. Em simultâneo, as sequências de ZC foram
também aplicadas no contexto de estimação de canal através da aplicação de esti-
madores e algoritmos desenvolvidos baseados no OFDM.

Desta forma, esta dissertação propõe um método conjunto de estimação de
canal e sincronismo de tramas, aplicado ao TIBWB-OFDM, tomando partido das
sequências ZC amplificadas.



Palavras Chave

Correlação Cruzada, Estimação de Canal, Sincronismo de trama, Sequências de
Zadoff-Chu (ZC), Time Interleaved Block Windowed Burst Orthogonal Frequency

Division Multiplexing (TIBWB-OFDM)
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Notation Summary

Mathematical notations are listed below in the respective order:

AT conjugate-transpose matrix

A∗ complex conjugate matrix

A−1 inverse matrix

diag(A) diagonal matrix

[A]m,n the matrix element in mth row and nth column

am the mth vector

Am the mth matrix

⊙
element-wise multiplication between two matrices

ℜ real part

ℑ imaginary part

E (·) Mathematical expectation / mean value

Matrices and vectors are denoted with boldface letters. Upper letters will be used
for representing frequency domain variables and lower letters for time domain vari-
ables.
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1. Introduction

The progressive growth of mobile communications services and the challenges
leveraged by new technologies, among which the next generations of communica-
tions, namely the Fifth Generation (5G) and beyond 5G, tries to answer the necessity
to provide a wide range of user velocities, high data rates, high spectral and power
efficiency and reliability to transmit data under adverse channel conditions.

1.1 Motivation
Orthogonal Frequency Division Multiplexing (OFDM) is one of the most fa-

mous modulation techniques in the telecommunications industry. Used in the 4th

mobile generation long term evolution (LTE) and proposed as a reference tech-
nology for 5G systems [7], OFDM provides high data transmissions rates while
holding a functional low computational complexity communication system. It uses
the discrete fourier transform (DFT), a breakthrough in OFDM’s history, since this
eliminated the need for a bank of subcarrier oscillators, thus opening the way for an
easier, more useful, and efficient system implementation [8]. Unlike conventional
single-carrier (SC) techniques, where each symbol occupies the whole transmission
bandwidth, the in-built serial to parallel (S/P) conversion of this multi-carrier (MC)
scheme offers a delay spread protection, which can be extended by using a cyclic
prefix (CP) larger than the channel delay spread, avoiding inter-symbol interfer-
ence (ISI). Also, the lower data rate OFDM frequency domain subcarriers maintain
the orthogonality propriety if the spacing between them is set to the inverse sam-
pling period among consecutive subcarriers. By ensuring this, it is possible to avoid
inter-carrier interference (ICI) [5].

However, despite being a robust technique, these OFDM advantages come at the
price of limited spectral, low power efficiency and sensitivity to synchronization er-
rors. Also, the peak-to-average power ratio (PAPR) increases with the number of
used OFDM subcarriers, a non-desirable factor since it influences the power am-
plifier’s design and efficiency being the main limitation to the energy efficiency of
OFDM-based communication systems. Errors in both timing and frequency syn-
chronizations introduce additional interference to the OFDM systems which ulti-
mately degrade the performance [5]. Proper channel estimation is a key part of
any communication link which is severely affected by timing synchronization in
OFDM [9]. A wide variety of techniques have been proposed for the effective es-
timation and correction of both timing and carrier frequency errors at the OFDM
receiver.

As an alternative, hybrid modulation techniques such as the block windowed
burst orthogonal frequency division multiplexing (BWB-OFDM) [1] were devel-

2



1.2 Objectives

oped, and more recently the time interleaved block windowed burst orthogonal fre-
quency division multiplexing (TIBWB-OFDM) [2]. Methods for achieving bet-
ter bit error rate (BER) performance and increase spectral efficiency are also ex-
plored in the latter modulation technique. More specifically, the use of non-linear
equalization algorithms, such as the iterative block decision feedback equaliza-
tion (IB-DFE) [3] and exploring new block windowing techniques with windowing
time overlapping (WTO) [4]. However, the scientific research conducted so far in
the development of these hybrid models assumed that the receiver is perfectly syn-
chronized and has complete knowledge of the channel, that is, all the channel state
information (CSI) was fully known a priori, something that in a real communication
system scenario does not happen.

Channel estimation and timing and frequency synchronization are in fact, two
of the most important challenges to deal in the practical deployment on any wireless
systems since the signal that travels between the transceiver radio channel can be
highly dynamic, which corrupts the transmitted data and limits the system perfor-
mance [10]. However, as long as the receiver is able to accurately estimate these
channels modifications it is possible to recover reliable information. For that, the
most usual approach in OFDM-based systems are either inserting known pilot sym-
bols in the transmitted frame or training sequences. Still, the topic of synchroniza-
tion and channel estimation remains open in the TIBWB-OFDM systems, for which
solutions based on conventional OFDM system are not straightforward extendable.

1.2 Objectives
This dissertation aims to provide an insight of how the TIBWB-OFDM would

perform in a more realistic and practical scenario. For that, it is important to predict,
in a simulated and controlled environment, how this implementation would perform,
addressing the needs in a new assembled TIBWB-OFDM architecture: by incorpo-
rating good correlation training sequences, like the Zadoff – Chu (ZC) sequences,
on the block burst transceivers schemes for proper and reliable channel estimation
algorithms and frame synchronization in a single input single output (SISO) system.

1.3 Contributions
Using a joint channel estimation and frame synchronization through a power

amplified Zadoff-Chu (ZC) preamble sequence can offer a close output performance
comparatively to the achieved with perfect channel state information (CSI). Hence,
this dissertation offers a number of OFDM based techniques that could perform
well in the TIBWB-OFDM system, including the pilot-type allocation strategy, the

3



1. Introduction

channel estimators for a linear equalizer receiver structure or by adapting the itera-
tive block decision feedback equalization (IB-DFE) structure and frame correlators
algorithms.

This work also gives the basics for a direct possible application of the proposed
TIBWB-OFDM architecture in a practical testbed deployment, through a Matlab

code implementation target to an SDR employment.

1.4 Dissertation Outline
This dissertation’s remaining structure is organized as follows: Chapter 2 intro-

duces the background knowledge of typical wireless channels and different modu-
lation techniques, specifically for new alternative hybrid communications systems,
which will be the foundation for this work. Chapter 3 starts by addressing special
attention for coherent detection, symbol equalization, synchronization and channel
estimation techniques which are essential in the designing of a receiver. Chapter
4 presents the new proposed TIBWB-OFDM’s joint channel estimation and frame
synchronization strategy based on the use of ZC sequences, along with a set of
adapted iterative equalizers. The simulations conducted a discussion and analysis
of the obtained results are also presented in this Section. Finally, Chapter 5 con-
cludes this dissertation and presents some future work proposals.
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2. Wireless Communications

2.1 Introduction
In this chapter, an overview of all the relevant scientific knowledge required to

provide a clearer perspective of the work carried in this dissertation is given. The
reader is also provided a step-by-step progression of the different hybrid modulation
techniques necessary for the final system implementation.

2.2 Characterization of Propagation Channels
Typically, a wireless communications system consists of three parts: the trans-

mitter (Tx), receiver (Rx) and the wireless channel. As expected, the first two ele-
ments can be designed to provide a system with a better tradeoff between reliability
and efficiency. However, the wireless channel cannot be engineered, and it is char-
acterized by two kind of inevitable variations: large-scale fading, due to path loss
(P) and shadowing (S), and small-scale fading, due to the multipath fading (h) [11].

2.2.1 Large-scale fading
The simplest path-loss model corresponds to a free space propagation line of

sight (LoS) scenario. Based on the Friis transmission equation it is possible to
relate the transmitted power (Pt) and received power (Pr) between two antennas in
a LoS link separated by a distance D, where

Pr
Pt

=

(
λ

4πD

)2

G0tG0r, (2.1)

where G0t and G0r represent the transmitted and received gains respectively and
λ the wavelength of the radio carrier [12]. Therefore, by the previous (2.1), it is
possible to conclude that under free space propagation the received power from
radio signals decreases as the square of the distance between the transmitter and
receiver. Also, the shorter the carrier wavelength, λ , the higher the path loss.

The Shadowing effect (S) takes in consideration the random signal variations
caused by the presence of obstacles between the propagation path. This phenomenon
is usually modeled as a log-normal distribution and is given by:

fΩp(x) =
10

xσΩp(x)
√

2π ln10
× e
−

(10log10 x−µΩp )
2

2σ2
Ωp , (2.2)

where Ωp represents the mean-squared envelope level, µΩp the mean and σΩp

the standard deviation of the shadowing effect [11].
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2.2.2 Small-scale fading
In a real urban environment, wireless signals rarely experience from LoS prop-

agation since the presence of local scatters cause the direct radio signal between the
transceivers to be obstructed (non-LoS) causing the signals to propagate through
phenomena like reflection, diffraction or scattering resulting in a delayed received
signal with distinctive arrival paths, also referred as the delay spread [13].

In other words, the wireless system is affected by the multipath fading and
can be modeled as a linear time-varying system. Assuming that the time-varying
channel impulse response (CIR) of a wireless channel can be modeled as the super-
position of L resolvable paths or taps, then, the time-varying impulse response of
the channel can be expressed as

h(τ; t) = ∑
i

α(t)e− jθi(t)δ (τ− τi), (2.3)

where τi is the delay of the i-th path, α(t) is the corresponding complex amplitude,
and δ (τ) is the dirac impulse function [13].

2.2.3 Coherence Bandwidth and ISI effect
Another important aspect of channel modeling is its behavior when transmitting

different signals which can suffer either flat or frequency-selective fading depend-
ing on the coherence bandwidth of the wireless channel, Bc, and the respectively
transmitted signal bandwidth, B. If Bc is large in comparison with B, then we are in
a scenario where the channel fading is approximately equal across the entire signal
bandwidth, and therefore it suffers from flat fading causing the channel to experi-
ence negligible ISI. On the other hand, if Bc is small in comparison with B, then the
signal is severely distorted by the channel suffering from frequency selective fading
and experiencing significant ISI, degrading the overall system performance.

Note that, the signal bandwidth B is inversely proportional to the symbol time
Tb. So, in order to avoid the effect of ISI, it is important to guarantee a symbol rate
(where Rb = 1

Tb
) below the Nyquist rate of 2 times the signal bandwidth, i.e., B is at

least equal to Rb
2 [14].

2.3 Modulation Techniques
In wireless communications, there are two main transmission categories in dig-

ital modulation: single-carrier (SC) and multi-carrier (MC) transmission. Bearing
in mind that future telecommunication systems must support several high data rate
users, the use of conventional SC transmission systems will inevitably cause a delay
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spread much higher than the symbol duration which causes ISI. To try to suppress
this effect, a very complex receiver structure must be engineered, mainly by com-
putational expensive equalization and channel estimation algorithms to correctly
recover the transmitted data. To that end, MC modulation appeared as the solution
for solving this dilemma. The basic idea of this approach is to divide the transmitted
data into N different low rate sub-streams and send these over different sub-channels
centered at different subcarrier frequencies, causing the symbol duration to be larger
than the delay spread preventing any ISI phenomenon to happen. Therefore, in this
scenario, the wireless channel can be considered as a flat fading channel and thus
easier to be estimated and straightforward equalized [8, 14].

It should be reasonable to think that by increasing the number of subcarriers,
then the overall system should perform better because it could handle more ex-
tensive delay spreads. However, it is essential to achieve a reasonable trade-off
since having the subcarrier frequencies very close to each other originates possi-
ble interference among adjacent sub-channels, i.e., inter-carrier interference (ICI).
Additionally, it makes the synchronization process very challenging, where a slight
carrier frequency offset can cause a significant frequency mismatch between adja-
cent subcarriers [8].

So in order to avoid ICI, it is essential to add a guard interval between each
adjacent subcarrier at the expense of reducing spectral efficiency. However, the
spectrum can be improved by carefully choosing the spacing between carriers, en-
suring their orthogonality and allowing overlapping between independently sub-
channels. It was based on these concepts that orthogonal frequency division multi-
plexing (OFDM), one of the most decisive multi-carrier modulation techniques and
adopted in several communications standards, was developed.

2.4 Orthogonal Frequency Division Multiplexing
OFDM is a unique method of MC transmission, and it has become the pre-

dominant modulation technique in modern digital transmission systems such as
European digital audio broadcasting (DAB) system, European digital video broad-
casting terrestrial transmission (DVB-T) system, asymmetric digital subscriber line
(ADSL), wireless local area network (WLAN), broadband wireless access network
(BWA), worldwide interoperability for microwave access (WiMAX) systems, ultra-
wideband (UWB) systems and UMTS Long Term Evolution (LTE) [8, 13].

An OFDM system works as follows: a binary data is mapped into a selected M-

ary signal constellation. Afterward, a serial to parallel (S/P) conversion is applied to
the resulting complex numbers. It is at this stage that known mapped pilot symbols
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are appended into the OFDM signal. Then the inverse fast fourier transform (IFFT)
operation is performed, and the CP is added between every block in order to avoid
ISI. Finally, the transformed data is grouped again by a parallel to serial (P/S)
conversion resulting into the OFDM transmitted signal [8].

The baseband modulated OFDM waveform, s(t), can be expressed by N sym-
bols being transmitted by different subcarriers, that is

s(t) =
N−1

∑
k=0

Ske j2π fkt ,0≤ t ≤ Tsymb, (2.4)

where Sk denotes the transmitted complex symbol at a minimum rate of 1
Ts

and fk is
the kth carrier frequency at which Sk symbol is transmitted. Note that Ts represents
the symbol duration, so, the total OFDM block duration is given by NTs.

One of the OFDM advantages is its low complexity which results of being eas-
ily implemented in the digital domain based on the DFT and IDFT, that can be
efficiently computed by the fast fourier transform (FFT) and inverse FFT (IFFT)
algorithms, respectively. In fact, applying the FFT/IFFT reduces significantly the
complex multiplications from N2 to N

2 log2N. Also, these operations become faster
and efficient if N is a power of two [5].

Applying this concept and admitting that each kth carrier is separated by a spac-
ing frequency of 1

NTs
(to avoid ICI), the digital OFDM signal can be expressed as [6]

s [n] =
N−1

∑
k=0

Ske
j2πnk

N ,n = 0, ...,N−1. (2.5)

Between the transmitter and receiver, the OFDM signal goes through a hos-
tile wireless channel, being typically corrupted by additive white gaussian noise
(AWGN), and subjected to fading due to multipath propagation effects. Therefore
the received analog signal is converted to the digital domain, and then the synchro-
nization tasks are executed, i.e., both carrier frequency and timing synchronization.
After performing the S/P conversion the next steps are to demodulate the OFDM
signal using the FFT operation and perform channel estimation and equalization,
through the pilot symbols. Finally, another P/S conversion is executed and the com-
plex received data are obtained through demapping by the same M-ary signal con-
stellation, hence, recovering the original transmitted bit stream.

2.4.1 Drawbacks of OFDM modulation
Nevertheless, OFDM retains several disadvantages. This MC technique is ex-

tremely sensible to frequency and timing synchronization errors where any fre-
quency offset, ∆ f , ruins the orthogonality between OFDM subcarriers, causing ICI.
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Therefore, both the transmitter and receiver must retain the same frequency of ref-
erence. The main reason for frequency synchronization errors are caused by either
the mismatched between the local oscillators (LO) from both ends of the transceiver
system or relative motion between the transmitter and receiver, which in turn also
causes Doppler spread [8].

The need of a Guard Interval (either a CP or ZP) comes with the cost in a loss
of spectral efficiency. When the CP is implemented we typically call the system as
CP-OFDM that has a total signal length of NCP OFDM = NCP +N. The term NCP

constitutes the CP size and must be higher than the channel delay spread in order to
avoid ISI, Hence, we can typically say that OFDM suffers from a CP overhead that
damages the system power efficiency [7].

An OFDM symbol, represented in (2.5), is windowed by a time domain rectan-
gular window, w [n], and can be denoted by

s [n] =
N−1

∑
k=0

Skw [n]e
j2πkn

N ,n = 0, ...,N−1. (2.6)

This window configuration is equivalent, in the frequency domain, to a sinc

waveform. Therefore, the OFDM block embodies the superposition sum of N
shifted sinc shaped spectrums, each centered at a different subcarrier frequency fk.
The main disadvantage of this windowing technique is its theoretical infinite band-
width that causes a high out of band (OOB) emission. Hence, these lateral spectral
side lobes can cause interference in the neighbour symbols spectrum, affecting the
overall system spectral efficiency.

Another challenge that OFDM systems features is the non-constant envelope
with high peaks, resulting in a high PAPR. The PAPR of a continuous-time signal,
x(t), is the ratio between the maximum signal’s instantaneous power to its average
power [6], that is,

PAPR =
max |x(t)|2

E
{
|x(t)|2

} ⇔ 10log10

(
max [x(t)x∗ (t)]
E [x(t)x∗ (t)]

)
[dB] . (2.7)

Such high peaks will deliver signal excursions into the nonlinear region of op-
eration of the transmitter’s power amplifier, thereby leading to nonlinear distortions
and spectral spreading. Also, the PAPR is affected proportionally with the increase
of the numbers of OFDM subcarriers. Therefore, the power amplifiers must ac-
commodate a large dynamic range to perform in the linear operation region, and
be operated with some amount of back-off at amplifier’s input which considerably
decreases its efficiency [6, 15].
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2.5 Hybrid Multicarrier Transmission Techniques
The OFDM high levels of radiation outside the channel band cause ICI, since

the typical rectangular window applied exhibits a sinc wave spectrum that contains
elevated lateral lobes.

To tackle this main OFDM’s drawback, a hybrid transceiver system, denoted
by BWB-OFDM [1, 2], was proposed. Its primary motivation is to achieve a more
efficient spectral confinement while also continuing to guarantee the low complexity
architecture of conventional OFDM schemes.

2.5.1 BWB-OFDM
A most efficient spectral confinement can be ensured by windowing each OFDM

symbol in the time domain where this is cyclically extended and then multiplied by
a square root raised cosine (SRRC) window [16] defined as

hSRRC[n] =





1 , |n| ≤ N
2 (1−β )

cos( π

4β
[2n

N − (1−β )]) , N
2 (1−β )≤ |n| ≤ N

2 (1+β ).

0 , |n| ≥ N
2 (1+β )

(2.8)

where β is the window roll-off, with β = 0 corresponding to the rectangular win-
dow. The previously defined SRRC window guarantees an attenuation of the sec-
ondary lobes, the higher the value of β , therefore allowing a more spectral effi-
ciency.

It is possible to see the OFDM power spectral density (PSD) differences between
the two windowing techniques in the following Figure:

Figure 2.1: Signal PSD of windowed OFDM with a time-domain SRRC window as
a function of the roll-off [1, 2]. (Note: the frequency axis is normalized by 2

Ts
.)

The building process of a BWB-OFDM symbol, presented in Figure 2.2, con-
sists into packing together a set of Ns conventional OFDM symbols, sn,i with i =
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1, ...,Ns , wherein in each one of them is applied the previously described window-
ing operation, i.e, a cyclic extension and a Hadamard multiplication in the time
domain by a SRRC window. Mathematically, the windowing process can be repre-
sented by the following expression

sw,i = [sn,i|sn,i](1×2N)�hSRRC(1×2N)
. (2.9)

Additionally, in the BWB-OFDM technique, the CP between each OFDM sym-
bol is discarded, and only one guard interval, zero-pad (ZP), is applied to the set of
Ns consecutive OFDM symbols, sw,i, with the BWB-OFDM symbol being defined
as

xn = [sB|0(1×Nzp)](1×Nx), (2.10)

with
sB = [sw,1|sw,2|...|sw,Ns](1×NB), (2.11)

where NB = Ns×N(1+β ).

Figure 2.2: BWB-OFDM transmitter scheme model [1, 2].

The BWB-OFDM block unformatting process, illustrated in figure 2.3, begins
with a frequency domain equalization (FDE) treating the received signal, yn, as a
single carrier block. After this process, the estimated signal X̂k is converted to the
time domain, and the guard interval (ZP) is removed. Then, the matched filtering is
performed, where in order to avoid ICI, the SRRC window must be identical in the
different stages of the transceiver scheme. Therefore, the estimated ŝw, i symbols
are expressed by

ŝw,i = x̂n,i(1×2N)�hSRRC(1×2N). (2.12)

Finally, the symbols are converted to the frequency domain, employing the DFT
operation, i.e., Ŝw, i = DFT{ŝw, i}, and then demodulation, channel decoding, de-
mapping, and bit-deinterleaving operations are performed.
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Figure 2.3: BWB-OFDM receiver scheme model [1].

The use of the windowing technique and a sole ZP per group of Ns OFDM block
allow us to conclude that the BWB-OFDM allows a more efficient spectral con-
finement while keeping high data transmission rates and the orthogonality between
OFDM subcarriers. However, as represented in figure 2.4, these systems feature the
same drawbacks of the OFDM scheme regarding deep fade regions in a frequency
selective channel, namely when a set of subcarriers lay inside a deep fading region,
causing in a complete loss of information.

Figure 2.4: Illustration of a BWB-OFDM signal spectrum composed by 3 OFDM
symbols [2].

Hence, the recovering process of the transmitted signal is too complex, and
consequently, the overall system performance suffers from degradation.

For that purpose, a new burst technique based on BWB-OFDM, denominated
as TIBWB-OFDM, was developed to deal against the dispersive channel effects on
transmitted data.
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2.5.2 TIBWB-OFDM
The TIBWB-OFDM [2, 3] is also considered as a hybrid modulation technique

since the receiver is practically identical to the BWB-OFDM receiver in terms of
equalization of the received signal. As shown in Figure 2.5, the most straightfor-
ward approach to preserve all data destroyed by the deep fading effect is to replicate
the information over the entire channel bandwidth assigned.

Figure 2.5: Illustration of a TIBWB-OFDM signal spectrum composed by 3 OFDM
symbols [2].

The described procedure resembles to perform a time-interleave operation be-
tween the samples of the corresponding BWB-OFDM symbol.

Like the BWB-OFDM modulation, the TIBWB-OFDM transmitter scheme, rep-
resented in Figure 2.6, is composed by a set of Ns OFDM symbols, sn, i, which suffer
a time-domain windowing according to (2.12) and are packed together as in (2.11).

After the time domain juxtaposition of the windowed OFDM symbols it is per-
formed the interleaving operation with the resulting interleaved block vector being
given by:

sπ = swΠ
(Ns), (2.13)

where Π(Ns) represents the time-interleave matrix with period Ns and size [Nsymb×
Nsymb]. This is a matrix where the c column has a single 1 at line,

⌊
c

Ns

⌋
+(cNsymb mod NsymbNs), (2.14)

being 0 otherwise.

Finally, a ZP vector is added at the end of each TIBWB-OFDM block. In order
to avoid any ISI, the null vector length, Nzp, must be greater than the channel prop-
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agation delay. Therefore, the obtained transmitted mega-block, xn, is represented
as:

xn = [sπ |0(1×Nzp)]1×Nx , (2.15)

with vector x length of Nx = Nzp +Ns×NSymb [4].

Figure 2.6: Transmitter scheme of TIBWB-OFDM modulation [3].

The TIBWB-OFDM receiver key task is to perform equalization and unformat
the received mega-block. The latter operation is established by executing the op-
posite of the transmitter scheme. That is, perform the block time-deinterleaving,
matched filtering, demodulation, and channel decoding. The receiver design is rep-
resented in Figure 2.7.

The received signal is converted to the frequency domain through an Nx sized
DFT operation, resulting in Yk = DFT{yn}, with k = 0,1, ...,Nx− 1. Assuming
that the use of ZP eliminates total ISI, linear FDE can be executed by means of
several equalization algorithms. These algorithms are explored with more detail
in Section 3.2. After equalization, the frequency domain estimated signal, X̂k, with
k = 0,1, ...,Nx−1, is converted by a Nx sized IFFT to the time domain and the guard
interval (ZP) is removed. The equalized TIBWB-OFDM block is then and, after, it
is splitted into its component windowed OFDM blocks. Each of these is matched
filtered by employing the same SRRC window used upon transmission. For that, it
is important to add a number of zeros so that the total length is equal to 2N [2]. The
windowing process, is similar to the one in 2.12 and follows

ŝw,i = x̂w,i(1×2N)�hSRRC(1×2N). (2.16)

To obtain an estimation of the original transmitted symbol, Sk, the estimated pre-
vious sub-symbols, ŝw,i, are converted back to the frequency domain by a 2N size
FFT and downsampled by 2, resulting in

Ŝk,i[n] = Ŝw,i[2n](1×2N). (2.17)

At last, it is applied the bit-deinterleaving, de-mapping and channel decoding op-
erations on each Ŝk,i symbols to obtain the final estimated sequence, denoted as b̂
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in Figure 2.7. As previously stated, the receiver executes linear frequency domain

Figure 2.7: Receiver scheme of TIBWB-OFDM modulation [3].

equalizers, where although feature low complexity, can perform with a satisfactory
performance. However, the performance is far from the matched filter bound (MFB)
so the alternative approach arrives by adopting nonlinear schemes such as decision
feedback equalizers in the original TIBWB-OFDM modulation scheme [17]. A
promising equalization scheme, capable of performing close to the MFB in rich
multipath propagation channels, is the IB-DFE [17, 18]. In the following Section
this concept is explored to perform the equalization operation.

2.5.3 TIBWB-OFDM with IB-DFE receiver
The IB-DFE equalizer, depicted in Figure 2.8, is particularly suited for block-

based single-carrier type transmissions. This scheme can deal with ISI or inter-
block interference (IBI), due to the multipath time-dispersive [3] effects, by means
of two important filter: the feedforward filter (FF filter) (Fl

k) and the feedback
filter (FB filter) (Bl

k). The first filter acts like a conventional FDE, where it aims to
decrease the precursors created by the wireless channel. The second one attempts
to cancel the remaining ISI or IBI through information from previous precursors.

So, the equalizer processes the received signal, Yk, where performs at each l
iteration an equalized TIBWB-OFDM symbol, i.e., X̃k(l) = {X̃k(l) : k = 0, ...,Nx−
1} with

X̃ (l)
k = F(l)

k Yk−B(l)
k X̂ (l−1)

k , (2.18)

where X̂(l−1)
k denotes the frequency domain signal estimated at the previous itera-

tion, by either performing a hard or soft FB filter decision of x̂(l−1)
n [3].

The optimal FF filter and FB filter filter coefficients are, respectively, given by

F l
k =

κH∗k
1
γ
+
(

1− (ρ l−1
blk )2

)
|Hk|2

, (2.19)

and
Bl

k = ρ
l−1
blk

(
F l

k Hk−1
)
, (2.20)
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Figure 2.8: TIBWB-OFDM modulation scheme with IB-DFE receiver [3].

where κ denotes a normalized constant chosen to guarantee that 1
N ∑

N−1
k=0 F l

k Hk = 1
and γ is the signal-to-noise ratio (SNR). Also, ρblk represents the correlation factor
and is the key parameter for a reliable IB-DFE operation and a accurate system
performance [19]. It can be represented as

ρ
l−1
blk =

E
[
x̂l−1

n xn
]

E [|xn|2]︸ ︷︷ ︸
time domain

=

frequency domain︷ ︸︸ ︷
E
[
X̂ l−1

k Xk

]

E [|Xk|2]
(2.21)

A typical good approximation of (2.21) can be computed by replacing the trans-
mitted TIBWB-OFDM signal term with the output FF filter signal, x̃l−1

n , resulting
in

ρ
l−1
blk =

E
[
x̂l−1

n x̃l−1
n
]

E
[
|x̃l−1

n |2
] (2.22)

It is possible to conclude, that in the first IB-DFE iteration, the ρblk factor is zero.
So, it can be classified as a simple linear equalizer since the FB filter has also null
coefficients and the FF filter is similar to the minimum mean square error (MMSE)
equalizer, explained with more detailed in Section 3.2.

In terms of the IB-DFE remains explaining how the device decision works. Its
purpose is to provide the best block estimation in order to guarantee a good measure
of the block reliability and is divided in two categories: the hard or soft estimation
[3].

The most simple method is to perform a hard computation. It is based on the
minimum distance criteria, where the decision belongs to the closer distance be-
tween the estimated symbol and the constellation symbol. However, under a soft

decision computation, the IB-DFE accuracy is widely improved and hence the over-
all system performance since each bit-wise decision is computed by a log-likehood
probability algorithm instead of taking always a ”fixed” decision.
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It is logic to think that the decision device accuracy levels in data estimation
affect the correlation factor and, therefore, the overall system performance, so it is
an important topic to explore. Also, the addition of channel coding in the IB-DFE
loop can improve even more the equalization process [3].

2.5.3.A IB-DFE receiver with soft device decisions
Improving the IB-DFE performance is achieved by implementing a symbol by

symbol estimation, S̃ki , instead of a blockwise average. Consider, as an example, the
scenario where each OFDM subcarrier is modulated using a quadrature phase shift
keying (QPSK) constellation with Gray mapping, that maps each x of bits (b0,b1) to
the constellation symbol, Ski = β0+ jβ1 =±1± j, with βi = (−1)bi being the polar
representation of bit bi. So the log-likelihood ratio (LLR) information, referenced
to the received S̃ki symbol, is given by [3]

λ
b0
ki

= log

(
Prob

{
b0 = 0|S̃ki

}

Prob{b0 = 1|S̃ki}

)
=

4ℜ
{

S̃ki

}

σ2
η

, (2.23)

and

λ
b1
ki

= log

(
Prob

{
b1 = 0|S̃ki

}

Prob
{

b1 = 1|S̃ki

}
)

=
4ℑ
{

S̃ki

}

σ2
η

, (2.24)

where σ2
η constitutes the variance of the complex noise plus residual interference

at the FF filter output. The average bit values resulting from soft demodulation,
caused by the LLR values, are represented by

β̄0 = Prob{b0 = 0}−Prob{b0 = 1}= tanh

(
λ

b0
ki

2

)
, (2.25)

and

β̄1 = Prob{b1 = 0}−Prob{b1 = 1}= tanh

(
λ

b1
ki

2

)
, (2.26)

where the reliability of the average bits of these are, respectively, given by

ρ
b0
ki

= |β̄0|= tanh

(
|λ b0

ki
|

2

)
, (2.27)

and

ρ
b1
ki

= |β̄1|= tanh

(
|λ b1

ki
|

2

)
. (2.28)

Therefore, the block-wise soft reliability factor, ρ̃blk, is computed as

ρ̃blk =
1
2

Ns

∑
i=1

N−1

∑
k=0

(
ρ

b0
ki
+ρ

b1
ki

)
. (2.29)
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The computation of σ2
η , to use in (2.23) and (2.24), is a complex process for

the TIBWB-OFDM scenario. In this case, the variance term is estimated in the first
IB-DFE iteration, by performing a kind of average on the signal to noise ratio, γ ,
along the signal bandwidth [3]. Therefore, σ2

η can be computed as

σ
2
η =

εs

Nx

Nx−1

∑
k=0

1
1+ γ|Hk|2

, (2.30)

where εs is the power transmitted per modulated symbol, which in the QPSK mod-
ulation scenario, εs = 2.

2.5.4 TIBWB-OFDM with WTO
As previously explained, although all the advantages presented in the conven-

tional TIBWB-OFDM modulation, relatively to the traditional CP-OFDM scheme,
there is still some limitation imposed by the size of the window roll-off. Increasing
the β factor causes better spectral confinement. However, the TIBWB-OFDM block
length, equal to Nblock = Ns×N (1+β ), also increases. This causes the symbol
transmission rate to decrease and therefore limits the spectral efficiency gains [4].
In [4], it is addressed the overall average power reduction due to the windowing op-
eration, which increases the transmitted signal PAPR of the TIBWB-OFDM sym-
bol.

To address both these problems an alternative TIBWB-OFDM packing method
called TIBWB-OFDM with windowing time overlapping (TIBWB-OFDM WTO)
[4], was proposed based on the premise of allowing partial overlapping windowing
symbols. As shown in Figure 2.9, this packing method follows the SRRC window-
ing procedure, previously addressed in (2.2), and precedes the time-interleaving
operation.

IFFTN

……

IFFTN

……

IFFTN

……
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<latexit sha1_base64="UV8KtF1P3NURJCA5lMCxYFiToBo=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoMeCF48V7Ae0oWy2m3bpZhN3J4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389oRrI2L1iNOE+xEdKhEKRtFKftYLQmLyfqYuvbxfqbo1dw6ySryCVKFAo1/56g1ilkZcIZPUmK7nJuhnVKNgkuflXmp4QtmYDnnXUkUjbvxsfnROzq0yIGGsbSkkc/X3REYjY6ZRYDsjiiOz7M3E/7xuiuGtnwmVpMgVWywKU0kwJrMEyEBozlBOLaFMC3srYSOqKUObU9mG4C2/vEpaVzXPrXkP19W6W8RRglM4gwvw4AbqcA8NaAKDJ3iGV3hzJs6L8+58LFrXnGLmBP7A+fwBUT2Ruw==</latexit><latexit sha1_base64="UV8KtF1P3NURJCA5lMCxYFiToBo=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoMeCF48V7Ae0oWy2m3bpZhN3J4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389oRrI2L1iNOE+xEdKhEKRtFKftYLQmLyfqYuvbxfqbo1dw6ySryCVKFAo1/56g1ilkZcIZPUmK7nJuhnVKNgkuflXmp4QtmYDnnXUkUjbvxsfnROzq0yIGGsbSkkc/X3REYjY6ZRYDsjiiOz7M3E/7xuiuGtnwmVpMgVWywKU0kwJrMEyEBozlBOLaFMC3srYSOqKUObU9mG4C2/vEpaVzXPrXkP19W6W8RRglM4gwvw4AbqcA8NaAKDJ3iGV3hzJs6L8+58LFrXnGLmBP7A+fwBUT2Ruw==</latexit><latexit sha1_base64="UV8KtF1P3NURJCA5lMCxYFiToBo=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoMeCF48V7Ae0oWy2m3bpZhN3J4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389oRrI2L1iNOE+xEdKhEKRtFKftYLQmLyfqYuvbxfqbo1dw6ySryCVKFAo1/56g1ilkZcIZPUmK7nJuhnVKNgkuflXmp4QtmYDnnXUkUjbvxsfnROzq0yIGGsbSkkc/X3REYjY6ZRYDsjiiOz7M3E/7xuiuGtnwmVpMgVWywKU0kwJrMEyEBozlBOLaFMC3srYSOqKUObU9mG4C2/vEpaVzXPrXkP19W6W8RRglM4gwvw4AbqcA8NaAKDJ3iGV3hzJs6L8+58LFrXnGLmBP7A+fwBUT2Ruw==</latexit><latexit sha1_base64="UV8KtF1P3NURJCA5lMCxYFiToBo=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoMeCF48V7Ae0oWy2m3bpZhN3J4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389oRrI2L1iNOE+xEdKhEKRtFKftYLQmLyfqYuvbxfqbo1dw6ySryCVKFAo1/56g1ilkZcIZPUmK7nJuhnVKNgkuflXmp4QtmYDnnXUkUjbvxsfnROzq0yIGGsbSkkc/X3REYjY6ZRYDsjiiOz7M3E/7xuiuGtnwmVpMgVWywKU0kwJrMEyEBozlBOLaFMC3srYSOqKUObU9mG4C2/vEpaVzXPrXkP19W6W8RRglM4gwvw4AbqcA8NaAKDJ3iGV3hzJs6L8+58LFrXnGLmBP7A+fwBUT2Ruw==</latexit>

sn,2
<latexit sha1_base64="NuXdrruwayyOZd3Iow81m6DOlwM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCHosePFYwX5AG8pmu2mXbjZxd1Ioob/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7utydcGxGrR5wm3I/oUIlQMIpW8rNeEBIz62fqqjbrlytu1V2ArBMvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOSzUi81PKFsTIe8a6miETd+tjh6Ri6sMiBhrG0pJAv190RGI2OmUWA7I4ojs+rNxf+8borhrZ8JlaTIFVsuClNJMCbzBMhAaM5QTi2hTAt7K2EjqilDm1PJhuCtvrxOWrWq51a9h+tK3c3jKMIZnMMleHADdbiHBjSBwRM8wyu8ORPnxXl3PpatBSefOYU/cD5/AFLCkbw=</latexit><latexit sha1_base64="NuXdrruwayyOZd3Iow81m6DOlwM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCHosePFYwX5AG8pmu2mXbjZxd1Ioob/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7utydcGxGrR5wm3I/oUIlQMIpW8rNeEBIz62fqqjbrlytu1V2ArBMvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOSzUi81PKFsTIe8a6miETd+tjh6Ri6sMiBhrG0pJAv190RGI2OmUWA7I4ojs+rNxf+8borhrZ8JlaTIFVsuClNJMCbzBMhAaM5QTi2hTAt7K2EjqilDm1PJhuCtvrxOWrWq51a9h+tK3c3jKMIZnMMleHADdbiHBjSBwRM8wyu8ORPnxXl3PpatBSefOYU/cD5/AFLCkbw=</latexit><latexit sha1_base64="NuXdrruwayyOZd3Iow81m6DOlwM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCHosePFYwX5AG8pmu2mXbjZxd1Ioob/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7utydcGxGrR5wm3I/oUIlQMIpW8rNeEBIz62fqqjbrlytu1V2ArBMvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOSzUi81PKFsTIe8a6miETd+tjh6Ri6sMiBhrG0pJAv190RGI2OmUWA7I4ojs+rNxf+8borhrZ8JlaTIFVsuClNJMCbzBMhAaM5QTi2hTAt7K2EjqilDm1PJhuCtvrxOWrWq51a9h+tK3c3jKMIZnMMleHADdbiHBjSBwRM8wyu8ORPnxXl3PpatBSefOYU/cD5/AFLCkbw=</latexit><latexit sha1_base64="NuXdrruwayyOZd3Iow81m6DOlwM=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCHosePFYwX5AG8pmu2mXbjZxd1Ioob/DiwdFvPpjvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnLROnmvEmi2WsOwE1XArFmyhQ8k6iOY0CydvB+G7utydcGxGrR5wm3I/oUIlQMIpW8rNeEBIz62fqqjbrlytu1V2ArBMvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOSzUi81PKFsTIe8a6miETd+tjh6Ri6sMiBhrG0pJAv190RGI2OmUWA7I4ojs+rNxf+8borhrZ8JlaTIFVsuClNJMCbzBMhAaM5QTi2hTAt7K2EjqilDm1PJhuCtvrxOWrWq51a9h+tK3c3jKMIZnMMleHADdbiHBjSBwRM8wyu8ORPnxXl3PpatBSefOYU/cD5/AFLCkbw=</latexit>

sn,Ns
<latexit sha1_base64="JnaBlBsr7+ha86d4VJ3HmXdKbW4=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAILqRkRNBlwY0rqWAf0A5DJs20oZnMkGSEOvRL3LhQxK2f4s6/MW1noa0HLvdwzr3k5oSp4Npg/O2U1tY3NrfK25Wd3b39qntw2NZJpihr0UQkqhsSzQSXrGW4EaybKkbiULBOOL6Z+Z1HpjRP5IOZpMyPyVDyiFNirBS41bwfRkhPg1ye3wW2uzVcx3OgVeIVpAYFmoH71R8kNIuZNFQQrXseTo2fE2U4FWxa6WeapYSOyZD1LJUkZtrP54dP0alVBihKlC1p0Fz9vZGTWOtJHNrJmJiRXvZm4n9eLzPRtZ9zmWaGSbp4KMoEMgmapYAGXDFqxMQSQhW3tyI6IopQY7Oq2BC85S+vkvZF3cN17/6y1sBFHGU4hhM4Aw+uoAG30IQWUMjgGV7hzXlyXpx352MxWnKKnSP4A+fzB4d2ku8=</latexit><latexit sha1_base64="JnaBlBsr7+ha86d4VJ3HmXdKbW4=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAILqRkRNBlwY0rqWAf0A5DJs20oZnMkGSEOvRL3LhQxK2f4s6/MW1noa0HLvdwzr3k5oSp4Npg/O2U1tY3NrfK25Wd3b39qntw2NZJpihr0UQkqhsSzQSXrGW4EaybKkbiULBOOL6Z+Z1HpjRP5IOZpMyPyVDyiFNirBS41bwfRkhPg1ye3wW2uzVcx3OgVeIVpAYFmoH71R8kNIuZNFQQrXseTo2fE2U4FWxa6WeapYSOyZD1LJUkZtrP54dP0alVBihKlC1p0Fz9vZGTWOtJHNrJmJiRXvZm4n9eLzPRtZ9zmWaGSbp4KMoEMgmapYAGXDFqxMQSQhW3tyI6IopQY7Oq2BC85S+vkvZF3cN17/6y1sBFHGU4hhM4Aw+uoAG30IQWUMjgGV7hzXlyXpx352MxWnKKnSP4A+fzB4d2ku8=</latexit><latexit sha1_base64="JnaBlBsr7+ha86d4VJ3HmXdKbW4=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAILqRkRNBlwY0rqWAf0A5DJs20oZnMkGSEOvRL3LhQxK2f4s6/MW1noa0HLvdwzr3k5oSp4Npg/O2U1tY3NrfK25Wd3b39qntw2NZJpihr0UQkqhsSzQSXrGW4EaybKkbiULBOOL6Z+Z1HpjRP5IOZpMyPyVDyiFNirBS41bwfRkhPg1ye3wW2uzVcx3OgVeIVpAYFmoH71R8kNIuZNFQQrXseTo2fE2U4FWxa6WeapYSOyZD1LJUkZtrP54dP0alVBihKlC1p0Fz9vZGTWOtJHNrJmJiRXvZm4n9eLzPRtZ9zmWaGSbp4KMoEMgmapYAGXDFqxMQSQhW3tyI6IopQY7Oq2BC85S+vkvZF3cN17/6y1sBFHGU4hhM4Aw+uoAG30IQWUMjgGV7hzXlyXpx352MxWnKKnSP4A+fzB4d2ku8=</latexit><latexit sha1_base64="JnaBlBsr7+ha86d4VJ3HmXdKbW4=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAILqRkRNBlwY0rqWAf0A5DJs20oZnMkGSEOvRL3LhQxK2f4s6/MW1noa0HLvdwzr3k5oSp4Npg/O2U1tY3NrfK25Wd3b39qntw2NZJpihr0UQkqhsSzQSXrGW4EaybKkbiULBOOL6Z+Z1HpjRP5IOZpMyPyVDyiFNirBS41bwfRkhPg1ye3wW2uzVcx3OgVeIVpAYFmoH71R8kNIuZNFQQrXseTo2fE2U4FWxa6WeapYSOyZD1LJUkZtrP54dP0alVBihKlC1p0Fz9vZGTWOtJHNrJmJiRXvZm4n9eLzPRtZ9zmWaGSbp4KMoEMgmapYAGXDFqxMQSQhW3tyI6IopQY7Oq2BC85S+vkvZF3cN17/6y1sBFHGU4hhM4Aw+uoAG30IQWUMjgGV7hzXlyXpx352MxWnKKnSP4A+fzB4d2ku8=</latexit>
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Figure 2.9: TIBWB-OFDM WTO modulation transceiver scheme [4].

Instead of juxtaposing the windowed OFDM symbols to each other, as in (2.11),
the new TIBWB-OFDM with WTO partial overlappes the tails of the windowed
OFDM symbols. Mathematically, the new packing method can be represented as

swo [n] =
Ns

∑
i=1

swi [n−(i−1)Nl] and N≤Nl≤Nsymb, (2.31)
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where Nl represents each block first overlapped sample. (2.31) can also be ex-
pressed as a vector shape matrix by

swo = swGo, (2.32)

where Go is a rectangular matrix that group OFDM component blocks with over-
lapping. A more clarifying matrix structure of Go is shown in Figure 2.10. Note
that INsymb represents the Nsymb by Nsymb dimensional identity matrix.

INsymb
<latexit sha1_base64="2MJzp61sVvxf6C45WC0eLc7o1BI=">AAACA3icbVDLSsNAFJ34rPUVdaebwVLoqiQq6LLgRjdSwT6gCWEynbRDJw9mbsQSAm78FTcuFHHrT7jzb0zSLLT1wMDhnLncc48bCa7AML61peWV1bX1ykZ1c2t7Z1ff2++qMJaUdWgoQtl3iWKCB6wDHATrR5IR3xWs504uc793z6TiYXAH04jZPhkF3OOUQCY5+qHlExi7bnKdOsmNYwF7gERNfTdNHb1mNI0CeJGYJamhEm1H/7KGIY19FgAVRKmBaURgJ0QCp4KlVStWLCJ0QkZskNGA+EzZSXFDiuuZMsReKLMXAC7U3xMJ8VWRC9fzxGrey8X/vEEM3oWd8CCKgQV0tsiLBYYQ54XgIZeMgphmhFDJs6yYjokkFLLaqlkJ5vzJi6R70jRPm8btWa3VKOuooCN0jBrIROeoha5QG3UQRY/oGb2iN+1Je9HetY/Z1yWtnDlAf6B9/gBD/Zh6</latexit>

INsymb
<latexit sha1_base64="2MJzp61sVvxf6C45WC0eLc7o1BI=">AAACA3icbVDLSsNAFJ34rPUVdaebwVLoqiQq6LLgRjdSwT6gCWEynbRDJw9mbsQSAm78FTcuFHHrT7jzb0zSLLT1wMDhnLncc48bCa7AML61peWV1bX1ykZ1c2t7Z1ff2++qMJaUdWgoQtl3iWKCB6wDHATrR5IR3xWs504uc793z6TiYXAH04jZPhkF3OOUQCY5+qHlExi7bnKdOsmNYwF7gERNfTdNHb1mNI0CeJGYJamhEm1H/7KGIY19FgAVRKmBaURgJ0QCp4KlVStWLCJ0QkZskNGA+EzZSXFDiuuZMsReKLMXAC7U3xMJ8VWRC9fzxGrey8X/vEEM3oWd8CCKgQV0tsiLBYYQ54XgIZeMgphmhFDJs6yYjokkFLLaqlkJ5vzJi6R70jRPm8btWa3VKOuooCN0jBrIROeoha5QG3UQRY/oGb2iN+1Je9HetY/Z1yWtnDlAf6B9/gBD/Zh6</latexit>

Nsymb
<latexit sha1_base64="6fadYi+7hMycn2bbBtlDeSrbIGk=">AAAB9HicbVDLSsNAFJ34rPVVdelmsBZclUQFXRbcuJIK9gFtKJPpTTt0MokzN8US+h1uXCji1o9x59+Ypllo64ELh3PuZc4cL5LCoG1/Wyura+sbm4Wt4vbO7t5+6eCwacJYc2jwUIa67TEDUihooEAJ7UgDCzwJLW90M/NbY9BGhOoBJxG4ARso4QvOMJXcu14X4QkTMwm8aa9Utqt2BrpMnJyUSY56r/TV7Yc8DkAhl8yYjmNH6CZMo+ASpsVubCBifMQG0EmpYgEYN8lCT2klVfrUD3U6Cmmm/r5IWGCyWLQSMByaRW8m/ud1YvSv3USoKEZQfP6QH0uKIZ01QPtCA0c5SQnjWqRZKR8yzTimPRXTEpzFLy+T5nnVuaja95fl2mleR4EckxNyRhxyRWrkltRJg3DySJ7JK3mzxtaL9W59zFdXrPzmiPyB9fkDWraSYQ==</latexit>

Ns(⇥)
<latexit sha1_base64="MtaGey95eteXRxlUFg9TIByOrHE=">AAAB83icbVBNS8NAEJ34WetX1aOXxSrUS0lU0GPBiyepYD+gCWWz3bRLN5uwOxFK6d/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwlQKg6777aysrq1vbBa2its7u3v7pYPDpkkyzXiDJTLR7ZAaLoXiDRQoeTvVnMah5K1weDv1W09cG5GoRxylPIhpX4lIMIpW8u+7hlR8FDE3591S2a26M5Bl4uWkDDnq3dKX30tYFnOFTFJjOp6bYjCmGgWTfFL0M8NTyoa0zzuWKmq3BOPZzRNyZpUeiRJtSyGZqb8nxjQ2ZhSHtjOmODCL3lT8z+tkGN0EY6HSDLli80VRJgkmZBoA6QnNGcqRJZRpYW8lbEA1ZWhjKtoQvMWXl0nzoupdVt2Hq3LtNI+jAMdwAhXw4BpqcAd1aACDFJ7hFd6czHlx3p2PeeuKk88cwR84nz/7I5Dl</latexit>

Go =
<latexit sha1_base64="gCFUCBnjnI6Hg3VrtK3cv8y2eic=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REBb0IBQ96rGA/IC1ls920SzfZsDsRSujP8OJBEa/+Gm/+G7dtDtr6YODx3gwz84JECoOu++0UVlbX1jeKm6Wt7Z3dvfL+QdOoVDPeYEoq3Q6o4VLEvIECJW8nmtMokLwVjG6nfuuJayNU/IjjhHcjOohFKBhFK/lZJwjJXU9NyE2vXHGr7gxkmXg5qUCOeq/81ekrlkY8RiapMb7nJtjNqEbBJJ+UOqnhCWUjOuC+pTGNuOlms5Mn5MQqfRIqbStGMlN/T2Q0MmYcBbYzojg0i95U/M/zUwyvu5mIkxR5zOaLwlQSVGT6P+kLzRnKsSWUaWFvJWxINWVoUyrZELzFl5dJ87zqXVTdh8tK7SyPowhHcAyn4MEV1OAe6tAABgqe4RXeHHRenHfnY95acPKZQ/gD5/MHQ7KQgg==</latexit>

(NsNsymb)
<latexit sha1_base64="Pr0Z2UPkotqsY5T7s3EXW/2fKD8=">AAAB/HicbVC7SgNBFL0bXzG+VlNqMRgEbcKuFgo2ARsbYwSjYrIss7OTZMjsg5m7Yljir9hYKGLrh9hZ+StOEgtfBy4czrmXOXOCVAqNjvNuFaamZ2bnivOlhcWl5RV7de1CJ5livMkSmairgGouRcybKFDyq1RxGgWSXwb9o5F/ecOVFkl8joOUexHtxqIjGEUj+XZ5u+5rUvfbyG8x14MoGO74dsWpOmOQv8T9IpUanJx+HIbXDd9+a4cJyyIeI5NU65brpOjlVKFgkg9L7UzzlLI+7fKWoTGNuPbycfgh2TJKSDqJMhMjGavfL3Ia6XEushVR7Onf3kj8z2tl2DnwchGnGfKYTR7qZJJgQkZNkFAozlAODKFMCZOVsB5VlKHpq2RKcH9/+S+52K26e1XnzLSxARMUYR02YRtc2IcaHEMDmsBgAPfwCE/WnfVgPVsvk9WC9XVThh+wXj8ByxaXBw==</latexit>

⇥(Nl(Ns�1)+Nsymb)
<latexit sha1_base64="XTP2+M/+bzylWc6yxZE/VftzKqk=">AAACDXicbVC7SgNBFL0bXzG+opZaDD7AIIZdLRRsAjY2xghGxSQss5NJMmT2wcxdMSz7Azb+io2FIrb2dlb+ipNH4evAhcM5c5lzjxdJodG2P6zM2PjE5FR2OjczOze/kF9cutBhrBivslCG6sqjmksR8CoKlPwqUpz6nuSXXveo71/ecKVFGJxjL+INn7YD0RKMopHc/EYdhc/1VtmVZnSykzqFZDstu3Xkt5jonu+lBTe/bhftAchf4ozIeglOTj8Pm9cVN/9eb4Ys9nmATFKta44dYSOhCgWTPM3VY80jyrq0zWuGBtREaCSDa1KyaZQmaYXKTIBkoH7fSKivB7nIpk+xo397ffE/rxZj66CRiCCKkQds+FErlgRD0q+GNIXiDGXPEMqUMFkJ61BFGZoCc6YE5/fJf8nFbtHZK9pnpo1VGCILK7AGW+DAPpTgGCpQBQZ38ABP8GzdW4/Wi/U6fJqxRjvL8APW2xdnO53y</latexit>

Nl
<latexit sha1_base64="SXxGzuueQaMFbg2SXeCw95rjIbc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LFbBU0lU0GPBiyepaD+gDWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mnGCfkQHkoecUWOlh7ue6JUrbtWdgSwTLycVyFHvlb+6/ZilEUrDBNW647mJ8TOqDGcCJ6VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0SjYEb/HlZdI8r3oXVff+slI7yeMowhEcwxl4cAU1uIU6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w8cxI2V</latexit>

INsymb
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Figure 2.10: Schematic of the overlapping matrix structure, Go [4].

The remaining construction phases of the transmitted block are identical to the
conventional TIBWB-OFDM scheme with swo replacing the BWB-OFDM block
vector, ,sw, as in (2.13).

Figure 2.11 illustrates an intuitive manner of this new packing and the rela-
tion between the mega-block length and Nl . Once the Ns symbols that format the
BWB-OFDM block are now either full or partial overlapped, it is inevitable to avoid
interference between them (Nos is refereed to the dynamic term that represents the
number of overlapped samples and is given by Nos = Nsymb−Nl) [4]. Hence, the
receiver will have the task of applying interference cancellation methods to recover
the windowed overlapped received signal.

The new waveform overall total length is NOB = Nl(Ns− 1)+Nsymb (with ZP
not included) where:

(i) if Nl = N→ NOB = N(Ns−1)+N(1+β ) = N(Ns +β )

(ii) if Nl = N(1+β )→ NOB = N(1+β )(Ns− 1)+N(1+β ) = NsN(1+β )⇔
⇔ NOB = Nblock

This means that (i) describes the scenario where the tails from windowed OFDM
symbols are fully overlapped. Since β < 1, the previous scenario length, N(Ns+β ),
is approximately equal to N×Ns which is the OFDM symbol total length with rect-
angular windowing. Hence, it is said that there is no temporal extension comparing
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Figure 2.11: Waveform packing technique differences between the conventional
TIBWB-OFDM and TIBWB-OFDM WTO [4].

to the OFDM waveform. The scenario (ii) represents the opposite limiting case
corresponding to the original TIBWB-OFDM packing.

In conclusion, the TIBWB-OFDM WTO technique is capable of achieve an
even better spectrum confinement with high spectral efficiency and data rates [4].

The WTO receiver scheme must perform two equalization steps: first a FDE
and then a TDE to eliminate the undesired sub-block interference. As Figure 2.12
shows, it is applied a linear FDE with successive forward and backward cancella-
tion. This method is possible since the original BWB-OFDM block is cyclically

windowed 
OFDM block 1

windowed 
OFDM block 2

windowed 
OFDM block 3

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

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

Figure 2.12: Equalization interference cancellation algorithm concept [4].

extended before the applying the SRRC window. Either applying ZF or MMSE
equalization schemes [4], studied in the next Section, the main principle for retriev-
ing the correct information, is to use the first received symbol, that as no interfer-
ence, and then estimating the interference caused by the head of the second symbol,
and so on. The inverse operation, is obtained by the same logic.
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3. Channel Estimation, Equalization and Synchronization Techniques

This Section will introduce channel estimation, equalization and signal recovery
concepts, which are essential for wireless communications among multiple devices.
It begins by addressing synchronization methods as an important step that must
be performed to achieve a reliable data detection and thus obtain a high system
performance. Since the wireless channel affects the transmitted signal, the receiver
must be designed in order to perform frame detection, timing recovery and carrier
frequency correction. Only afterwards, it is possible to move into the equalization,
channel estimation and decoding tasks.

3.1 Synchronization
The literature on the synchronization for OFDM-based systems [5,6,9] falls into

the following criteria:

1. sampling clock synchronization: the sampling clock period at the receiver is
slightly different from the corresponding sampling period at the transmitter
resulting in a sampling clock offset (SCO), ∆clock, that implies sampling the
received waveform at an interval of (1+ ∆clock)Ts, instead of the ideal Ts,
causing ICI in the overall system performance;

2. timing synchronization: trying to detect the beginning, Td , of each received
symbol/frame to identify the exact position of the frame beginning. If not
properly located, then the timing window is incorrectly selected, leading to
ISI;

3. frequency synchronization: attempting to cancel the frequency error between
the transceiver that causes in a rotation at a frequency of δ f of the received
complex baseband signal, also called as carrier frequency offset (CFO), which
results in a degradation of orthogonal property among subcarriers. There-
fore, frequency synchronization is essential to restore the carrier orthogonal-
ity properties and consequently to avoid ICI.

In Figure 3.1 is depicted all the described offsets effects that synchronization
algorithms must eliminate. Timing errors delay, n∆Td , occurs because of most com-
munications systems’ inability to guarantee the same time reference signal and the
propagation time between both transceptors devices [20].
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Figure 3.1: Wireless channel model containing several interference that signals are
subjected.

Therefore, the previous effective channel notation (2.3) is now represented as

h∆(τ; t) = h(τ; t)∗δ (τ−n∆Td). (3.1)

The effects of a slight n∆ shift can drastically affect the system performance.
Since the receiver channel estimation follows a specific window to produce an un-
biased and accurate signal estimation, if some of these samples are undesirably
shifted, it is impossible to achieve a good BER relation [20].

3.1.1 Symbol Offset Synchronization and Frame Detection
In order to eliminate this mismatch and perform timing estimation, it is impor-

tant to first detect the presence of data, by a measuring the signal received power,
and then estimate the beginning of the preambles sequences. Therefore, the prin-
ciple of frame detection [21] is based on the use of markers, which are typically
known at the receiver and have proprieties that facilitate the frame and channel
computation, if jointly estimated. The frame beginning position is estimated by
searching for periodic structure within the signal, i.e., applying correlation signal
techniques between the received frame and known markers [22]. Therefore, the
use of cross-correlation is a possible and reliable method to provide an appropriate
frame detection. It combines the transmitted data, y, with the preamble, pn. This
step can be performed as shown in (3.2) which is identical to perform the convolu-
tion of the inverse conjugate preamble samples with the received signal

Cy,pn(l) = ∑
m

y∗(m)pn(m+ l). (3.2)

Depending on the chosen preamble sequence and their proprieties, it is expected
that when y ≈ pn, at least a high peak is produced. When correlating a sequence
with itself, the highest correlation peak, Cmax, appears at index Lp and is given by

Cmax = ∑ |pn|2 . (3.3)

where the total correlation length is equal to 2Lp−1.
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When the frame’s estimated starting point is obtained, it is important to decide
if the marked position is indeed the beginning of the frame or not, i.e., define a
detection probability as

H0 : Signal absence and H1 : Signal detected, (3.4)

which can be also represented as

H0 : yn = η and H1 : yn = xn +η , (3.5)

where for the absence hypothesis, the received signal is composed only by the noise
component, η , and, on the other hand, the detected hypothesis is the superposi-
tion between the noise, and transmitted signal blocks, xn. Based on Cmax and the
noise distribution, it is important to define a threshold decision rule that affects the
symbol detection in order to maximize the success frame detection probability (PD)
and reduces situations of either false alarm (PF ) or missed frame detection (PM).
Mathematically these probabilities definitions can be expressed as

PM = P{Select H1|H0} and PF = P{Select H0|H1} , (3.6)

where the probability of detection, PD, is derived as follows

PD = 1−PM = P{SelectH1|H1} . (3.7)

A binary decision is made based on this threshold rule device, where δdecision =

{0,1}, and an intercession region is marked.

This frame detection procedure has the advantage of being computationally low
and can be adopted as a coarse synchronization step in the receiver design. It is also
possible to perform a fine timing synchronization stage based on digital filtering
with interpolated data at a four times higher rate than the original data rate to provide
an even more accurate timing compensation. Actually, the filtered up-sampled data
provides additional high-resolution samples causing the resolution of the correlation
algorithm to increase [23].

3.1.2 Frequency Offset Synchronization
A slight small frequency mismatch between the transmitter and receiver’s LO is

sufficient to impact the overall system performance. The difference, δ f = fT xLO −
fxLO , is refereed as the CFO, and reflects in a rotation of the constellation obtained,
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3.1 Synchronization

i.e., a signal phase shift of 2πδ f t. Then, the received baseband signal, y(t), in each
kth subcarrier, considering the transmission [21],

y(t) = x(t)e j(

w0︷ ︸︸ ︷
2πδ f t+θ)+n(t), (3.8)

where n(t) denotes the AWGN samples.

As illustrated in Figure 3.2, the impact of a frequency error can be seen as an
error in the frequency instants, where the received signal is sampled during demod-
ulation by the FFT. With the appearance of these frequency deviations, ICI occurs

Figure 3.2: Example of an individual superimposed spectrum of an OFDM block
affected by a subcarrier frequency mismatch [5].

due to loss of orthogonality among subcarriers. Nevertheless, if the frequency offset
is a multiple integer of the subcarriers spacing the total mismatch between subcar-
rier remains ∆ f = 1

Tsymb
, and in this case, ICI is avoided. However, the signal is

shifted by a factor of k× 1
Tsymb

leading to a wrong position of the received spectrum
which increases the system BER [24].

Typically, the CFO is compensated by performing two-stage frequency synchro-
nization: first, a coarse and then a fine frequency correction. Like timing syn-
chronization, the frequency correction is typically based on pilots or cyclic prefix
techniques which allow to estimate the signal phase rotations. Pilot tones based
algorithms can be easily used to detect the frequency mismatch received sequence,
visible by the phase rotation speed, and shifted back to the right position.

Similar to timing synchronization, some methods also propose to adopt the
correlation proprieties of identical pilot symbols to estimate the carrier phase off-
set [25].

27



3. Channel Estimation, Equalization and Synchronization Techniques

Although its relevance, in this work, it is assumed that the receiver can handle
the CFO and the research priority is made on the development of joint frame syn-
chronization and channel estimation for the TIBWB-OFDM modulation technique.

3.1.3 Zaddoff-Chu Sequences
An essential part for achieving a reliable frequency and timing recovery is the

choice of optimum preamble sequences. In the LTE communication schemes, as
part of the system acquisition process, two preamble sequences defined as primary
synchronization signal (PSS) and secondary synchronization signal (SSS) are used
in the downlink process [26]. Although these SSS sequences are based on maxi-
mum length sequences, also known as M-sequences, the PSS is composed by ZC
sequences [27], a complex-valued mathematical sequence with good properties to
use in synchronization techniques for accurate timing estimation [28].

Mathematically, the sequence of odd-length period NZC is generated as [26],

zcn[q] = e
− jπnq(q+1)

NZC , q = 0,1, ...,NZC−1, (3.9)

where n is the root index and n ∈ {1, ...,NZC−1}.
As referred, ZC sequences exhibit some fundamental proprieties that aid the

receiver in the synchronization task [26, 29]:

(i) ZC sequences have a constant amplitude, i.e, the I/Q representation of these
sequences is a perfect circle which, on the other hand, limits the PAPR;

(ii) ZC sequences have, in theory, ”perfect” cyclic auto-correlation, i.e. the corre-
lation with its circularly shifted version is zero at samples different from NZC

and non-zero only at one instant which corresponds to the NZC sample. The
zero auto-correlation ZC property can be formulated by (3.2), resulting in

Czc,zc[l] = ∑
m

zc∗[l]zc[q+ l] = Pzc[l], (3.10)

where Pzc corresponds to the auto-correlation peak positioned in the delayed
l sample. This is an important feature for wireless communications enabling
misaligned ZC sequences to correlate between themselves. Hence, it is pos-
sible to generate multiple orthogonal sequences just by shifting the ZC se-
quence.

Sequences that combine the previous two proprieties are designated as constant
amplitude zero auto correlation (CAZAC) sequences [29].
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(iii) if we guarantee the Zadoff Chu sequence length NZC to be a prime number,
then, in theory, the cross-correlation of these two sequences is 1/

√
NZC.

A crucial application of ZC sequence is for time synchronization due to there
CAZAC properties. Therefore the receiver by analysing the sequence correlation
peak inside a timing slot can easily identify the transmitted frame beginning [30].

However, ZC sequences exhibit difficulties separating the frequency offset, re-
sulting in additional time-domain correlation peaks caused by the fading channel
delay. Furthermore, the sequence correct correlation peak amplitude is attenuated at
high Doppler frequencies, which can lead to false detect or miss the frame beginning
from the several time delay correlation peaks, causing to miss calculate the channel
total delay and consequently decreasing the overall system performance [28].

3.2 Equalization
As referred, TIBWB-OFDM is an hybrid modulation technique, where the sig-

nal upon reception can be seen as a block-based SC transmission type and the
equalization task processed in the frequency domain [2, 19]. When it comes to
the FDE, this has several advantages over time-domain equalization (TDE) in out-
door high-mobility propagation environments and for channels with severe delay
spreads, since the receiver complexity can be kept low [8]. In channels whose im-
pulse responses remain constant within one transmitted symbol period, the received
signal, Yk, at each subcarrier k = 0, ...,N−1 can be expressed as

Yk = HkXk +Nk, (3.11)

where Hk represents the channel frequency response (CFR). By employing linear
FDE the estimated signal is given by

X̂k = FkYk (3.12)

where Fk is the frequency response of the FeedForward equalization filter.

The two most popular linear equalization schemes are the zero-forcing (ZF)
equalizer and the minimum mean square error (MMSE) equalizer. The zero forcing
(ZF) equalizer simply uses the inverse of the CFR, i.e,

Fk =
H∗k
|Hk|2

=
1

Hk
. (3.13)

By replacing in (3.12) the received signal is given by

X̂k =
HkXk

Hk
+

Nk

Hk
= Xk +

Nk

Hk
. (3.14)
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Although it’s computational simplicity, this equalization technique results in
noise enhancement caused on the term Nk

Hk
especially in the carriers that suffer deep

fading.

In the case of an MMSE receiver, which tries to minimize E{|X̂k−Xk|2}, takes
the SNR component, γ , into account. Therefore the equalization weight on the
subcarrier k is given as

Fk =
H∗k

|Hk|2 + 1
γ

. (3.15)

This equalizer has the advantage that the minimizes the noise enhancement
problem in low SNR cases is gone although it does not a perfect inversion of the
channel. Also, when the SNR is high enough, it is clear that the MMSE equal-
izer approaches the zero forcing equalizer [6]. Therefore, replacing the previous
statement in (3.11) the estimated signal can be expressed as:

X̂k =
H∗k HkXk

|Hk|2 + 1
γ

+
NkH∗k
|Hk|2 + 1

γ

=
|Hk|2Xk

|Hk|2 + 1
γ

+
NkH∗k
|Hk|2 + 1

γ

. (3.16)

3.3 Channel Estimation
Another challenging obstacle in communications systems is the demanded ne-

cessity for the receiver to obtain instantaneous CSI, which is not an easy task due to
time variance and frequency selectivity of wireless channels.

Therefore, pilots are carefully chosen depending on the maximum length of CIR
and with the objective of minimizing the channel estimation error and the over-
all BER. They also need to be projected in order to maximize channel capacity
by optimizing the pilot sequence length and distribution [31]. Channel estimation
techniques can be classified into two categories [6, 32]:

(i) non-data-aided, where the CSI is obtained without the use of reference train-
ing signals, i.e., based on the statistics of the received signals sequences;

(ii) data-aided, which require added information, i.e., reference training signals
that are included in the transmitted frame.

Although non-data-aided techniques do not require reference signals, a large
number of data must be collected in order to obtain reliable estimation channel sam-
ples. Hence, data-aided techniques, although requiring an additional frame over-
head on the transmitted data, that causes a decrease in the spectral efficiency, can
provide better performance, especially on fast changing channel conditions.
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According to (3.11) the received signal can be written in vector format as

Y = diag(X)H+N, (3.17)

where X = [X1, ...,XN ]
T , H = [H1, ...,HN ]

T and N = [N1, ...,NN ]
T represent, respec-

tively, the frequency response of the transmitted signal, the channel and the noise at
each OFDM subcarriers. Also, diag(X) is a diagonal matrix having the elements of
X in the main diagonal.

In the next Section, it will be introduced the classic and most popular used
channel estimation techniques: the least-square (LS) and the linear minimum mean
square error (LMMSE) estimators.

3.3.1 Least-Square Estimators
A simple method for channel estimation that does not require any CFR statistical

information is the least-square (LS) approach where to estimate H[n,k], denoted as
ĤLS, it is necessary to compute [10]

ĤLSk,n =
Yk,n

Xk,n
= Hk,n +

Nk,n

Xk,n
. (3.18)

In matrix notation, the above expression can be rewritten as

ĤLS = diag(X)−1Y (3.19)

Clearly, the LS estimator is equivalent to the ZF equalizer, and it has similar
advantages and drawbacks. Although it constitutes a low complex algorithm, the
major disadvantage comes from noise enhancement. Since LS estimators do not
generally require any channel statistics, the estimation is not perfect enough, espe-
cially in scenarios of very fast channel variations where the system performance will
significantly deteriorate [33]. Nevertheless, LS estimators are essential to obtain a
first initial coarse channel estimation further refined by other estimators.

3.3.2 LMMSE Estimator
In a linear system model in the form of (3.17), the minimum mean square error

MMSE channel estimator exploits the channel’s correlations characteristics [34].
Therefore, the channel estimation, ĤLMMSE , is given by a Wiener filtering operation,
that is

ĤLMMSEk,n = ∑
k,n

wk,n · ĤLSk,n, (3.20)
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where k represents each nth OFDM symbol subcarrier and ĤLS the least-square es-
timator defined in (3.18). In matrix notation, the above expression can be rewritten
as

ĤLMMSEk,n = wT
k,nĤLSk,n . (3.21)

where w and ĤLS are column vectors. The optimum LMMSE coefficients can be
given by

wk,n = R−1
k,nrk,n. (3.22)

where the matrix Rk,n corresponds to the auto correlation covariance matrix between
pilot subcarriers and vector rk,n the cross correlation between between the desired
channel estimation with the pilot set [34].

Although the LMMSE is more computational complex, its implementation can
provide a better BER performance. Thus, a trade-off between the algorithm per-
formance and complexity must be achieved since it is possible to obtain the same
results, in certain channel conditions, applying only the LS approach [10].

3.3.3 Pilot Arrangement
There are several placement possibilities to adopt for pilot symbols. In the work

presented in [35] the authors describe the pilot pattern as a 2D lattice grid, Y , that
maps the (time, frequency) plane as showed in Figure 3.3.

(a) (b) (c)

(d) (e)

Figure 3.3: OFDM pilot allocation techniques where the grey dots correspond to
the pilot’s subcarriers and the blank to the data subcarriers [6]: (a) block-type (b)
comb-type (c) rectangular grid (d) parallelogram-shaped grid (e) hexagonal grid
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3.3 Channel Estimation

Commonly used in OFDM systems, the previous designs are represented by the
following pattern models:

(i) the block-type pilot allocation, adopted in IEEE 802.11a/g/n standard, that
corresponds to allocate pilots, in the frequency domain, into all subcarriers
every y1B symbols and is denoted in (3.23).

YBlock =

[
y1B 0
0 1

]
. (3.23)

This technique is designed for slow-fading frequency selective channels when
the OFDM symbols time duration is much smaller than the channel coherence
time, i.e., significantly shorter than the inverse of the Doppler frequency [6];

(ii) the comb-type pilot allocation, used, for instance, in the IEEE 802.11a WLAN
standard [9], corresponds to insert pilots, at predefined y2C subcarriers loca-
tions across all entire transmission time and can be expressed by (3.24).

YComb =

[
1 0
0 y2C

]
. (3.24)

Following this method, it is possible to resist fast channel time variations
between OFDM symbols. However, it is crucial to guarantee the spacing be-
tween each pilot subcarriers much smaller than the channel coherence band-
width for effective and accurate estimation.

In the remaining pilot allocation schemes, the pilots are scattered over time and
frequency domain which enables a good tracking relationship between frequency
selectivity and time variation of the wireless channel. Since the pilot’s grid inser-
tion is not made in all subcarriers or in fixed subcarriers across all the time, it is
possible to achieve a better overall system performance by reducing the pilot den-
sity and thus improving the spectral efficiency. Nevertheless, the hexagonal grid
pilot allocation can be addressed as the most efficient between the remaining pat-
terns and is expressed by

YHex =

[
y1H y1H

−y2H y2H

]
. (3.25)

However in these types of arrangement it is important to guarantee the sampling
theorem in order to avoid an aliasing effect to happen.
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3. Channel Estimation, Equalization and Synchronization Techniques

So far, an overview of several signal detection and channel estimators methods
for OFDM were presented. Although the TIBWB-OFDM is an OFDM-based tech-
nique, its hybrid nature where the transmitted block can be seen, upon reception, as
a block-based SC transmission type, precludes the direct extension of these methods
to the TIBWB-OFDM system. Hence, the next Chapter will target these estimators
analysis and study in the TIBWB-OFDM implementation environment.
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4. Synchronization and Channel Estimation for TIBWB-OFDM

This Chapter contextualizes the necessary architecture to execute a testbed of the
TIBWB-OFDM system described in Chapter 2. The problems of frame synchro-
nization and channel estimation in a TIBWB-OFDM transmission are addressed,
along with a study on equalizer performance working in imperfect channel estima-
tion.

Chapter 4 is thus subdivided into four Sections. In Section 4.1 is made an analy-
sis of the TIBWB-OFDM system model and the necessary modifications on it for a
real wireless link scenario implementation, that includes the frame synchronization
and channel estimation blocks. Section 4.2 presents the involved simulation envi-
ronment parameters. Section 4.3 presents and discusses the results for the proposed
frame synchronization algorithms, necessary for a reliable signal detection. Finally,
Section 4.4 addresses the channel estimators and equalizers implementation, the fi-
nal stage for fully decode the transmitted data correctly, presenting the overall BER
system performance.

4.1 Proposed TIBWB-OFDM system model
The TIBWB-OFDM system model is presented in Figure 2.6. However, in order

to perform signal synchronization and channel estimation tasks both transmitter and
receiver schemes need to be reformulated. Briefly, the proposed system establishes
a joint channel estimation and frame synchronization by padding a power ampli-
fied ZC preamble, that performs both assignments, to the TIBWB-OFDM block.
The following two sub-sections explain with more detail the proposed transceiver
architecture that provides answers to the described challenges.

4.1.1 Preamble-assisted transmitter

The transmitter architecture is now composed by a preamble generator, as de-
picted in Figure 4.2. The pilot allocation follows a block-type design (Section 3.3.3)
due to the characteristics of the TIBWB-OFDM scheme where the packing of sev-
eral OFDM symbols into a single block favors the adoption of the block-type pilot
allocation strategy. On the other hand, if any of the other pilot allocation arrange-
ments were used, the interleaving procedure would make it difficult to extract the
pilot information upon reception.

The interleaved block vector, sπ , (previously defined in (2.13)) is attached to the
preamble sequence forming a new TIBWB-OFDM frame-block. Therefore, the ob-
tained transmitted packet, whose schematic is depicted in Figure 4.1, is represented
as
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4.1 Proposed TIBWB-OFDM system model

sframe = [sp,Np|sπ,k],with k = 1, ...,Ns , (4.1)

where sp constitutes the preamble generated sequence with length Np.

Training 
Sequence

…

Data Field

sp,Np
<latexit sha1_base64="7lm2JH1VcVIi7+1MHjlxb7+7pOM="></latexit><latexit sha1_base64="7lm2JH1VcVIi7+1MHjlxb7+7pOM="></latexit><latexit sha1_base64="7lm2JH1VcVIi7+1MHjlxb7+7pOM="></latexit><latexit sha1_base64="7lm2JH1VcVIi7+1MHjlxb7+7pOM="></latexit>

s⇡,1
<latexit sha1_base64="7/mDV/3/j8++hn/SUejxu1OqBXA="></latexit><latexit sha1_base64="7/mDV/3/j8++hn/SUejxu1OqBXA="></latexit><latexit sha1_base64="7/mDV/3/j8++hn/SUejxu1OqBXA="></latexit><latexit sha1_base64="7/mDV/3/j8++hn/SUejxu1OqBXA="></latexit>

s⇡,2
<latexit sha1_base64="CbL1KJhABmnA/pdfhehh7m761Ng="></latexit><latexit sha1_base64="CbL1KJhABmnA/pdfhehh7m761Ng="></latexit><latexit sha1_base64="CbL1KJhABmnA/pdfhehh7m761Ng="></latexit><latexit sha1_base64="CbL1KJhABmnA/pdfhehh7m761Ng="></latexit>

s⇡,3
<latexit sha1_base64="ltwlQf/hxC371JkzIrh6g+QmMWU="></latexit><latexit sha1_base64="ltwlQf/hxC371JkzIrh6g+QmMWU="></latexit><latexit sha1_base64="ltwlQf/hxC371JkzIrh6g+QmMWU="></latexit><latexit sha1_base64="ltwlQf/hxC371JkzIrh6g+QmMWU="></latexit>

s⇡,Ns
<latexit sha1_base64="E1l21WG5tUSZbgjOXyG4EKYZils="></latexit><latexit sha1_base64="E1l21WG5tUSZbgjOXyG4EKYZils="></latexit><latexit sha1_base64="E1l21WG5tUSZbgjOXyG4EKYZils="></latexit><latexit sha1_base64="E1l21WG5tUSZbgjOXyG4EKYZils="></latexit>

Figure 4.1: TIBWB-OFDM block frame structure adopted.

Finally, it is added the ZP vector to the transmitted assembled frame sequence,
resulting in the complete transmitted block, xn, expressed as

xn = [sframe|0(1×Nzp)]1×Nn, (4.2)

where vector xn length is in the form of Nn = Nzp +Np +Ns×NSymb.

Mapper &
Bit Interleaver & 
Channel Coding

Sk
<latexit sha1_base64="IJF0xU7KVq9yW1Dki+LFoH4dw3k=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWOl9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHstHM03Qj+hI8pAzaqzUbA4mg1LZrbgLkHXi5aQMORqD0ld/GLM0QmmYoFr3PDcxfkaV4UzgrNhPNSaUTegIe5ZKGqH2s8WpM3JplSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeOtnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtO0Ybgrb68TtrVinddqT7UyvVaHkcBzuECrsCDG6jDPTSgBQxG8Ayv8OYI58V5dz6WrRtOPnMGf+B8/gAoUo2r</latexit>

Bitstream

b
<latexit sha1_base64="nK3dium9cO0vNvcmNDJyr31p80E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkt6LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUDAalsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt1sr1Wh5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AwfmM3A==</latexit>

IFFTN

……

IFFTN

……

IFFTN

……

sn,1
<latexit sha1_base64="UV8KtF1P3NURJCA5lMCxYFiToBo=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoMeCF48V7Ae0oWy2m3bpZhN3J4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389oRrI2L1iNOE+xEdKhEKRtFKftYLQmLyfqYuvbxfqbo1dw6ySryCVKFAo1/56g1ilkZcIZPUmK7nJuhnVKNgkuflXmp4QtmYDnnXUkUjbvxsfnROzq0yIGGsbSkkc/X3REYjY6ZRYDsjiiOz7M3E/7xuiuGtnwmVpMgVWywKU0kwJrMEyEBozlBOLaFMC3srYSOqKUObU9mG4C2/vEpaVzXPrXkP19W6W8RRglM4gwvw4AbqcA8NaAKDJ3iGV3hzJs6L8+58LFrXnGLmBP7A+fwBUT2Ruw==</latexit><latexit sha1_base64="UV8KtF1P3NURJCA5lMCxYFiToBo=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoMeCF48V7Ae0oWy2m3bpZhN3J4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389oRrI2L1iNOE+xEdKhEKRtFKftYLQmLyfqYuvbxfqbo1dw6ySryCVKFAo1/56g1ilkZcIZPUmK7nJuhnVKNgkuflXmp4QtmYDnnXUkUjbvxsfnROzq0yIGGsbSkkc/X3REYjY6ZRYDsjiiOz7M3E/7xuiuGtnwmVpMgVWywKU0kwJrMEyEBozlBOLaFMC3srYSOqKUObU9mG4C2/vEpaVzXPrXkP19W6W8RRglM4gwvw4AbqcA8NaAKDJ3iGV3hzJs6L8+58LFrXnGLmBP7A+fwBUT2Ruw==</latexit><latexit sha1_base64="UV8KtF1P3NURJCA5lMCxYFiToBo=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoMeCF48V7Ae0oWy2m3bpZhN3J4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389oRrI2L1iNOE+xEdKhEKRtFKftYLQmLyfqYuvbxfqbo1dw6ySryCVKFAo1/56g1ilkZcIZPUmK7nJuhnVKNgkuflXmp4QtmYDnnXUkUjbvxsfnROzq0yIGGsbSkkc/X3REYjY6ZRYDsjiiOz7M3E/7xuiuGtnwmVpMgVWywKU0kwJrMEyEBozlBOLaFMC3srYSOqKUObU9mG4C2/vEpaVzXPrXkP19W6W8RRglM4gwvw4AbqcA8NaAKDJ3iGV3hzJs6L8+58LFrXnGLmBP7A+fwBUT2Ruw==</latexit><latexit sha1_base64="UV8KtF1P3NURJCA5lMCxYFiToBo=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4kJKIoMeCF48V7Ae0oWy2m3bpZhN3J4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IJHCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38389oRrI2L1iNOE+xEdKhEKRtFKftYLQmLyfqYuvbxfqbo1dw6ySryCVKFAo1/56g1ilkZcIZPUmK7nJuhnVKNgkuflXmp4QtmYDnnXUkUjbvxsfnROzq0yIGGsbSkkc/X3REYjY6ZRYDsjiiOz7M3E/7xuiuGtnwmVpMgVWywKU0kwJrMEyEBozlBOLaFMC3srYSOqKUObU9mG4C2/vEpaVzXPrXkP19W6W8RRglM4gwvw4AbqcA8NaAKDJ3iGV3hzJs6L8+58LFrXnGLmBP7A+fwBUT2Ruw==</latexit>

sn,2
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Figure 4.2: Preamble assisted TIBWB-OFDM transmitter modulation scheme.

For practical implementation, the preamble total size has the same size as a
TIBWB-OFDM sub-block, that is, Np = Nsymb.

4.1.2 TIBWB-OFDM receiver with frame synchronization
Settling the transmitter schematic configuration, it is now vital to develop the

receiver architecture. Hence, Figure 4.4 shows an additional new sub-system, ref-
erenced as Synchronization and Channel Estimators, essential to accomplish signal
recovery synchronization, at a first instance, and only afterward, the frequency do-
main channel estimation and equalization. On the other hand, it is necessary to
know the preamble transmitted sequence precisely. Thus, a stored preamble se-
quence constitutes a key element of the receiver structure.
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4. Synchronization and Channel Estimation for TIBWB-OFDM

Taking advantage from the ZC proprieties, a time-domain correlation operation
can be performed between the preamble received signal and the known sequence.
This technique will be the fundamental principle for the TIBWB-OFDM frame de-
tection algorithm and follows the concepts presented in Section 3.1.1.

Figure 4.3 shows the step-by-step frame detection algorithm on the ZC preamble
sequence. Hence, by auto-correlating the known preamble sequence the maximum
correlation peak, Pzc, defined by (3.3) is expected to appear in the Np sample (Figure
4.3a)). This value is extremely important since it will define the threshold percent-
age value for the receiver system markers and, therefore, affects the success / miss
probability of detection.

Note that more than one peak may appear in dispersive channels situations due
to late signal replicas arrival (Figure 4.3b)). Therefore, due to the channel taps
delay, Ndelay, after the threshold decision (Figure 4.3c)) it is necessary to develop
a correction algorithm based on a moving window width factor, established to be
equal to Ndelay, and the marked threshold indexes (Figure 4.3d)).
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Figure 4.3: Frame detection algorithm procedure for the ZC preamble in the
TIBWB-OFDM receiver system.

In Figure 4.3d), the unique amplitude peak marks the presence of the frame
TIBWB-OFDM beginning. However, if we would encounter other high amplitude
peaks where should not be expected, the algorithm acknowledges this event has a
possible noise frame, rejecting the respective block.
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4.1 Proposed TIBWB-OFDM system model

4.1.3 TIBWB-OFDM receiver with channel estimation
After the frame synchronization, the same received preamble sequence is con-

verted to the frequency domain, by means of a equal size FFT, in order to extract
the channel state information (CSI). Three algorithms were developed and applied
to the TIBWB-OFDM scheme:

Algorithm A - Zadoff-Chu (ZC) preamble based Channel Estimation;

Algorithm B - Data based Channel Estimation;

Algorithm C - Combined ZC and Data Channel Estimation.

In algorithm A, a LS estimator is applied (Section 3.3.1) to the received ZC
sequence resulting in a low resolution estimated channel with equal length size to
the preamble sequence. The estimated channel, H̃k, is therefore given by

H̃k(zc),(Np) =
FFTNp{s̃p}
FFTNp{sp}

, (4.3)

where s̃p represents the received preamble sequence.

It was admitted that the preamble sequence length is always larger than the
channel impulse response (CIR), enabling the use of the IFFT to obtain an estimated
channel with more resolution, that is

H̃k(zc),(Nn) = FFTNn

{
IFFTN p

{
H̃k,(Np)

}}
, (4.4)

where H̃k,(Nn) represents the estimated channel constituted by Nn samples.

Afterwards, the TIBWB-OFDM structure is composed by equalizers and block
unformatting, i.e., block time de-interleaving, bit-deinterleaving, de-mapping, and
channel decoding. Figure 4.4 shows the equalizers implementation specifically for
the nonlinear IB-DFE type. In theory, if the desired receiver structure is a simple
linear equalizer, then, only the TIBWB-OFDM unformatting is performed, obtain-
ing the final estimated sequence, as a one iteration transceiver system.
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Figure 4.4: Preamble Assisted TIBWB-OFDM receiver modulation scheme.
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4. Synchronization and Channel Estimation for TIBWB-OFDM

However, if the IB-DFE is adopted it is possible to take advantage from the
received and decoded data sequence to proceed to another estimation algorithm
in each equalizer iteration. In other words, a second algorithm B can be designed,
based on the estimated data by the ZC sequence, where in each iteration the channel
is given by

H̃k(data) =
Y (l)

k

X̂ (l−1)
k

, (4.5)

where X̂ (l−1)
k denotes the frequency domain signal estimated at the previous (l−1)

iteration.

On the other hand, a refined strategy for achieving successive better estima-
tions is added to the IB-DFE scheme. Therefore, a third algorithm C based on the
weighted mean between the ZC channel estimated sequence (algorithm A) and the
data sequence estimated sequence (algorithm B) can be applied as follows

H̃k(data+zc) =

(
H̃k(data)

σ2
(data)

+
H̃k(zc)

σ2
(zc)

)

(
1

σ2
(data)

+ 1
σ2
(zc)

) , (4.6)

where σ2
(zc) and σ2

(data) represents individually the mean square error between the
estimated ZC and data sequence, respectively, and the original channel. This rela-
tion is given by

σ
2
(chu/data) = E

{∣∣∣Hk− H̃k(chu/data)

∣∣∣
2
}
. (4.7)

On the other hand, all three developed algorithms can explore a direct applica-
tion from the LMMSE estimator.

4.2 Setup configurations for the experimental study
The parameters for the TIBWB-OFDM wireless SISO model simulations are,

unless otherwise stated, defined as:

(i) Preamble sequence: ZC preambles are implemented with a root element
number of n = 34. This specific root index, used in the LTE systems, show
a good correlation performance and also have a low frequency-offset sensi-
tivity, which give robustness to the synchronization detection algorithm [29].
The preamble length is Np = 96 where the generated ZC sequence length is
NZC = 95 being padded a zero value in the last sample to complete the total
preamble length.
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(ii) TIBWB-OFDM block: The frame size adopted is identical for both synchro-
nization and channel estimation simulations. Hence, the transmitted frame is
formed by Ns = 42 OFDM blocks constituted of N = 64 subcarriers, with the
symbols assigned to each subcarrier being from a QPSK modulation under a
Gray coding rule. The windowing of the OFDM component blocks is carried
using a SRRC window with roll-off of β = 0.5. Therefore, the total frame
block length is Ntotal = (Ns− 1)×N× (1+β )+Np = 4032 samples where
the first block of 96 samples corresponds to the preamble sequence and the
remaining 41 blocks to the data frames sequences. Channel coding and bit-
interleaving were also used to achieve a better system performance. Hence,
a (128,64) short low-density parity-check (LDPC) code and bit-interleaving
were applied over 10 consecutive coded words.

(iii) Wireless channel model: Tests were carried over a Rayleigh channel due to
its features of characterizing the signal interference in non-LoS environments,
constituting a reliable approximation for wireless links. To test the behavior
of the TIBWB-OFDM channel and synchronization estimators we considered
two severe Rayleigh channel scenarios, an 8 and 32 symbol-spaced multipath
channel echos (channel taps) with uncorrelated Rayleigh fading, that were
used to test the frame detection probability error and the channel estimators
BER performance respectively.

4.3 Frame Synchronization results

The following work attempt to confront the frame detection synchronization
results as the primary challenge to compensate for channel interference effects.

The In-phase and Quadrature complex value representation of the constant am-
plitude ZC sequence is depicted in Figure 4.5a. It is visible that there is a perfect
circular configuration, which after adding an AWGN component, will spread the
generated samples randomly, as shown in Figure 4.5b.
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Figure 4.5: Generated synchronization signal (a) and received synchronization sig-
nal with AWGN (b).

Taking advantage from the ZC proprieties, a time-domain correlation opera-
tion can be performed between the preamble signal affected by the AWGN and
the known sequence. This technique will be the fundamental principle for the
TIBWB-OFDM frame detection algorithm. The results are presented in Figure
4.6a). These allow to confirm that it is achievable to detect the synchronization
sequence by noticing the high peak amplitude value centered on the middle cor-
relation sample, meaning that both correlated signals match, i.e., both sequences
are identical, which signals the frame beginning. On the other hand, Figure 4.6b)
shows the cross-correlation between a ZC sequence and a data frame where it may
be observed successive low coefficients values of the cross-correlation operation,
implying that the transmitted signal does not include the desired information.
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Figure 4.6: Correlation: (a) between the known ZC synchronization and the re-
ceived ZC signal with AWGN, and (b) between a random received data signal with
AWGN.

It is thus clear that it is possible to benefit from the high dominant correlation
peak to detect the frame beginning of a TIBWB-OFDM block. Accurate detec-
tion can be achieved by implementing a threshold methodology. Nevertheless, this
decision device implementation is not straightforward due to the wireless channel
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4.3 Frame Synchronization results

multipath effect. So, to achieve a good probability performance, the threshold po-
sition cannot be fixed, meaning that, to find the optimum index value, a dynamic
algorithm that fluctuates depending on the transmitted correlation preamble ampli-
tude peak must be taken into account. Increasing power to the ZC sequence could
also minimize the error detection probability due to the more enhanced amplitude
correlation peaks. Therefore, a 3 and 6 dB power amplification performance is also
explored, i.e., the average power of the transmitted ZC sequence is 3 or 6 dB higher
than the average TIBWB-OFDM data power block. On the other hand, the channel
estimators’ performance, addressed in the next Section, will also explore this fea-
ture. Hence, it is reasonable to benefit from this attribute and jointly adopt it for
both tasks.
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Figure 4.7: Cross-correlation between the known ZC synchronization signal and
the received preamble sequence affected by a 8-tap Rayleigh channel.

Figure 4.7 shows the referred channel interference effects in a Rayleigh Channel
with 8 symbol-spaced multipath channel echos. It is visible that the channel taps
delay affect, with several repeated high dominant peak components being observed.
So, instead of seeing a single peak centered on the middle sample, it is expected to
see Ndelay replicas, with attenuated amplitude values.

4.3.1 Threshold Decision Device
The following simulations aim to evaluate and acquire the best threshold in-

dex number that reduces the miss frame probability. Therefore, 700 data frames,
i.e, TIBWB-OFDM blocks, are randomly interleaved with 300 AWGN frame sam-
ples equally sized from the data blocks. The cross-correlation of the used ZC se-
quence with the transmitted and received signals is shown respectively in Figure
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4.8 and 4.9, for a small simulation window time slot, composed of the first seven
TIBWB-OFDM frames and three noise frames. It is important to enhance that all
the preamble signals are identical which reflects on the same transmitted visible
high correlation peak amplitude.
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Figure 4.8: Cross-correlation of the ZC sequence with transmitted signal for a time
window slot composed by 7 data blocks and 3 noise frames.

It is visible, by analyzing the previous results, the presence of AWGN frames,
in the first 4032 samples, between the 3rd and 5th TIBWB-OFDM frame and after
the 9th data frame block. Also, in Figure 4.9, we visualize the channel fading ef-
fects in the transmitted sequence, i.e., the presence of lower and repeated amplitude
correlation peaks that should mark the frame beginning.
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Figure 4.9: Cross-correlation of the ZC sequence with the received signal over a
8-tap Rayleigh channel, for a time window slot composed by 7 data blocks and 3
noise frames.
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4.3 Frame Synchronization results

As referred, one of the critical performance variables is the selection of the
threshold cross-correlation level used to indicate the beginning of a new frame.
Hence, the used value should be as accurate as possible to achieve an acceptable
frame detection that will subsequently influence the BER system performance and
error awareness. So, Figure 4.10 shows the probability of correct detection as a
function of the setup threshold level, defined as a percentage of the maximum value
of the ZC auto-correlation, Pzc.

According to Figure 4.10 the threshold value should be selected in the range of
25%− 30% of the Pzc, in which it can be observed that the probability of correct
detection is almost 1.
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Figure 4.10: Correct frame detection probability as function of the cross correla-
tion’s threshold value for peak detection.

Results on Figure 4.10 were obtained keeping fixed the AWGN power, while
varying the ZC sequence power showing that this is almost independent from the
SNR. When the threshold parameter is near the maximum of the auto correlation Pzc

no data frames are detected. This is due to the fact that the signal suffers from fading
(i.e., variable gain attenuation due to multipath effect), with the cross-correlation
value hardly reaching the Pzc value. In this case since almost all frames are marked
as noise, the probability of right detection is 30% corresponding to the fraction of
noise frames sent.

On the contrary, by settling the threshold too low, the opposite effect occurs with
almost all frames being detected as data. Here, the coexisting noise peaks combined
with those of the data sequences, both above the threshold make it impossible to
detect a single peak value causing the frame recognition task very challenging to
accomplish. However, in this scenario, a noteworthy difference is visible between
the non-amplified ZC sequences and the remaining sequences. Since the threshold
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4. Synchronization and Channel Estimation for TIBWB-OFDM

is defined as a percentage of Pzc, for the 3 dB and 6dB cases, the threshold is much
higher precluding any noise frame to be marked as data, and, thus, the probability
of a correct detection is above 30%.

At last, a study about the amplified ZC preamble sequences is performed for
different levels of noise power. Figure 4.11, shows the referred simulation for a 3
dB amplified preamble.
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Figure 4.11: Frame detection probability for several SNR values.

From the analyses of these results, we conclude that the detection probability is
highly insensitive to SNR fluctuations. So, once again, the threshold decision is the
crucial factor that defines the synchronization overall performance.

4.4 Channel Estimation results
After solving the frame synchronization problem, it is now necessary to face

another challenge caused by the channel, i.e., the multipath channel effect and noise
interference that destroy the signal information. In order to retrieve information
from the received signal, this has to be equalized, and for that, accurate CSI should
be available.

Therefore, the subsequent simulations seek to evaluate the BER performance
results of the TIBWB-OFDM modulation scheme in a set condition without the
perfect channel state knowledge and compare them with the case of perfect CSI.

4.4.1 TIBWB-OFDM vs TIBWB-OFDM with Channel Estima-
tion

Figure 4.12 presents the TIBWB-OFDM BER performances, while applying ZC
sequences as preamble assisted sequences in order to perform channel estimation.
For a low computational approach, the LS estimator was chosen as the estimation
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4.4 Channel Estimation results

algorithm where the first goal was to find how the ZC sequences would perform
in channel estimation for TIBWB-OFDM modulation with linear equalization. As
referred, the LMMSE estimation can replace the implemented estimator. However,
carried experiences have shown that in terms of complexity vs performance the
algorithm did not justify it application. Therefore, we opted to present the results
regarding only the LS estimator.
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Figure 4.12: BER results for TIBWB-OFDM over a dispersive channel employing
algorithm A techniques for a ZC preamble sequence with power amplification.

Although the optimal channel state information is not possible, a good perfor-
mance approximation comes with the price of a necessary increase power of the
preamble sequence. Having has reference the average power of the TIBWB-OFDM
data block, we tested 3 situations, were the appended ZC preamble was sent with
the same power as data (i.e. 0dB case), or +3 dB or +6 dB.

The system performance shows an evident gain between a subtle power am-
plification of plus 3 dB and a normal ZC sequence. Also, between 3 dB and 6 dB
amplification, it is possible to achieve a slight improvement, almost reaching the op-
timal TIBWB-OFDM performance assuming perfect synchronization and channel
estimation.

It is essential to highlight that although it is wasted additional power for good
system performance, it is only applied to the preamble of the BWB-OFDM block,
which reflects in an approximate 2% of additional wasted total system power in the
3 dB scenario, and 5% in the 6 dB scenario. Hence, it can be concluded that it is
not critical to increase our preamble power since the total overall efficiency power
calculation is weighted on the data frame and not on the preamble sequence.
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4.4.2 Channel Estimation in TIBWB-OFDM with Iterative Fre-
quency Domain Equalizers

Aiming to achieve an even better estimation of the original bit-stream, another
TIBWB-OFDM approach was based on applying a frequency domain iterative equal-
izer in the receiver system, more specifically the IB-DFE with algorithm C applied.
Therefore, the next simulations, depicted in Figure 4.13, 4.14 and 4.15, show the
set of results, concerning the BER performance.
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Figure 4.13: BER results for TIBWB-OFDM with IB-DFE over a dispersive chan-
nel employing algorithm C for a ZC preamble sequence with 0 dB power amplifier.

It should be reasonable to think that for low SNR values, the channel would
maintain massive influence in the mean square error calculation, and for high SNR
values, the opposite effect should happen. It should also be expected to achieve at
each IB-DFE iteration a gradual better performance.
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Figure 4.14: BER results for TIBWB-OFDM with IB-DFE over a dispersive chan-
nel employing algorithm C for a ZC preamble sequence with 3 dB power amplifier.
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However, we can start to realize, based on the first BER results for a ZC se-
quence with no power amplification, that the fine estimation does not significantly
affect the overall system performance. This can be justified by calling the good per-
formance of ZC on dispersive channels and how ineffective the interferences affect
the preamble sequence. Also, the data does not present these good characteristics
for channel estimation. So, the algorithm’s estimated weight is enhanced by the first
estimation, performed by the ZC preamble, i.e., by the algorithm A.
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Figure 4.15: BER results for TIBWB-OFDM with IB-DFE over a dispersive chan-
nel employing algorithm C for a ZC preamble sequence with 6 dB power amplifier.

A final note that needs to be addressed is that although a slight performance in-
crease is achieved, the algorithm C complexity does not justify this extra estimation
procedure. From the previous conclusions, it is expected that this effect will main-
tain in the following BER performances where amplified preamble sequences are
used. It is clear that the IB-DFE receiver shows some performance evolution form
iteration to iteration. However, TIBWB-OFDM receiver gain is more pronounced
between the 1st and 2nd IB-DFE iteration and the following iterations until the 5th

only a substantial gain is achieved.
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5. Conclusions

The TIBWB-OFDM modulation’s scientific research has been focused on eval-
uating the BER, PAPR performances and spectral efficiency for wireless channels
that were admitted as a priori known, hence, they were considered as perfectly
estimated and synchronization errors did not occur.

The developed work constitutes a new step to provide an insight on channel esti-
mation and frame detection algorithms that could perform well in disperse channel
conditions for the TIBWB-OFDM scheme. This thesis work, shows that the de-
veloped estimators by means of block-type preamble assisted frames can provide a
similar BER system performance in comparison with the true channel state infor-
mation performances due to the careful choice of the preamble sequences. So, it is
useful to implement the pilot design based on Zadoff-Chu sequences due to their
good correlation characteristics, and is proven that they are able to jointly execute
channel and synchronization estimation effectively in our hybrid modulation archi-
tecture. Nevertheless, it is necessary to guarantee that the preamble power block
is amplified in scenarios of 3 dB or 6 dB which is not critical, since the preamble
represents only one block from the complete total signal frame. Therefore, a proof
of concept of how the studied modulation scheme should perform in a real world
environment is established in this thesis.

Considering the obtained results in this work, future developments should in-
volve the study of frequency synchronization error for a OFDM-based systems and
the type of cancellation methods that could perform well in our hybrid modulation
scheme. It is also feasible to implement the proposed synchronization and channel
estimators in a practical real environment, i.e., in a testbed software defined ra-
dio (SDR) development for the TIBWB-OFDM system. An interesting future work
possibility is the extension of the SISO system, studied in this thesis, into a MIMO
transceiver scheme implementation for the TIBWB-OFDM modulation, which will
present different varied challenges.
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