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RESUMO

A presente dissertagdo investiga os impactos das interferéncias causadas pela violagdo do com-
primento de prefixo ciclico e deslocamento temporal de simbolo no desempenho de esquemas
de comunicacao de dados aplicados a transmissao de dados através da rede de energia elétrica
(do inglés power line communication - PLC) quando vérios esquemas de comunicagao digital de
dados sdo considerados. Nesse contexto, € introduzido um arcabouco capaz de unificar varios
esquemas de comunicagdo de dados, que contém transformacdo rdpida de Fourier, quando os
problemas supracitados sdo conjuntamente tratados. Baseando nesse arcabouco, expressoes
algébricas sdo apresentadas para os esquemas multiplexacao ortogonal por divisao de chirp (do
inglés othogonal chirp division multiplexing - OCDM), monoportadora com prefixo ciclico (do
inglés single carrier cyclic prefix - SCCP) e multiplexacdo ortogonal por divisdao de Stockwell
(do inglés orthogonal Stockwell division multiplexing — OSDM). A partir dessas expressoes
algébricas, a presente dissertacdo mostra que os esquemas OCDM, SCCP e OSDM apresentam
relagdes sinal-ruido normalizada (do inglé€s normalized signal-to-noise ratio - nSNR) igual a
média harmodnica da nSNR observada no esquema multiplexacdo por divisdo de frequéncia
ortogonal simétrica hermitiana (do inglés hermitian symmetric orthogonal frequency division
multiplexing - HS-OFDM). Além disso, a capacidade do arcabouco em obter os esquemas
HS-OFDM, OCDM, SCCP e OSDM a partir de uma mesma formulacdo facilita o projeto de
transceptores que contemplem esses esquemas, os quais apresentam distintas vantagens e des-
vantagem em relacdo as caracteristicas especificas dos meios de comunicacdo de dados. A
presente dissertagdo também discute a andlise numérica comparativa entre os esquemas HS-
OFDM, OCDM, SCCP e OSDM para diferentes niveis de violagdes do comprimento prefixo
ciclico e do deslocamento temporal de simbolo quando os canais de comunicacdo de dados
sao modelados como sistemas lineares e invariantes no tempo, ocupam a faixa de frequéncia
entre 0 e 500 kHz e existe a presenca aditiva de ruido modelado como processos aleatérios
gaussiano branco e colorido. Os parametros balizadores da andlise numérica comparativa € a
taxa de bits, o que permite a alocagdo uniforme de poténcia (do inglés uniform power allocation
- UA) e alocacdo 6tima de poténcia (do inglés optimal power allocation - OA), e a probabilidade
bits errados, a qual emprega a modulacdo digital adaptativa para alocar a mesma quantidade
de bits nas subportadoras (HS-OFDM), subchips (OCDM), subsimbolos (SCCP) e grupos de
subportadoras (OSDM). Considerando as informagdes dos estados do canal sdo completamente
conhecidas pelo transmissor, a taxa de bits € utilizada como pardmetro de andlise, enquanto
a probabilidade de bits errados € utilizada como parametro de andlise quando o transmissor
nao dispde de nenhum conhecimento das informacdes dos estados do canal. Os resultados, em
termos de taxa de bits, mostram que o HS-OFDM ¢ o melhor esquema, seguido pelo OSDM. Ja
a andlise, em termos de probabilidade de bits errados, mostra que o OCDM € o melhor esquema
para lidar com a viola¢do do comprimento do prefixo ciclico e deslocamento de tempo de sim-

bolo. Finalmente, a presente dissertacio mostra que a formulacao unificada permite analisar



de forma comparativa varios esquemas de modulagdo digital de dados em diferentes cendrios

quando restri¢des e problemas distintos sdo considerados.

Palavras-chave: Comunicag¢do via rede de energia elétrica, modulagdo multiportadora, violacao

de comprimento de prefixo ciclico, deslocamento de tempo de simbolo.



ABSTRACT

This thesis investigates the impacts of interference caused by cyclic prefix (CP) violation and
symbol timing offset (STO) in data communication schemes applied to power line communi-
cation (PLC) when different types of schemes are taken into account. In this context, it is
presented a framework capable of unifying a set of data communication schemes, which uses
the fast Fourier transform, when the aforementioned problems are considered. Based on the
framework, closed-form equations are presented for the orthogonal chirp division multiplexing
(OCDM), single carrier cyclic prefix (SCCP, and orthogonal Stockwell division multiplexing
(OSDM). Relying on the derived expressions, this thesys shows that the OCDM, SCCP, and
OSDM schemes present a normalized signal-to-noise ratio (nSNR) equal to the harmonic mean
of the nSNR presented by the hermetian symmetric orthogonal frequency division multiplexing
(HS-OFDM) scheme. Furthermore, the framework’s ability to derive the HS-OFDM, OCDM,
SCCP, and OSDM schemes from the same mathematical formulation facilitates the design of
transceivers for those schemes, in which each of them presents diffenrents advantages and dis-
advanges in relation to specifics characteristics of the data communication media. This thesys
also discusses the numerical analysis between the HS-OFDM, OCDM, SCCP, and OSDM for
different levels of CP violation and STO when the data communication channels are modeled
as linear and time invariant systems, which occupy the frequency width of 0 to 500 kHz and
is disturbed by an additive noise modeled as white and colored Gaussian random process. The
numerical analysis is based on the data rate, which allows uniform allocation (UA) and optimal
allocation (OA), and bit error probability, which uses adaptative modulation to allocate the same
amount of bits in each subcarrier (HS-OFDM), subchirp (OCDM), subsymbol (SCCP) and tile
(OSDM). Considering that channel state information (CSI) is completely known by the trans-
mitter, the main parameter for the analysis is the data rate. However, when CSI is not known
at the transmitter side, the bit error probability is the main parameter. The data rate results
show that HS-OFDM is the best scheme, followed by the OSDM, whilst the bit error probability
results show the OCDM as the better one. Finally, the present thesis demonstrates that the
unified mathematical formulation allows a comparative analysis of various data communication

schemes when different scenarios with distinct problems are considered.

Key-words: Power line communication, multicarrier modulation, cyclic prefix length violation,

symbol timing offset.
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1 INTRODUCTION

The growing interest in PLC systems in the academic and industry sectors follows the
ever-increasing demand for connectivity in modern society. In addition, it is being pushed
forward by the necessity for developing pervasive telecommunication technologies and infras-
tructures for deploying smart grids, the Internet of Things (IoT), and Industry 4.0 solutions
[1-5]. The primary motivation behind the research efforts toward PLC systems is the use of the
already and widely deployed infrastructures of electric power systems as data communication
media. However, electric power systems were conceived, specified, designed, and deployed
for energy transmission using a significantly lower frequency than the frequencies used by nar-
rowband and broadband PLC systems. In other words, electric power systems were not meant
for data communication; consequently, they can impose substantial impairments on transmit-
ting information-carrying signals with a high-frequency content. Several works point out the
following impairments for using electric power systems as data communication media [6—13]:
there are significant signal attenuation with the increase of the distance between transmitter and
receiver and the frequencies used for data transmission at high rates; the presence of multi-path
and frequency selectivity effects due to the occurrence of impedance mismatching along with
the path between the transmitter and receiver; the presence of high-power impulsive noise re-
lated to switching behavior of electronics-based loads; time-varying characteristics of the data
communication media due to the dynamics of loads and electric power systems; the presence of
interference due to the use of electromagnetically unshielded power cables and operation in the
the frequency bands in which wireless systems are primary users; the power cables degradation
due to aging effects as time passes by; and restrictive constraints imposed by Telecommunication

and Electricity Regulatory Authorities.

Surprisingly, the fact that PLC systems are quite old telecommunication technology, since
the first efforts toward their development date back to the beginning of the XX century. Since then,
bursts of development of PLC systems have been observed in different periods. The current burst
of development started at the end of 90’s of the XX century and has offered a deep understanding
of the limitations and constraints of using electric power systems for data communication
purposes in different scenarios and applications. Consequently, new PLC technologies have
been introduced in the market due to academic and industrial efforts toward developing feasible
protocols and standards. Despite the advances so far, there are still opportunities for fostering
PLC systems because spectral efficiency, efficient energy consumption, flexibility, and spectral
scarcity are driving research efforts to enlarge the usefulness of electric power systems as
data communication media beyond the current stage of development. In this sense, research
efforts for designing flexible and low energy consumption Physical (PHY) and link layers,
full duplex communication, multiple-input multiple-output (MIMO) communication, energy
harvesting, artificial intelligence, and combinations with other data communication media are

being investigated. Regarding the PHY layer, it is well-established that the multicarrier scheme
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known as orthogonal frequency division multiplexing (OFDM) is widely applied because it
efficiently divides the available frequency band into several orthogonal subchannels. It is a
useful feature for dealing with frequency selective channels to maximize data rate [14-21] or
minimizing bit error rate (BER) in PLC and hybrid communication systems [22-25]. Moreover,
the use of the single carrier cyclic prefix (SCCP) scheme was considered as an alternative to the
OFDM by the authors in [26], showing that the SCCP achieves competitive BER performance
in comparison to the OFDM when the normalized signal-to-noise ratio (nSNR) in the frequency
domain is not frequency selective. Also, [27] analyzed a coded version of the SCCP scheme for
PLC systems. Last but not least, the SCCP can also be implemented with the discrete Fourier
transform (DFT).

Moreover, [28] proposed the orthogonal time-frequency division multiplexing
(OTFDM), which can also be named as orthogonal Stockwell division multiplexing (OSDM)!
scheme for reducing the computational complexity of the resource allocation process related
to the bit and power allocations. The OSDM is based on the discrete orthogonal Stockwell
transform (DOST) [29], which can be implemented using DFT [30,31]. In the beginning, the
DOST were mainly applied to digital image processing applications, such as image restoration,
image compression, and face recognition [30,32-34]. However, [28] showed that it can also be a
useful multicarrier scheme in which the time-frequency region associated with only one OSDM
symbol is divided into orthogonal tiles of distinct geometries. As each tile covers distinct time-
frequency dimensions, the OSDM groups several contiguous subbands that show similar nSNR.
As the OSDM was recently introduced, its performance analysis related to interference was not
assessed. Similar to other multicarrier schemes, the performance of the OSDM can be seriously
compromised when channel estimation, channel equalization, cyclic prefix (CP) length, symbol

timing offset (STO), clock offset, and frequency offset? are not correctly handled.

The above discussion about SCCP and OSDM points out that the omnipresence of OFDM
main not be mainly related to its characteristic of dealing with distinct types of channels. Itis a
well-established issue in the area of digital communication that what drives the use of OFDM
is its fast implementation with the DFT. Another interesting scheme is the so-called orthogonal
chirp division multiplexing (OCDM), introduced a few years ago. It relies on the combination
of the orthogonality principle together with the chirp spread spectrum (CSS) scheme to yield a
multichirp scheme. It was first proposed in [35] for passband data communication systems, and
it was shown that the discrete Fresnel transform (DFnT), the main operation in the OCDM, can
also be implemented using the DFT. Since then, a few researchers have advanced this scheme
in other data communication media and applications. Investigations of OCDM in optical
communications can be found in [36,37], where it is shown that the coherent optical OCDM

can be integrated into existing coherence optical OFDM. In MIMO systems, [38] pointed out

1 This new name is suggested because it emphasizes characteristics that are shared with other well-known
data communication schemes.

2 The frequency offset problem emerges when performing passband data communication.
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that the OCDM provides better performance than the OFDM in terms of BER. Also, [39,40]
analyzed the performance of the OCDM in underwater acoustic communication. Regarding
the spectrum of the orthogonal chirps, [41] investigated its orthogonality in the discrete-time
domain, while [42] proposed a shaping technique for it. Furthermore, [43,44] applied OCDM
in radar-communication and compared it with the OFDM for data communication and radar
image generation; [44] also considered MIMO communication for radar systems. Moreover,
[45] proposed a time-domain reflectometry system, based on the OCDM, for power line sensing.
In addition, channel characterizations based on OCDM were conducted in [46], while [47]
discussed a pilot signal for high precision characterization of channels. Finally, the literature
has numerically shown that the OCDM scheme offers better BER performance than OFDM
and SCCP schemes in a few circumstances. For instance, [48] showed such a result under the
presence of frequency offset and narrowband interference. Paying attention to PLC systems,
[49] extended the OCDM to operating the baseband and also compared them with the Hermitian
symmetric OFDM (HS-OFDM) and SCCP under CP length violation; however, the underlying
comparison was only supported by numerical simulations. No published study was found in the

literature focusing on the sensitivity analysis of the baseband OCDM?3 concerning STO.

1.1 OBIJECTIVES

Aiming to advance performance analyses when both the CP length violation and the
STO are taken into account, and the combination of the schemes mentioned above for designing

a flexible PHY layer of PLC systems, the following objectives are addressed in this thesis:

* To use the formulation discussed in [50, 51] for deriving closed-form expressions for
quantifying the CP length violation and the STO in OCDM, SCCP, and OSDM schemes
and performing a fair comparison among HS-OFDM, OCDM, SCCP, and OSDM under
these problems when a baseband data communication through electric power systems
are considered. Also, to present a framework for designing PLC systems that can easily
choose between the HS-OFDM, OCDM, SCCP, or OSDM schemes for dealing with
distinct scenarios when data communication through electric power systems is carried

out.

* To numerically perform a comparison among HS-OFDM, OCDM, SCCP, and OSDM in
terms of data rate and bit error probability under distinct levels of CP length violation and
STO when the PLC channel is modeled as a linear and time-invariant system corrupted
by the additive presence of random process, which is modeled as additive white Gaussian
noise (AWGN) or additive colored Gaussian noise (ACGN). Furthermore, the data rate
analysis covers the use of the uniform power allocation (UA) and optimal power allocation

(OA) because they assume the availability of channel state information (CSI) at the

3 In the rest of this dissertation, the acronym OCDM will refer to the baseband version of the OCDM.
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transmitter side. In contrast, the bit error probability analysis only considers the lack of

CSI at the transmitter side, which imposes the use of adaptive modulation.

1.2 ORGANIZATION

The remainder of this thesis is organized as follows:

* Chapter 2 addresses the problem formulation, which takes into account the system model
of data communication schemes and the presence of CP length violation and STO. It also
revisits the formulation for deriving the estimated signal, signal-to-interference-plus-noise
ratio (SINR), signal-to-noise ratio (SNR), and nSNR of the HS-OFDM when the problems
mentioned above are considered. Last but not least, it points out the research questions

that this thesis aims to answer.

* Chapter 3 discusses a framework for allowing the easy exchange of HS-OFDM, OCDM,
SCCP, and OSDM schemes in PLC systems when distinct channels conditions and cons-
traints are considered. In the sequel, it extends the formulation in Chapter 2 for deriving
the expressions for the estimated signal, SINR, SNR, and nSNR of the OCDM, SCCP, and
OSDM schemes. Also, it pointed out the similarities between the data mentioned earlier
communication schemes that support its easy exchange. Finally, it details a comparative

discussion about the spectrogram and nSNR of these four data communication schemes.

* Chapter 4 analyzes the numerical results related to performance comparisons, in terms
of data rate and error symbol probability, of the HS-OFDM, OCDM, SCCP, and OSDM
schemes. The numerical results are obtained using closed-form expressions and Monte

Carlo simulations.

* Chapter 5 discusses the main contributions of this thesis and future works.
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2 PROBLEM FORMULATION

This chapter addresses the mathematical formulations for data communication schemes
that use CP extension for imposing the channel convolutional matrix to be circulant!, which
relies on the assumption that the channel impulse response is linear and time-invariant, at least
in a time period longer than the time duration associated with one N-length block. Also, it
embraces the CP length violation and STO.

To derive a few closed-form expressions for such kinds of data communication schemes,
a system model contemplating the HS-OFDM scheme under the presence of the CP length
violation and STO is detailed. In the sequel, closed-form expressions for the received signal,
SINR, and SNR are derived. The obtained mathematical formulation allows the performance

analysis of data communication schemes due to the degradation yielded by CP length violation
and STO.

This chapter is organized as follows: Section 2.1 presents the system model, Section
2.2 revisits the formulation found in [50, 51] for the HS-OFDM scheme for contemplating the
degradation caused by CP length violation and STO, and formulates the investigated problem.

2.1 THE BASEBAND SYSTEM MODEL

Aiming to formulate the problem and point out the research questions investigated in this
thesis, a vectorial version of the baseband PLC system model based on a data communication
scheme in the discrete-time domain is shown in Figure 1. This data communication scheme
which makes use of CP for ensuring the channel convolutional matrix is circulant and transmits
N-block symbols of data. Note that N = 2N + L.p, with N being the number of samples of
data in the transmitted block and L., the CP length, which defines the redundant samples for
ensuring the channel convolutional matrix is circulant as far as L., > Ly — 1, in which Ly, is
the length of the time-invariant channel impulse response (CIR). It is assumed a lack of perfect
synchronization at the receiver (i.e., STO) and the presence of inter-symbol interference (ISI)
due to the violation of L., > Lj, — 1, then the vectorial representation of the received N-block

symbol in the discrete-time domain can be expressed as [50]

I
yll] = > H=ix[l -] +v[i], 2.1)
i=—1
where x[1—i] = [xo[[=1],...,x5_,[[—=i]]T € RVX1 is the (1—1)" N-block symbol transmitted;
—1<i<I,withl =[L,/N], [z] =min{n € Z|n > z} being the ceiling function, and L, being
the channel length; and v[I] = [vo[],...,vg5_,[[]]T € RV*1 i the additive noise at the discrete

time /, with ()7 being the transpose operator. Moreover, x[/ — i] and v[/] are independent

LIf the channel convolutional matrix is circulant, then the discrete Fourier transform diagonalizes it.
Consequently, discrete Fourier transform-based data communication scheme can be applied.
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and zero mean wide-sense stationary (WSS) random vectors. Also, H[—i] is the CIR convolve

matrix with entries equal to

0, u+n—-m<0
Hn,m[_l] = h#+n—;n, O S ﬂ+n_m S Lh - 1 ’ (2'2)
0, Lpy—-1<u+n—-m

where u = iN + A, in which A is the STO. In addition, h = [hy, ..., hr,—1]7 € RE#™ s the
vectorial representation of the CIR of the PLC channel, which is considered to be linear and time
invariant. The time invariant assumption refers to the fact that the time interval for a N-block
symbol is much shorter than the coherence time of the PLC channel. Further, it is defined the
channel frequency response (CFR), H = [Ho, . .., Hon-1]", with H = V2NF| hTO(TZN L) Xl]T
where F € C2V*2N ig the normalized DFT matrix, Ocxp is a C X D-size matrix with entries

equal to zero, and, finally, A, = diag{H} € C*N with diag{z} representing a diagonal matrix
containing the elements of the vector z.

Figure 1 — The block diagram of the system model.

v[!/]

x[/] ( yl!]
‘ Transmitterl >L H[- ., H[1] + >i Receiver I

According to [50], (2.1) can be used to model the distortion introduced by the CP length
violation and STO when the HS-OFDM scheme is used, see details in Section 2.2.

2.2 THE HS-OFDM SCHEME

This section revisits the mathematical formulation presented in [50] for quantifying
the CP length violation and STO in the HS-OFDM scheme. In contrast to [50,51], this thesis
presents the mathematical derivations of a closed-form expression of the post-equalization SINR
in the discrete-frequency domain, since it facilitates the recognition of the existing relationship
with other data communication schemes addressed in Chapter 3.

In this regard, Figure 2 shows the block diagram for the HS-OFDM transmitter and

receiver. At first, the vector representation of a modulated N-block symbol in the discrete-

frequency domain, X[/] € C¥*!, is mapped following the expression described by [14]
R{Xn-1ll]}, k=0
Xi-1[11, k=1,...,N-1
Xus k] = : (2.3)
IHXnlll}y, k=N
XE"kH)m[Z], k=N+1,...,2N -1




20

Figure 2 — Block diagrams of the HS-OFDM’s transmitter and receiver.

X[/] Xns /] x[/]
—)l Mapping l @—) Y

T

(a) Transmitter

A A

Y[/]

X[!] Xns[!] yl]

(b) Receiver

where (), is the circular shift operation, (-)* is the complex conjugate operator, R{-} and
J{-} are the real and imaginary components of a complex value, respectively. Next, the vector
representation of a 2N-block modulated signal in the discrete-frequency domain, Xgg € C*V*!,
is processed through the HS-OFDM transmitter by applying the normalized inverse discrete
Fourier transform (IDFT) and then adding the CP. So, the vectorial representation of the /"
N-block symbol at the output of the transmitter is given by

x[/] = TXgs|[!]

(2.4)
= W, F Xgs[I].
where ¥, is the CP matrix, which is expressed as
0 _ I
v, = Lepx(2N-Lep) AL, ’ 2.5)
Ly

in which (-)T is the Hermitian operator, Iy and I, are the 2N X 2N and L., X L, identity
matrices, respectively. Therefore, the vectorial representation of the I’ received N-block symbol

is expressed as

ZH x[1 - i] + v[]

=1 (2.6)

- ZH i TXyus[l - i] + v[I].
i=—1

Considering R = F¥,., where ¥, is the remove CP matrix given by

¥, = [02vxL., Lonl, (2.7)
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the vectorial representation of the I’ 2N-block symbol in the discrete-frequency domain is given
by

= Z RH[-i]TXgys[! — i] + Rv[/]

1
= RH[0] TXys[!] + Z RH[-i]TXys [ - i] + V[] (2.8)

i=—1
i#0

1
= A[0]Xus[/]+ ) AlilXus[l =il + VI,

where A[i] = RH[/]T and V[/] = Rv[/]. Note that the CP length violation (L., < Lj — 1) and
the presence of STO (A > 0) are the causes of ISI and inter-carrier interference (ICI), respectively.

To be more specific about the aforementioned interference, the following descriptions are made:

« ICI: Is the interference caused by others subcarriers from the (I —i)"* 2N-block symbols,
i = -1,0,1,...,1, into the desired subcarrier. The non-diagonal elements of A[i],

i=-1,0,1,...,1, contribute with this type of interference.

 ISI: Is the interference caused by the block signals Xys[/ —i], i =—1,1,...,1, at the
desired block signal Xys[/]. The diagonal elements of A[i], i =—1,1,..., 1, contribute

with this type of interference.

Regarding the equalization process in the discrete-frequency domain, one can straight-
forwardly use the complete zero-forcing (C-ZF) equalizer, that mitigates ISI and ICI caused
by the channel, CP length violation and the STO. A second option is to use the modified
zero-forcing (M-ZF) equalizer, which mitigates the ISI caused by the channel and the ICI. Or,
as a third option, the single-tap zero-forcing (ST-ZF) equalizer that addresses ISI caused by the

channel, see [51] for more details. To put in mathematical terms, these equalizers are given by

AT[0] (z{z_l A [i]A[i]) for C-ZF
E =1 (AT[0]A[0])"'AT[0] for M-ZF > (2.9)
(D{A[0]})! for ST-ZF

where D{Z} represents a diagonal matrix containing the diagonal elements of the matrix Z.

Therefore, the vectorial representation of an estimate of the received /' 2N-block symbol, before
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the demapping process, is given by,

1
Rus[l] = EA[0]Xns[l] + > EA[i]Xus[l - i] + EV[/]

i=—1
i#0

(2.10)
1
= D{EA[0]}Xus /] + D{EA[0]}Xns[!] + Z EA[i[Xus[/ -] + EV[{],

i=—

in which D{Z} = Z — D{Z}. However, the interference that disturbs the data communication is
avoidable when the correct value of L., and the absence of STO apply. To put in mathematical

terms:

e If L., > L, — 1is adopted, then A[i] =0y fori=1,...,1.
* If A = 0is adopted, then A[—1] = Opy.

* If the two above conditions are taken into account, then A[0] will be a diagonal matrix
with elements equal to the CFR, meaning A[O] = Aj;,. Also, the equalizer E will result
into the single-tap (ST) equalizer E = A;l.

Therefore, if the last condition is adopted, the only disturbance left in the I’ estimated 2N-block
symbol is caused by the additive noise V[/]. Consequently, (2.10) reduces to

Xus[l] = Xus[/] + A, V[1]. (2.11)

Finally, the last step in the HS-OFDM reception is the demapping yielding X[/], whose elements
are equal to

R[] = ):(Hs,kﬂ[l], A k:O,...,N—2. 012

Xusoll] +jXusn-1[l], k=N-1

Now, the SINR analysis for the HS-OFDM scheme is presented. The mathematical

deductions of SINR is carried out after the discrete-frequency domain equalization, which is

slight different from the approach presented in [50], in which the deduction of SINR is carried

out before the frequency domain equalization process. The choice in favor of the deduction

of SINR after the frequency domain equalization (FDE) facilitates the comparison between

HS-OFDM and the other schemes (i.e., SCCP, OSDM, and OCDM) as will be clear in Chapter

3. In this sense, the following components can be identified in (2.10):

* D{EA[0]}Xgs|[!] as the desired signal.

« D{EA[0]}Xps[/] + X, EA[{]Xgs [/ — i] as summation of IST and ICL.

i#0

* EV[!] as the additive noise.
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Therefore, the desired signal power matrix is defined as

Ps = 5 DIEAO]E(Xess 11X 1) DIEA[O])

(2.13)
= D{EA[0]}PxD{EA[0]}'
while the interference-plus-noise power matrix is equal to
1 — _
Prv = 2—@{EA[0] YE{Xus [1]1X[is [ Y D{EA[0]]} +
y 1
A%t 17— MATLTRT 4 T t
N ,Z_ll EA[i]|E{Xus[! — i|Xyg [l - iJA[(/]E +2NEE{V[Z]V [/]}E o1

1
= D{EA[0]}PxD{EA[0]}" + Z EA[/]PxAT[/]E" + EPVE'

i=—1
i#0

with Py = 5L E{V[/]V'[I]} € R*¥2N and E{-} being the expectation operator. Note that Px
and Py are diagonal matrices because the elements of Xgs[/] and V[/] are obtained from mean

zero WSS random processes, which are constituted by uncorrelated samples.

Finally, the SINR for the k" subcarrier is given by

YIVk = o, (2.15)

where Px i« and Pry i are the kth diagonal element of Px and Py, respectively. In the case

without interference (i.e., L., > Ly — 1 and A = 0), from (2.11) it is extracted the expression of

llh

the mapped estimated signal in the k' subcarrier of the /" 2N-block symbol, which is given by

Xus.e[1] = Xus ke [1] + Ay Vil 1], (2.16)
where Ay k k is the k' h diagonal element of Aj. So, the SNR of the k™ subcarrier is equal to

v B Xus k[ XG5 [11}
%}E{A}_l,lk,kvk[l] L ]A}_zlk*k}
s B{ Xusk [/ 1 Xgs i 11}

s IAGPEVR [V [}

YV.k =

PX k.k

L (2.17)
|AL PPV ok

where Py i« is the k" diagonal element of Py. Finally, the nSNR is given by
_ 1
Wk =TT (2.18)

|Ah k, klsz,k,k

Overall, the mathematical deductions presented in this section revisits how the formu-
lation in [50, 51] is applied to deal with a few problems related to the use of the HS-OFDM.
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Moreover, these deductions can also be applied to OCDM, SCCP, and OSDM schemes under the
presence of the same problems. In this sense, the following research questions are investigated

in this thesis:

* Is it possible to extend all these formulation to quantify the same problems in other data
communication schemes, such as OCDM, SCCP, and OSDM?

* Is there a framework that is capable of deriving HS-OFDM, OCDM, SCCP, and OSDM
from one formulation and allowing their easy exchange when the PLC systems faces

distinct environments for performing data communication?

To answer these interesting questions, in Chapter 3, a framework is proposed to model
the CP length violation and STO in which the frequency domain equalizer is considered in the
formulation. And then, the framework is used to mathematically derive data communication
schemes such as the OCDM, SCCP, and OSDM.
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3 THE PROPOSED FRAMEWORK

Currently, there is a call for having flexible PHY layers that rely on software-defined
concepts. A software-defined implementation means that the techniques in the PHY layer can
be adapted to ensure that the PHY layer maximizes the use of channel resources for a given set
of constraints. Regarding the data communication scheme, we point out that their parameters
and type change in a software-defined implementation. Paying attention to the change of the
data communication scheme, it is necessary to come up with a few schemes that cover distinct
scenarios and constraints and, at the same time, share the same implementation core because it
results in less computational efforts, and, as a consequence, less hardware resource, resulting in

less energy consumption.

In this regard, this chapter introduces a framework that relies on the fast Fourier trans-
form (FFT) as the core tool for implementing the HS-OFDM, OCDM, SCCP, and OSDM.
Consequently, this framework can be used for supporting the implementation of a flexible PHY
layer, in which one can change its data communication scheme for dealing with distinct sce-
narios. Also, it shows that all expressions in Section 2.2 can be straightforwardly extended
to address the interference caused by the CP violation and STO in the OCDM, SCCP, and
OSDM. Furthermore, it derives closed-form expressions for the estimated signal, SINR, SNR,
and nSNR for OCDM, SCCP, and OSDM, and highlights some important conclusions about
the usability of each of them under certain circumstances. All mathematical derivations refer to
the baseband data communication since the focus is on PLC systems; however, these derivations

can be extended to cover the passband data communication.

This chapter is organized as follows: Section 3.1 demonstrates the proposed framework’s
mathematical deductions; Section 3.2 characterizes the OCDM scheme; Section 3.3 mathemati-
cally derives the SCCP scheme, Section 3.4 presents the deductions for the OSDM scheme, and,

at last, Section 3.5 displays some general comments.

3.1 THE MATHEMATICAL FORMULATION

Considering the interference caused by the CP length violation and STO, the formaliza-
tion of the proposed framework for encompassing the HS-OFDM, OCDM, SCCP, and OSDM
into a unified formulation, that can be useful for changing the data communication scheme in

PLC systems facing changing scenarios, relies on the following theorem:

Theorem 1: If the data communication scheme operates over an Lj-length and time-invariant
channel impulse response, the additive noise is a random process, the transmitter and receiver
matrices are given by T = ¥,FTQ'F and R = FIQEFY,, respectively, which may not ensure
that the channel convolution matrix is circulant, and QTQ = Iy, then the formulation in (3.6)
can be used to quantify the distortion introduced by the cyclic prefix length violation and symbol

time offset.



26

Proof: Assume that T = TP, R = P ER, where P = Q'F, P P =Ly, T = ¥,F", R = F¥,,
Y, is given by (2.5), ¥, is given by (2.7), and the channel equalization is performed in the
discrete-frequency domain. Also, let the block diagrams for the framework’s transmitter and
receiver be shown in Figure 3. Consequently, the /™ N-block zero mean WSS random symbol
vector, X[/], is properly mapped into a 2N-block symbol, X/ [/], to enable the baseband data
communication. Then, the mapped symbol is processed thought the transmitter in the proposed

framework by applying the transmitter matrix, which is given by

T = ¥,FQ'F'

_ G.1)
= TP,

where Q € C?M*2N is matrix that fulfills a specific constraint (i.e., Q'Q = Ly), ¥, is the CP
insertion matrix. P = Q'F is the generic precoding matrix, which brings X/ [/] to the discrete-
frequency domain. Therefore, the N-block symbol sent by the transmitter in the proposed

framework is given by

x[1] = Tx,[1]
= TPx,[/] (3.2)
= ¥, F'I] FX/[1].

As for the framework reception, the matrix representation of the receiver is given by

R = F'QEFY,
. (3.3)
=P ER,

where l_)T = F'Q ensures that ﬁﬁ = Iy and E! is the mathematical representation of the

discrete-frequency domain equalizer, and R = F'¥,. Now, as the proposed framework dictates,

lth

let the vector representation of the received [ 2N-block symbol, at the input of the receiver in

the proposed framework, be given by

ZH (TR [1 - i) +v[I]
i=—1
(3.4)
0]TX, [0 ZH i1TX [ - i) +V[I]
i=—1
i#0

where X;[I —i] is the (I —i)™ mapped 2N-block modulated signal. The vector recovery is made

through the receiver in the proposed framework, which includes the equalization process. The

1 The equalizer is included in R because the equalization in the discrete-frequency domain is simpler
than the other domains contemplated in this thesis. If the channel frequency response is flat and zero
gain, then E = Iy .
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Figure 3 — Block diagrams of the generic framework’s transmitter and receiver.
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vector representation of the received /™ 2N-block symbol in the discrete-frequency domain is
given by
Y[/] =F¥,y[/]
= Ry[/]
— 1 —
= RH[O]TPx,[/] + Z RH[-i]TPx/[] - i] + Rv[/]

i=—1
i#0

(3.5)

1
= A[0]Px,[1] + Z A[iIPx[1 - i] + V[I]

i=—1
i#0

with V[[] = Rv[I] € C>¥*! being the vector representation of the noise in the discrete-frequency
domain.

A comparison between (2.8), from Section 2.2, and (3.5) shows that both of them behave in a
similar manner, with the precoding matrix P being the major difference between the two of them.
The equalization process is also conducted in the discrete-frequency domain and it is given by
(2.9).

Since the vector is now in the discrete-frequency domain, the equalization is performed in the
mentioned domain by using E. Moreover, it is applied F so an estimated vector can be retrieved

from (3.5). Note that ﬁ brings back the vector from the discrete-frequency domain. Therefore,
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the /™ estimated 2N-block symbol, Z« [1], is given by

X1 £ PEY[]

1
Z —i|Tx [l — i] + Rv[l]

1
- PTEA[O]ﬁig[l] + Y P'EA[iPR[1 - i] + P EV[I]
i=—1 (36)

i#0

= A[0]%, ZA i1%; [ - i] + P EV[I]

i=—1
i#0

= D{A[0]}X,[1] + D{A[0]}%,[/] Z AliX;[1 - i] +GV[1],
=1
where A[i] = P EA[/]P and G = P E. The above expression shows that the desired vector,
D{K[O]}Xg[ ], is being disturbed by both interference, represented by D{A[0 1}x/[!] and
Zf:_ | K[i]i{ [I — i], and the additive noise, GV[I]. Finally, the demapping process is the last
steg 0for the receiver in the proposed framework, turning the estimated mapped 2N-block symbol

in the estimated N-block symbol §[l ]. O

Furthermore, the interference disturbing the data communication system can be classified
in two types. The first is the ISI, which is the interference caused by the (I — )™ block signal for
i=-1,1,...,1, atthe "™ desired block signal and the diagonal elements ofK[i], i=-1,1,...,1,
contributes with this kind of interference. The second type depends on the adopted data
communication scheme once the Q matrix is defined and is addressed in Sections 3.2, 3.3, and
3.4. Moreover, those interference can be removed from the data communication system if the

following constraints are taken into account:
* Values of L., > Ly results in A[ | =0y fori=1,...,1
* The value of A = 0 results in A[—1] = 0,y .
* If both of the aforementioned constrains are adopted, then the data communication is free

of interference, meaning that

_ I fori =0
Al]=1" 3.7)
0,y fori=-1,1,...,1.

In this sense, with the absence of interference, the only form of disturbance left in (3.6) is the

additive noise. Therefore, the estimated 2/N-block signal expression reduces to

X (1] =X[1] + GV[1]. (3.8)
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The SINR analysis for the generic formulation also follows the one made with the
HS-OFDM scheme in Section 2.2. Consequently, it is possible to name the components in the
right side of (3.6) as follows:

« D{A[0] }X/[!] being the desired signal.

« D{A[0] X (1 + Zl(:_l K[i]ié«[l — i] being the interference.

i#0

« GV[!] being the additive noise.

In this sense, the desired signal power matrix is given by

P = %D{X[O]}E{ig[l]iz[l]}@{x[o]ﬁ (3.9)

= D{A[0]}PxD{A[0]}

KA
[i

where Py = E{x/[/]x ; [[]1}/2N. While the interference-plus-noise power matrix is defined by
_ 1 — — o _
Prv = Sy PiAl0] }E{Xg[l]Xir«[l]}D{A[O]}T+

1 I—. — J— e 1 — —
N i:Z_l A[TE{X/[] - l]Xiv[l —i|}A [i] + ﬁGE{V[l]VT [1]1}G .10

1
= DA PDAL0]} + > AlIP,A’

i=—1
i#0

[i] + GPyG .

At last, the SINR for the k™ symbol of the 2N-block symbols is equal to

—_ Pskk
Yivie = = ’
IV, k k

(3.11)

where 551 k.k and 51\/,/(,1{ are the kP diagonal element of 55 and 51\/, respectively.

Figure 4 shows how the theorem (i.e., the proposed framework) is applied to obtain
the mathematical formulations for the HS-OFDM, OCDM, SCCP, and OSDM schemes. Note
that the proposed framework allows the possibility to work with four distinct data communica-
tion schemes that can be dynamically switched to deal with specific characteristics of a data

communication channel, which in this thesis is the PLC channel.

The Subsections 3.2, 3.3, and 3.4 detail the mathematical derivations from the proposed
framework to address OCDM, SCCP, and OSDM schemes, respectively, while Section 2.2 can
be reinterpreted as a formulation derived from the proposed framework with respect to the
HS-OFDM. Moreover, Subsections 3.2, 3.3, and 3.4 pay attention to differences among the

above-mentioned data communication schemes and the circumstances they should be applied.
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Figure 4 — Illustration of the proposed framework and the derived schemes.

(a) The proposed Framework
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D F =Y —
< D E K| F VY, &

3.2 THE OCDM SCHEME

The OCDM uses the DFnT, see Appendix A, to assign a point in a constellation to an
orthogonal chirp, with each chirp occupying a changing frequency with time within the time
interval of one OCDM symbol, as illustrated in Figure 5(b). Let the block diagrams for the
OCDM transmitter and receiver be shown in Figure 4(c). With the adoption of the type-IV
mapping described in [49], the deduction of the OCDM for baseband data communication is as
follows: The first step is the extension of the N-block modulated signal in the discrete-Fresnel

domain, X € C¥*!, into the 2N-block symbol, X; € R2¥*1 using the following expression:

£ ll] V2R{x (1]}, k=0,...,N-1 a2
k = . .
‘ V29{x,_nll]}, k=N,...,.2N-1
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Then, it is considered the matrix Q = I'ys, making P = I'ysF, with Tys being the artificial
Hermitian symmetric phase diagonal matrix [49] with elements given by

e Nk forO0<k <N-1
Thsixk =9 .. , ) (3.13)
e/ forN-1<k <2N -1

This condition transforms the proposed framework into the OCDM scheme, since the DFnT is
equal to ®ys = F'T'ygF. Additional and necessary information about the DFnT can be found
in Appendix A. Therefore, the OCDM transmitter is given by

— 1 il
=¥, F'TF (3.14)
= TP.

As for the reception, the matrix representation of the receiver is given by

R = F'TysEFY,,
. (3.15)
=P'ER,

where FL = FTFHS. Now, the two final necessary terms to characterize the OCDM estimated
signal and SINR left are the A[i] and G. The first one is given by

A[i] = RH[{]T
= F'TysEFY, H[i]'¥,F'T] F

3.16
= F'TysEA[i]I] F (5.16)
- P EA[(]P.
and the second one is equal to
G=PE
(3.17)
= F'T'ysE.

The expressions (3.16) and (3.17) are used to obtain the proper expression of estimated 2/N-block
symbol, given by (3.6), when the OCDM scheme is being considered.

The last step required to complete the data communication system is to apply the

demapping process, which generates %[l] , whose k™ subchirp are given by

A 1 -~ I -
Xkl = =Xk ] + —=JXpen L, (3.18)
v e
fork =0, ..., N—1. Furthermore, the second type of interference disturbing the estimated signal

can be categorize as inter-chirp interference (ICpl) which is the caused by subchirps from the
(1 — i)™ block signal,i = —1,0, 1,...,I. The non-diagonal elements ofK[i], i=-1,0,1,...,1,
contributes with this kind interference. The SINR is given by (3.11).
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If the data communication is free from interference, the sample associated with the Kkt

subchirp of (3.8) is equal to

2N-1
A 1 f27 g s 2
Xeklll =Xeplll + — ) elankie /vt ALY Vi1 (3.19)
4 e W ; h,i,
So, the SNR for the k™ subchirp is equal to
. BT 1T (11}
Vi =
ﬁE{( ZZN 16121\/ e —Jj i A— Vt[ ])( ZZZN 16 /2NkleJZN’ A*—lvx[l])}
ﬁ(
= Lk . (3.20)
2N ZzN : 2N leJZNk e jZN € jZNkl e/2N AhilAhijkl’ZNE{V[ ] [l]}
and since V;[l] is a zero-mean WSS Gaussian random process, E{V;[/]} = 0 and
E{V;[1]1V;[1]} = E{V;[{1}E{V}[I]}, Vi # i’. Therefore, the SNR results in
7 _ 5x,k,k
V.k — 2 i i
o St el WE Rl RERINL 2SR EVIV; 1]}
Py
4 Kok (3.21)

2N-1
21\]2 |Ah”|2PVH

In contrast to [48], which considers only white noise for the mathematical development, (3.21)
displays a general SNR expression for the OCDM when the additive noise is, at least, a WSS
random process. Moreover, the SNR of the SCCP found in [26, Section III-C] is equal to the
SNR expression in (3.21), if the additive noise is modeled as a zero mean and white random

process. Next, the nSNR for all subchirps is the same value, which is given by

1
NZZN 1|A;”,|2¢)V1l

| W= -1
——1
&NZWJ'

i=0

Yvik =

(3.22)

|I>

In other words, the nSNR for the OCDM always has the same value, despite its subchirp, and
is given by the harmonic mean of the elements of 4y = [y, ..., 77v,2N_1]T. It is important to
emphasize the existing similarity between (3.22) and the nSNR of OSDM found in [28], which
is highlighted in Section 3.4. Note that (3.22) covers all frequency bandwidth, since it performs
the harmonic mean throughout the subbands, while the one cited in [28] performs a sequence

of harmonic means, with each one considering only a given piece of the frequency bandwidth.

Due to the prominence and relevance of the HS-OFDM in the modern data communica-
tion systems, a few comments related to a comparison between the OCDM and HS-OFDM are

as follows:
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* (3.22) and (2.18) are different from each other. The former emphasizes that one subchirp
linearly occupies all subbands within the 2N-block symbol period, which is the reason for
having a harmonic mean, while the latter assumes that one subcarrier occupies a given

frequency subband within the 2/N-block symbol period.

* (3.22) states that all subchirps transmit the same amount of bits meaning that UA attains
the same result of OA. And, more impressive, is the fact that the knowledge of the nSNR
of only one subchirp is enough to allocate bits in all subchirps, which remarkably simplify
the resource allocation process. On the other hand, (2.18) takes advantage of bit loading
techniques, mainly OA, to maximize data rate; however, it demands the knowledge of the
nSNR of all subchannels.

* (3.22) shows that the OCDM performs an elegant combination of the frequency selective
of the channel and the colored additive noise to result in the same nSNR in all subchirps,

which is the opposite from what is observed in (2.18).

* If the channel frequency response is flat and corrupted by the AWGN, then (3.22) and
(2.18) result in the same nSNR values.

Overall, a comparison between OCDM and HS-OFDM allows the following statements

to be made:

* The OCDM scheme can successfully replace the HS-OFDM one due to a couple of
interesting advantages. Firstly, the OCDM is more robust (i.e., less sensitive to CP
length violation) and offers better bit error probability when the CSI is not available at
the transmitter side and adaptive modulation applies, as numerically shown in Chapter 4.
Secondly, the availability of the CSI at the transmitter side allows the transition of OCDM

to HS-OFDM, to take advantage of a bit loading technique for maximizing data rates.

* The whole deduction presented in Section 2.2 can be extended to mathematically quantify
the impact of the CP length violation and the STO. The former quantification is very
interesting because, for the first time, closed-form expressions are used to address it in the
OCDM. The latter quantification allowed the extension of the OCDM analysis beyond

what has been found in the literature.

Moreover, it is possible to interpret the OCDM scheme as a precoded version of the HS-OFDM
one, since T = TFIT_ISF = TP and R = F'T;sER = I_’1 ER, where P = FLSF is the specific
pre-coding matrix for the OCDM.

Finally, the mathematical formulation of the OCDM scheme shows that it is a useful
data communication scheme when the CSI is unavailable at the transmitter side [52], or when
there is CP length violation [49]. Also, it is attractive under the presence of STO, which is

numerically shown in Chapter 4.
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3.3 THE SCCP SCHEME

This subsection deduces the closed-form expression for the SCCP scheme. Similar to
Subsection 3.2, it derives the estimated signal, SINR, and SNR. It is important to emphasize that
the SCCP scheme is a well-known data communication scheme that uses the entire bandwidth
for transmitting each symbol [26,27], which is referred to in this thesis as subsymbol. Based
on the proposed Framework, it is necessary to consider Q = I,y for attaining the SCCP scheme,
as illustrated in Figure 4(d). As the data communication is in the baseband, it is necessary
to use mapping and demapping given by (3.12) and (3.18), respectively, if two-dimensions
digital modulation are considered (e.g., M-QAM). Note that the mapping and demapping are
not necessary if one-dimension digital modulation applies (e.g., M-pulse amplitude modulation
(PAM)). Therefore, the SCCP transmitter is given by

T=Y, (3.23)

and the receiver is given by
R = F'EFY,. (3.24)

The equations 3.23 and 3.24 are illustrated in Figure 4(d). Next, one only needs to obtain the

following terms to be able to characterize the SCCP scheme:

A[i] = RH[-{]]T

= F'EFY,H[-{]¥Y, (3.25)
= F'EA[i]F
and
G =F'E. (3.26)

With (3.25) and (3.26) in hand, one can obtain the estimated 2/N-block symbol for the SCCP
scheme, which is given by (3.6), from Theorem 1. The second type of interference distur-
bing the estimated signal is called inter-slot interference (IStl) which is caused by subsymbols
from the (I — i)™ 2N-block signal, i = —1,0, 1, ..., I, with the non-diagonal elements of K[i],
i=-1,0,1,...,1, contributing with this kind interference. Moreover, the SCCP SINR expres-
sionis given by (3.11) and SNR expressions can be easily derived. When there is no interference
in the communication (i.e. L., > Ly and A = 0), the k™ symbol of the estimated mapped signal

is given by

2N-1

A _ 1 P2m g

Xealll =Xpull] + Z e NRALL Vi (3.27)
=0

VN £
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So, the SNR of the k" term is equal to

s BT (1%, (1)
YV = 1 E{( 2N- leJZNklA 1 V-[l]) (; 2N-1 —Jzz—ﬁ,kiA*—'l‘V,*[l])}
V2N “i=0 V2N <=0 hiii i
~ Py kok
o SRR TRk TR ACL AL LR (VIV} (3.28)
~ Px.k.k
= ﬁ ?:,\(7)_1 |ejzﬂkl|2A 1 |2 E{V[] “[11}
_ ﬁxkk
B o ZZN 1|Ah”|27)v”
Moreover, the nSNR for all subsymbols is given by
_ 1
Yv = L ZzN 1 |Ah”|27)v,i,z‘
e ]__1 . (3.29)
= (ﬁ ZZ(; 7Vl) '

Last but not least, the comparison between (3.21) with (3.28), and (3.22) with (3.29)
shows that the SNR and nSNR of both data communication schemes has the same value.
Meaning that both the OCDM and SCCP schemes has the same curves of data rate and bit error
probability for a data communication system free of interference. However, the same conclusion
can not be stated when comparing the SINR, since each data communication scheme deals with

the considered interference in different manners.

3.4 THE OSDM SCHEME

The OSDM scheme was proposed in [28]. Itis a data communication scheme that utilizes
the DOST to divide the time-frequency space into orthogonal tiles bounded by a B-geometry,
which is defined in the time frequency domain [29]. The tiles presents different dimensions, as
illustrated in Figure 5(d).

The derivation of the SINR and SNR using the proposed framework as the baseline is
as follows: first of all, define Q = Fﬁ, with D = DF being the DOST and the elements of D are
equal to

1 J27T/; — Ty _ H —
Dy = e e Vi = [Bi/2] i< v+ [Bi/2]1 -1 (3.30)

0, otherwise,
where | z| = max{n € Z|n < z}. And, the parameters v, S, and 7} are elements of the vectors
v, B, and T, respectively, and are responsible for the creation of each tile. A more detailed

explanation of these parameters can be found in Appendix B.
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Further, since the data communication system in this thesis is in the baseband, the
Hermitian symmetric mapping and demmaping from (2.3) and (2.12), respectively, can be used
in the baseband version of the OSDM.

In Figure 4(e) is illustrated the block-diagram for the OSDM transmitter and receiver.
The OSDM transmitter matrix is given by

T=¥FD, (3.31)
and the OSDM receiver matrix is expressed as
R = DEFY,. (3.32)

Now, with the possession of the transmitter and receiver matrices, the terms K[i] and G can be

obtained. So, the former is given by

A[i] = RH[-{]]T

— DEFY,H[-i|¥,F'D (3.33)
- DEA[i]D'
and the latter is expressed as
G =DE. (3.34)

Thus, with the terms of K[i] and G equal to (3.33) and (3.34), respectively, the estimated 2N-
block signal, SINR (3.11) may be derived and they are given by (3.6) and (3.11), respectively.

In regards to the interferences disturbing the data communication system, the second
type can be nominated as inter-tile interference (ITI) which is caused by tiles from the (I — )"
2N-block signal, i = —1,0, 1,..., I, with the non-diagonal elements ofK[i], i=-1,0,1,...,1,
contributing with this kind interference. Moreover, in the absence of interference, the k™ tile of
the estimated 2/N-block signal can be expressed as

A | TggA-
zg,k[z]:xg,k[m\/—_ Z ¢’ ”ﬁk’e—f“k/\h”vu] (3.35)
Br iy TBi12)

and, then, the SNR of the k' tile is given by

s = ﬁE{fgk[l]?_Czk[l]}
Vi =
’ l vi+[Br/21-1 J27T 1 vi+[Br/21- 1 —j2m gk 1* *
{(\/—Z, e € R A Vil ]) (v— S gy € eI A [l])}
3 ?’xkk
1 vi+[Br/21-1 <« vi+[Bi/2]1-1 j27r i —]27r _ 1 1+ 1 %
Zlka l[ﬁk/ﬂ Zi/kzvk—kL,Bk/ZJ e e ﬁk € JﬂTkeﬂTTkAh”Ahl NE{Vl[l]Vt’[l]}
3 Px k.k
B -1, j2nskin,
A S B PR i AL ARV, 1)
3 Px.k.k
T vkt Be/2]-1
Be Lizvi- 1By /2] |Ahu| PV”

(3.36)
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Therefore, the nSNR in the k™ tile is given by

= 1
7V,k = 21-1 _
ﬂLkawfﬁkH IA 1 |25Dv,i,i

i=vi—Bk/2] ' Thii
vt lpe21-1 \7 (3.37)
L 5ol
- V.,i
Bk i )

At last, the OSDM can be seen as a data communication scheme in between the
HS-OFDM and SCCP ones. As a matter of fact, the HS-OFDM and SCCP ones can be
considered as a particular case of the OSDM or two oppositve boundaries for the OSDM. For

instance:

* If By = 1 for all values of &, then D= Ly, T = T, and R = ER. Which means that the
OSDM is reduced to the HS-OFDM.

o If Bx = 2N — 1 for all values of k, then D=F, T =Y, and R = F'EFY,. Which means
that the OSDM is reduced to the SCCP.

The fact that the HS-OFDM and SCCP can be derived from the OSDM is very interesting
because it emphasizes that its data rate and bit error probability performance will be a midterm
between the HS-OFDM and SCCP, and will be closer to either two depending on the adopted
B-geometry by the OSDM.

3.5 GENERAL COMMENTS

The proposed framework allows one to see the above-mentioned data communication
schemes from a singular perspective. Indeed, the nSNR expressions (3.22), (3.29), and (3.37)
are very similar to each other, since all of them are harmonic means of the HS-OFDM’s nSNR,
which is given by (2.18). However, (3.37), which applies to the OSDM scheme, performs
the harmonic mean of a consecutive 5; subbands, meaning that (3.37) will not have the same
value for all tiles, which is different from the OCDM and SCCP. Such characteristics are very
important, since it enables the use of the OA technique in OSDM with the aim of improving
data rate. Moreover, if the additive noise is modeled as an WSS and uncorrelated random
process, and the channel frequency response is flat, then the nSNR of all above mentioned data

communication schemes reduces to the same value, which is given by

1
Pvik

Yy = (3.38)

Also, the nSNR of each data communication scheme can be illustrated in the time-frequency

dimension that is occupied by one 2N-block symbol. For instance, Figure 5 illustrates the
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existing separation among the occupied band by the subcarriers, subchirps, subsymbols, and
tiles when HS-OFDM, OCDM, SCCP, and OSDM are considered, respectively, with 2N = 8.
As the geometric figures occupied by subcarriers, subchirps, and subsymbols can also be seen as
distinct tiles, it is clear that the difference among the tile geometries is defined by each of the four
data communication schemes. Such difference results in different impacts on the performance
of each of them with or without the presence of the CP length violation and STO in the data

communication system.

Moreover, some conclusions may be made while comparing these data communication
schemes in terms of their nSNR, which are listed in Table 1. For instance, each subcarrier
of the HS-OFDM occupies only a single subband and their nSNRs can be different among all
subbbands since the CFR and power spectral density (PSD) of the additive noise may not be
flat. Meanwhile, each subchirp of the OCDM occupies all the bandwidth, as a consequence, its
nSNR is interpreted as the harmonic mean of the nSNR of all subbands that are obtained by
using the HS-OFDM. The same can be stated for the SCCP. Regarding the OSDM scheme,
since each tile occupies a group of subbands, the nSNR in each tile is the harmonic mean of the
nSNR of the HS-OFDM within the group of subbands covered by the tile.

Figure 5 — Tile geometries for the four data communication schemes.
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Table 1 — Summary of the nSNR.

Bi

Data Communication Scheme nSNR
) - 1 th :
HS-OFDM Yk = AT Py for the k™ subcarrier
OCDM (2N Zl -0 1)7\_,11) for all subchirps
1 2N 1~
SCCP (W Vv ) for the all subsymbols
1
OSDM (& Z TP 7L)  for the k™ dile

39



40
4 PERFORMANCE ANALYSIS

Aiming to assess the usefulness of the proposed framework under a few distinct conditi-
ons, this chapter numerically analyzes the performance of OFDM, OCDM, SCCP, and OSDM
when narrowband PLC channel is disturbed by the presence of the additive Gaussian noise. In
this sense, it considers the violation of the CP length and the presence of STO to show the data
communication scheme that delivers the best performance or is more resilient to the considered
interference. The parameters used for performing the comparison between these data communi-
cation schemes are data rate and bit error probability. The data rate analysis is based on the UA
and OA while the bit error probability analysis relies on the use of UA and adaptive modulation.
A discussion about the numerical results obtained with the deduced closed-form expressions and
the Monte Carlo simulation, which allows one to check the accuracy of the deduced closed-form

expressions, are also detailed.

This chapter is organized as follows: Section 4.1 details the performance comparison and
simulation parameters; Section 4.2 presents a comparison between the closed-form expressions-
based and Monte Carlo simulations; Section 4.3 compares the three equalizers when only the
closed-form expressions are considered; Section 4.4 presents the data rate results based on the
closed-form expressions; and, finally, Section 4.5 presents the bit error probability results using

the closed-form expressions.

4.1 SIMULATION PARAMETERS

To obtain the numerical results with the closed-form expressions, it is assumed that
L, =30, L., € {14,21,30}, A € {0,5,10}, Y = 0 dB for the data rate analysis, and the
16-QAM for the bit error probability analysis. As for the B-geometry of the DOST, it is
considered 8 = 64. The PLC channel is generated following the channel model in [53] and
considering the parameters found in [54, Annex D] with a frequency bandwidth of B = 500 kHz
and N = 256. Those parameters can be found in Table 2.

Moreover, for the additive noise, it is utilized both the additive white and colored
Gaussian noise models. With reference to the AWGN, the model considers a zero mean
white Gaussian random process with a discrete power spectral density equal to Py, x = No/2,
k=0,1,...,N—1. While the ACGN model has a discrete power spectral density equal to
Pvek = Ee(_”Afk') +Pvyis k=0,1,...,N — 1, where the constants v, € R* are equal to
1.2x 107 and 1.0 x 10~13, respectively [55], and Af = B/N. Table 3 summarizes the additive

noise parameters.

For performing the data rate analysis based on OA and UA, the assumptions made

concerning the channel model (i.e., filtered PLC channel disturbed by the presence of additive
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Table 2 — Simulation parameters.

Parameters Value
N 256
B 500 kHz
Ly 30
L¢p {14,21, 30}
A {0,5,10}
Y 0dB
B 64

Table 3 — Additive noise parameters.

AWGN

Parameters Value

No 8.16 x 10714 W

ACGN

Parameters Value

v 1.2x1073

n 1.0x 1071

and Gaussian random process) results in the following expression for the data rates [56]:

2N-1
2(2N+ch)Ts Z log, (1 + —) 4.1)

where Y is the gap factor from Shannon’s capacity curve, T is the sampling time, and ¥ is the
SNR of a given scheme (HS-OFDM, OCDM, SCCP, or OSDM).

Furthermore, the additive noise and interference are considered to be Gaussian random
processes in all considered domains since the Central Limit Theorem applies in the transforma-
tion from the time domain to the frequency or Fresnel domains. Consequently, the bit error

probability for the M-QAM constellation associated with the k™ element (subcarrier, subchirp,
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subsymbol or tile) is expressed as

4 1 3 1\’ 3 .\
=

with M being the constellation order and Q(-) the Q-function. Furthermore, the average bit

error probability, which will be used for performing bit error probability analysis, is given by

_ 1 25
Py = — Py . 4.3
b=oN ;) bk (4.3)

The data rate and error probability analyses are both in terms of the total transmission

power (i.e, R X Pr (dBm) and P, X Pr (dBm)), which is expressed as

IN-1
Pr = Z Pk k
=0

= tr(Px), (4.4)

where tr(+) is the trace operation, Px is the signal power matrix related to the given scheme
(HS-OFDM, OCDM, SCCP or OSDM). Depending on the CSI availability and the type of
performance analysis, the total transmission power, Pr, is differently allocated to the 2/N-block
symbols. Note that the use of OA refers to the non-uniform allocation of #r while the use of
UA means that Pr is equally distributed.

4.2 CLOSED-FORM EXPRESSIONS AND MONTE CARLO SIMULATION COMPARI-
SON

In this section, a comparison between the results obtained with the closed-form expres-
sions and the Monte Carlo simulation is analyzed for the OCDM scheme. Similar analysis to
other schemes is omitted because similar results are obtained with all of them. The numerical
results calculated on the basis of the closed-form expressions of the OCDM scheme makes use
of (4.2), while considering the SINR of the OCDM, is based on Py, X Pr (dBm) plots. In
addition, the Monte Carlo simulation relies on the BER X £ (dBm) plots. As the lack of CSI at
the transmitter is assumed, the use of UA together with adaptive modulation is considered. The
adaptive modulation configuration is set to perform the 16-QAM constellation, the equalizer
C-ZF is adopted, L., = 14, A =5, Pr € [-10,40] (dBm), and the PLC channel is corrupted
by the presence of AWGN. For performing the Monte Carlo simulation, it is assumed the
transmission of 107 equiprobable N-block symbols, which are constituted by the points of a
16-QAM constellation, resulting in the transmission of 1.024 x 10! bits.

Figure 6 shows the numerical results for this comparison. As it can be seen, there is

a perfect agreement between the numerical results outputted by the closed-form expressions



43

(i.e., the P, curve) and Monte Carlo simulation (i.e., the BER curve). Also, it is observed
that after a certain value of Pr, its increase does not manage to improve the values of E, and
BER. This is an expected behavior because this simulation considers CP length violation and
STO, causing the data communication system to operate under interference. Since the signal
power and the interference are directly proportional with #r, the SINR will always have the
interference increasing with the P7 resulting in P, having a lower bound. Relying on the fact
that numerical results obtained with the closed-form expressions and Monte Carlo simulation
agree, the following sections present only the numerical results obtained with the closed-form

expressions.

4.3 EQUALIZATION COMPARISON

This section presents a comparison between the frequency domain equalizers (i.e., C-ZF,
M-ZF, and ST-ZF). To perform this comparison, it is adopted Pr € [—10,40] (dBm), the PLC
channel corrupted by the presence of AWGN and ACGN, L., = 14, and A = 5. Moreover, the
UA technique is combined with the 16-QAM constellation. In contrast to Section 4.2, all data

communication schemes are analyzed.

Figure 7 shows the attained results with C-ZF, M-ZF, and ST-ZF. The performance
curves show that the C-ZF equalizer yields the best results, which is similar to what was reported
in [51] for the OFDM scheme. For instance, while considering AWGN and $7r = 30 dBm,

Figure 6 — Comparison between closed-form expressions of P;, and Monte Carlo simulation (BER) for
the OCDM scheme while considering L., = 14, A = 5, 16-QAM, and AWGN.
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HS-OFDM reaches values of P), equal to 4.50 x 1074,1.05 x 1073, and 1.83 x 10~ when
cosidering C-ZF, M-ZF, and ST-ZF, respectively. Similar results were found using other data
communication schemes. Under the same noise disturbance, the OCDM obtains values of P,
equal to 4.64 x 107 for the C-ZF, while the other equalizers, M-ZF and ST-ZF, yield 6.13 x 1074
and 1.79 x 1073, respectively. Also, for the SCCP, considering the C-ZF, the scheme reaches
Pj, = 9.20 x 107, while the others equalizers attained higher values of P,. And for the last
scheme, the OSDM achieves a value of Fb equal to 1.07 X 1073 for the C-ZF, 2.15 x 1073 for the
M-ZF, and 3.36 x 103 for the ST-ZF. Finally, similar behavior is also observed when ACGN
is considered; however, with higher values of P,. All further numerical analyses regarding data
rate and bit error probability in the following sections make use of the C-ZF, since it results in
the best results among the equalizers considered in this thesis. Table 4 summarizes the results

obtained in this section.

Table 4 — Values of P, for Pz = 30 dBm when the equalizers C-ZF, M-ZF, and ST-ZF are applied to
PLC channel corrupted by AWGN.

Scheme C-ZF M-ZF ST-ZF
HS-OFDM | 4.50x 107 | 1.05x 107> | 1.83 x 1073
OCDM | 4.64x 107 | 6.13x 1074 | 1.79 x 1073
SCCP |9.20x107* | 1.18 x 1073 | 3.06 x 1073

OSDM 1.07x 1073 | 2.15%x 1073 | 3.36 x 1073

4.4 DATA RATE COMPARISON

This section discusses the performance in terms of data rates when UA and OA are
considered. The use of OA means that the transmitter knows the CSI and uses the waterfilling
algorithm to allocate distinct amounts of power to each subcarrier, subshirps, subsymbols, or
tiles when it is utilized HS-OFDM, OCDM, SCCP, or OSDM, respectively. On the other
hand, UA means that the CSI is not available at the transmitter side and the total transmission
power is equally distributed among subcarriers, subchirps, subsymbols, and tiles when it is
utilized HS-OFDM, OCDM, SCCP, or OSDM, respectively. Note that the nSNR value for the
OCDM and SCCP are the same for all subchirps and subsymbols, meaning the total transmission
power is equally distributed among subchirps and subsymbols regardless of the power allocation

technique considered.

The simulation results displayed in terms of R (Mbps) X $r (dBm), while adopting UA,
are illustrated in Figure 8. First, for the simulations without any form of interference (L., = 30
and A = 0), the HS-OFDM provides a better R than the other schemes through all values of Pr
and noise types considered. Regarding $r = 30 dBm, the HS-OFDM yields R equal to 5 and
4.22 Mbps for the AWGN and ACGN, respectively, while the OSDM provides the second best
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performance of data rate, achieving values of R equal to 4.67 and 3.96 Mbps. Also, both the
OCDM and SCCP yield 4.26 Mbps and 3.71 Mbps for the aforementioned additive noises. It is
important to highlight that the OCDM and SCCP, when using L., = 30 and A = 0, achieve the

same performance because their nSNRs are exactly the same.

Moreover, Figure 8 shows that as the interference starts to grow, the OSDM and SCCP
have proven to be more resilient to data rate loss due to CP length violation and STO among the
four data communication schemes, while the OCDM is the third most resilient. Indeed, as an
example, for Pr = 30 dBm, L., = 21, and ACGN, the data rate of the OSDM drops from 4 to
3.86 Mbps as A increases from O to 10 and the data rates of the SCCP drops from 3.75 to 3.57
Mbps. While, the OCDM decreases from 3.75 to 3.43 Mbps and the HS-OFDM from 4.26 to
3.78. To summarize, even though the HS-OFDM is more fragile to the interference than the
others, it yields better data rate results for most of the considered #r interval in comparison to
the other data communication schemes. Indeed, the HS-OFDM only loses in performance to
the OSDM when considering the high values of 7, which is when the interference starts to
compromise more the data rate performance of the HS-OFDM than the OSDM. For instance,
with L., = 14 (i.e., a strong CP length violation), the HS-OFDM still generates better data
rate results among the four data communication schemes for the values of 7 < 25 dBm and
under the presence of both additive noises (i.e., AWGN and ACGN). To put into numbers, when
Pr = 20 dBm, A = 10, and AWGN, the HS-OFDM yields R close to 3.24 Mbps, the OCDM
attains R = 2.67 Mpbs, the SCCP yields 2.70 Mbps, and the OSDM attains R = 3.11 Mbps.

The performance comparison in terms of R (Mbps) X $r (dBm) while considering OA
and comparing it to the UA are shown in Figure 9. First, since the transmitter must know the CSI
to perform the OA through the waterfilling algorithm, the numerical simulations contemplate
only the cases with L., =30 and A € {0, 5,10}. Therefore, the nSNRs used to perform the
power allocation are described in Table 1, since it is assumed that the transmitter does not
have knowledge about any kind of interference present in the data communication system. In
these plots is clear that the OCDM and SCCP attain the same performance for both allocation
techniques because of their nSNR characteristic. In contrast, the HS-OFDM and OSDM with
OA offer much better data rates than with UA when the total transmission power is low (e.g.,
Pr interval of —20 to 0 dBm for AWGN and —15 to 5 dBm for ACGN). For example, while
considering AWGN and A = 10, the HS-OFDM reaches a value of R =0.27 Mbps when
adopting Pr equal to —11 and —8 dBm with OA and UA, respectively. On the other hand, the
OSDM requires bigger values of Pr than the HS-OFDM to achieve the same R, reaching a data
rate equal to 0.27 Mbps when $7 = —10 dBm with OA and $r = —6 dBm with UA. Moreover,
in a certain interval of Py, the data rate stop starts to saturate due to the interference, reaching
an upper bound. That interval is, approximately, r > 15 and Pr > 20 dBm for AWGN and
ACGN, respectively, and this interval is further away from the one that OA really improves the
data rate. Therefore, the use of OA benefits the data rate performance even in the presence of

interference caused by STO.
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Therefore, the HS-OFDM presents the best result of R for all values of #r considered
in this thesis in most cases. The exceptions are as follows:

* The HS-OFDM with UA yields lower values of R than the OSDM with OA in the interval
of —20 < Pr < -5 and -20 < Pr < —10 dBm for AWGN and ACGN, respectively.

* In the high values of $r considered in this study (7 > 20 dBm), the HS-OFDM does not

obtain the best data rate because its low resilience to the CP length violation and STO.

However, these cases do not seem to be enough to discard the HS-OFDM as the obvious choice
to use when the CSI is available at the transmitter side.
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Figure 7 — Comparison between the equalizers C-ZF, M-ZF, and ST-ZF in terms of P, x Pz (dBm) for
the OCDM, HS-OFDM, SCCP, and OSDM when L., = 14, A = 5, 16-QAM, and both types of additive
noise are considered.

= HS-OFDM —=— OCDM ==~ SCCP -—- OSDM
C-ZF M-ZF ST-ZF

100

107" 5

1072

i< 107

1074 5

107> 3

10_6 T T T T 1
-10 0 10 20 30 40

Pr (dBm)

(a) AWGN

100

-4 N
10 e

107> 5

10_6 T T T T 1
-10 0 10 20 30 40

¢H~(dBrn)

(b) ACGN



Figure 8 — R (Mbps) xPr (dBm) for the HS-OFDM, OCDM, SCCP, and OSDM, when L., € {14,21,30}, A € {0, 5, 10}, and both types of additive noise are

considered.
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Figure 9 — R (Mpbs) xPr (dBm) for the HS-OFDM, OCDM, SCCP, and OSDM schemes while considering L., = 30, A € {0, 5, 10}, and both types of additive
noise.
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Figure 10 — P, X Pr (dBm) for the HS-OFDM, OCDM, SCCP, and OSDM, when it is consider L., € {14,21,30}, A € {0,5, 10}, 16-QAM and both types of
additive noise.
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4.5 BIT ERROR PROBABILITY

This section focuses on the performance analysis in terms of bit error probability when
the 16-QAM constellation is used to transmit data (adaptive modulation). In other words,
the CSI is not available at the transmitter side, and, as a consequence, subcarriers, subchirps,
subsymbols, and tiles transmit the same integer number of bits, which is equal to b = log, 16 = 4.
Note that this performance analysis is different from the analysis based on the use of UA since
the latter allocates a real number of bits in accord with the nSNR, which is not what adaptive

modulation advocates.

Figure 10 displays the graphs of P}, x P (dBm) while considering L., € {14,21,30}
and A € {0, 5, 10}. When considering the system operating under AWGN, L., = 30, and A =0
are considered, the HS-OFDM and OSDM yield P, = 10~ when the Pr is equal to 32 and
25 dBm, respectively, while the OCDM and SCCP only require $r = 22 dBm to achieve the
aforementioned value of Pp. It is important to note that the curves of Pp, x Pr for the OCDM
and SCCP are exactly the same in the absence of interference provoked by the CP violation and

STO since their nSNRs are equal.

Also, as the value of L., decreases and A increases, the interference starts rising
substantially. Consequently, the performance of all data communication schemes decrease. For
example, for the simulations L., = 21 and AWGN, to achieve a ﬁb =107, the HS-OFDM
requires values of Pr equal to 29 and 32 dBm for A equal to 0 and 5, respectively. For the
OCDM scheme, one can see that this data communication scheme generates the aforementioned
Pj, when Pr is equal to 21 and 23 dBm for A equal to 0 and 5, respectively. Moreover, the
OSDM and SCCP are proven to be the data communication schemes which are most affected
with the increasing interference, since only with A equal to 0 and $7 equal to 23 dBm for the
OSDM and 22 dBm for the SCCP they achieve P, = 107,

Furthermore, for L., = 14, the OCDM continues to yield better values of P, than the
other data communication schemes, being the only one among them to reach values of P}, lower
than 3.3 x 10~ for all A considered. In this sense, the OCDM showed better resistance to
performance loss in terms of P}, than the other data communication schemes as the interference
increases. In counterpart, the SCCP and OSDM are the most fragile to interference in terms of
Py,. Indeed, the SCCP fragility to interference in terms of P, is very interesting, since its SNR
is equal to the OCDM, which is the most resilient among the considered data communication
schemes. Thus, leading to the conclusion that CSS-based data communication scheme is less

impacted than the others regarding the interference caused by the CP length violation and STO.

For the numerical simulations considering ACGN, all data communication schemes
behave similarly to the simulations with AWGN as L., A, and $r vary. However, all data
communication schemes when operating over PLC channels corrupted by ACGN require more

total transmission power than when operating over PLC channels corrupted by AWGN to yield
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the same ﬁb. For instance, with L., = 21 and A = 0, to achieve Fb = 1079, the OCDM requires
Pr equal to 23 and 27 dBm for AWGN and ACGN, respectively. Meanwhile, the HS-OFDM
requires 33 and 37 dBm, the SCCP 28 and 31 dBm, and the OSDM 27 and 32 dBm for those

same types of additive noise.

To summarize, the OCDM displays the best results when there is no interference, re-
quiring almost 10 dBm less of the total power transmission to reach P, = 107 than the
HS-OFDM and 3 dBm less than the OSDM. And, even though the SCCP attains the same
curve of P, x Pr (dBm) than the OCDM without interference, the SCCP performance presents
significant degradation in the presence of increasing interference. Consequently, the OCDM
is the better choice between the four presented data communication schemes when adaptive
modulation applies. Indeed, it shows better performance in terms of Pj, X Pr (dBm) even in the
presence of interference due to CP length violation and STO. Thus, making the OCDM the best
option to use when the adaptive modulation applies, which characterize a scenario where CSI
is not available. However, if the computational complexity is one of the biggest concern and the

interference is weak, the SCCP is more suitable candidate to perform the data communication.
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S CONCLUSION

This thesis has advanced the investigation of the interference caused by the CP length
violation and STO in a set of data communication schemes, which are implemented by using
DFT, applied to PLC systems. In this sense, it has discussed a framework to merge the set of
data communication scheme into a general formulation. Relying on the proposed framework,
this thesis has advanced closed-form expressions for quantifying the interference caused by
the CP length violation and STO. In the sequel, it has qualitatively shown the usefulness of
such expressions for carrying out performance comparisons between the data communication
schemes. Moreover, it has quantitatively assessed performances in terms of data rate and bit
error probability to find the conditions in which each data communication scheme can be more

suitable.

Regarding the proposed framework, it has shown that it allows the unification of
HS-OFDM, OCDM, SCCP, and OSDM into a set of data communication schemes in which the
DFT is the core tool. In fact, by changing one of the parameters of the proposed formulation, it
is possible to derive the HS-OFDM, OCDM, SCCP, and OSDM schemes. Consequently, it fa-
cilitates the switching between these data communication schemes when it is necessary to carry
out a broad change in the PHY layer in order to adapt to the changing channel conditions and the
availability of CSI at the transmitter side. Moreover, this thesis has advanced the formulation
presented in [50,51] to deduce closed-form expressions of the OCDM, SCCP, and OSDM for
the estimated symbol, SINR, and SNR when the additive noise is a white or colored Gaussian
random process. Consequently, it has detailed data rate and bit error probability performance
comparisons among HS-OFDM, OCDM, SCCP, and OSDM under distinct levels of the CP
length violation and STO. Based on the availability of the CSI at the transmitter side, the
suitability of HS-OFDM, OCDM, SCCP, and OSDM has been discussed. Moreover, it was
demonstrated that the nSNRs of the OCDM, SCCP, and OSDM are equal to the harmonic mean
of the HS-OFDM’s nSNR, which emphasizes the existing relationship among them. Consequen-
tly, their combined use in a software-defined PLC system, in which the data communication

schemes can be dynamically selected to meet a specific goal, can be considered.

Numerical simulations have proven the consistency of the deduced closed-form expres-
sions for evaluating data rates and bit error probabilities and comparing the results outputted
by the Monte Carlo simulation when CP length violation and STO are considered. Moreover,
the data rate analysis, in which the performance of UA and OA are compared, and bit error
probabilities using adaptive modulation has provided valuable insights about the HS-OFDM,
OCDM, SCCP, and OSDM. The analysis has considered PLC system modeled as a linear and
time-invariant PLC channel corrupted by additive noises modeled as AWGN and ACGN and the
interference caused by the CP length violation and STO. The numerical results show that the
HS-OFDM scheme attains the highest data rate for most values of the total transmission power

even in the presence of interference and considering both power allocation techniques. The
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OSDM scheme offers the second-best data rate performance. Indeed, under specific scenarios,
such as high values of the total transmission power together with the presence of interference,
the OSDM can compete with the HS-OFDM.

Regarding the performance analysis in terms of bit error probabilities, the numerical
analysis has shown that the lack of CSI at the transmitter side imposes the use of the adaptive
modulation. In this scenario, the OCDM is the data communication that offers the best bit error
probability values in comparison to HS-OFDM, SCCP, and OSDM for the considered interval
of the total transmission power. Also, the bit error probabilities of the OCDM and SCCP tend
to be the same in the absence of the CP length violation and STO; however, the OCDM offers
improved bit error probability as these problems become significant. In addition, the SCCP
and OSDM are almost equally degraded under strong interference. In the scenario with mild

interference, the HS-OFDM offers the second-best performance.

Overall, if the aim is to maximize data rate, which imposes CSI availability at the
transmitter side, then the best option is the HS-OFDM followed by the OSDM. However, if
adaptive modulation is adopted, which implies the CSI being unavailable at the transmitter
side, the best option is the OCDM. The second best schemes are the SCCP if the interference is
absent or weak and the HS-OFDM if mild or strong interference corrupts the data communication

system.

5.1 FUTURE WORK

The future work are listed as follow:

* The extend the formulation to address the interference caused by clock offset, frequency

offset, and degraded channel estimation when both baseband and passband are considered.

* The investigation of code-division multiple access (CDMA) on data communication sche-
mes such as the OCDM and OSDM and perform a comparison with the well-established

multicarrier CDMA schemes.

* The investigation of the proposed framework for analyzing the performance of hybrid
communication systems, which combine power line and wireless communications, when
the OFDM, OCDM, SCCP, and OSDM applies.
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APPENDIX A - DISCRETE FRESNEL TRANSFORM

The DFnT, which was originated from the classical optics, is an integral transforma-
tion that mathematically describes the near-field optical diffraction [57, 58] and presents some
interesting properties that allow its use in data communication systems through the OCDM
scheme. Therefore, in this appendix is presented the DFnT matrix and some of its most valuable

properties.

First of all, the DFnT is a square matrix and has different construction depending if the
number of columns/rows is odd or even; however, in this thesis, only even values are considered.

So, the elements of the N x N-length DFnT matrix, ® is given by

n = Le—j%ejﬁ(m—n)z’ (A.1)
in which m,n = 0,...,N — 1. Therefore, the vector representation in the discrete-Fresnel
domain, z € CNX1_is given by

z =Dz, (A.2)

in which z € C¥*! is a vector in another domain, which in this thesis cases is the discrete-time
domain. And to bring back a vector from the discrete-Fresnel domain back to the original

domain, it is necessary to apply the inverse discrete Fresnel transform (IDFnT), ®", as follows:
z=®'z. (A.3)

Note that the DFnT matrix is unitary, i.e. PP = P = I,. Moreover, the DFnT of a
circular convolution is equal to the DFnT of either term convolving with the other [45]. To put
in mathematical terms, the following expression applies:
®Or = OBz
=B®dz,

(A.4)

where r = Bz with B € C¥*V being a circulant matrix and z € C¥*! is a vector.

Moreover, since the DFnT is a circulant matrix, the relation F®F' will result in a

diagonal matrix with inputs equal to the eigenvalue of @, in which
I' = FOF'. (A.5)

Note (A.5) is very useful to simplify the equalization in the discrete-frequency domain, since one

may rewrite (A.1) as ® = F'TF, with I' being a phase induced diagonal matrix with elements

equal to
Tij = e 5K, (A.6)
which results in the receiver, R, is equal to
R = ®F'EF
= F'TFF'EF (A7)

= F'T'EF.
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Also, since the DFnT is unitary, I' is unitary as well. Finally, all the above expressions are valid

for the type-IV version of the DFnT, as it is shown in [49].
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APPENDIX B - DISCRETE ORTHOGONAL STOCKWELL TRANSFORM -
PARAMETERS

The OSDM scheme aims to allocate each symbol in an orthogonal tile that occupies
a given frequencyxtime dimension that conforms to a B-geometry. Each of these tiles are
obtained following the DOST, given by (3.30), and characterized by the parameters (v, 3, T),
which responsible for coordinating each tile to a given position in the time-frequency space.
Also, each one of the mentioned parameters is build to assure baseband data communication
[28].

A short descriptions of each of them are as follows:

o The first parameter, v € N*¥*! is related to the central frequency of the tile.

And, it is given by the vector v = [V01£0,V11£1,~-~,VN,,—11£NP_1]T e N2MX1 " where
Np =2logy(B) +2N/2, 1g, is a -size column vector filled with ones, and v, is gi-
ven by

0, forp=0

1, forp=1

p L) for 2 < p < log,(B)

| B(p—logy(8) +271), for log,(B)+1 <p <N,/2-1
"o, for p = N,/2

2N +1— (N, —log,(B) +27 1 = p)B, forN,/2+1<p <N, -log,(B)-2

—27P~I4Np _ 2=P=24Np 1 1 42N, for Ny —log,(B) -1 < p <N, -2

2N -1, forp =N, - 1.

(B.1)

Different tiles sharing the same value of v; are called voice.

* The second parameter, B € N*2VX! represents the tile’s bandwidth. Therefore, it is given
by the vector 8 = [,80120,,811;21, ... ,,BNp_llTprl]T, where S, is equal to

1, for0<p <1
P for2 < p < log,(B)
B, for log,(B)+1<p <N,/2-1
Bp=11, for p = N,/2 (B.2)
B, for Ny/2+1 < p < N, —log,(B) -2
2777 Np - for N —logy(B) =1 < p < N, -2
1, forp =N, - 1.
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* The third parameter is represented by the vector
7= [sT[0],sT[1],...,sT[N, — 1]]T € N?M*! 'where s[p] is given by

[0], for0<p<1
[0,....8,-1]", for2<p<N,/2
s[p] =10], for p = N, /2 , (B.3)
By—1,...,0]", forN,/2+1<p<N,-2
[0], forp=N,-1

which is responsible for allocating a given tile in the time domain.

Figure 11 — Spectrogram of the OSDM scheme, while considering N = 8 and 2-geometry tiles.
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To help understand better how the three aforementioned parameters create the tile in

which a signal is transmitted through. Figure 11 illustrates it when 2N = 16 and 8 = 2.
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APPENDIX C - PUBLICATIONS
The conference paper published during the graduate period is as follows:

e T. F. Moreira, A. Camponogara, S. Baig, and M. V. Ribeiro, “Data rate and bit error
probability in narrowband PLC systems: OCDM versus HS-OFDM,” in XXXIX Simpdsio

Brasileiro de Telecomunicagoes e Processamento de Sinais, 2021, pp. 1-5.
The journal papers submitted during the graduate period are as follows:

+ T. F. Moreira, A. Camponogara, S. Baig, and M. V. Ribeiro, “Orthogonal chirp division
multiplexing: New findings,” IEEE Access, Jan. 2022. (submitted).

. A. Camponogara, K. C. C. Santos, T. F. Moreira, and M. V. Ribeiro, “Secrecy in narrow-
band hybrid PLC/WLC systems under passive eavesdropping,” Wirel. Commun. Mob.
Comput., Fev. 2022. (submitted)



