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Abstract: This paper investigates the degradation caused by interference resulting from cyclic pre-
fix violation and symbol timing offset in narrowband power line communication systems. In this
sense, it presents a unified formulation from which Hermitian symmetric orthogonal frequency di-
vision multiplexing (HS-OFDM), orthogonal chirp division multiplexing (OCDM), single-carrier
cyclic prefix (SCCP), and orthogonal time–frequency division multiplexing (OTFDM) can be eas-
ily derived. The paper then provides closed-form expressions for quantifying the aforementioned
interference in the presence of a frequency domain equalizer. The numerical analyses exhibit the
performances of these schemes under various data communication conditions, such as the avail-
ability of channel state information, the presence or absence of interference, modeling of additive
noise as a white or colored Gaussian random process, frequency domain equalizer type, and the
use of bit and power allocation techniques. The closed-form expressions and performance analyses
regarding achievable data rate and bit error probability provide guidance for dealing with distinct
constraints in narrowband power line communication (PLC) systems using the HS-OFDM, OCDM,
SCCP, or OTFDM scheme. Lastly, the unified formulation and results obtained motivate the design
of multi-scheme transceivers.

Keywords: power line communication; multiplexing modulations; interference; cyclic prefix;
symbol timing offset

1. Introduction

Even though electric power systems present many impairments for data communi-
cation purposes, the ever-increasing demand for connectivity has brought the attention
of both industrial and academic spheres back to this challenging data communication
medium. Indeed, modern society’s necessity for connectivity has rushed the development
of telecommunication infrastructure and technology to enable Industry 4.0/5.0, the Inter-
net of Things, smart grids, and smart cities [1–3]. To overcome the impairments imposed
by electric power systems for transmitting information-carrying signals, frequency selec-
tivity effects and the presence of high-power impulsive noise, remarkable advances in the
link and Physical (PHY) layers have been introduced in the past three decades [4,5].

Regarding the PHY layer, it is a well-established fact that the multicarrier scheme
known as Hermitian symmetric orthogonal frequency division multiplexing (HS-OFDM),
which is the orthogonal frequency division multiplexing (OFDM) version for baseband
data communication, is widely applied to deal with the aforementioned power line com-
munication (PLC) impairments. It divides the frequency bandwidth into several subbands
(i.e., orthogonal subchannels), which are useful for overcoming the frequency selectiv-
ity of PLC channels, and consequently maximizing the data rate or minimizing bit error

Sensors 2023, 23, 4363. https://doi.org/10.3390/s23094363 https://www.mdpi.com/journal/sensors

https://doi.org/10.3390/s23094363
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0001-8372-9902
https://orcid.org/0000-0002-8309-9696
https://orcid.org/0000-0002-1951-4568
https://orcid.org/0000-0002-6272-4675
https://doi.org/10.3390/s23094363
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s23094363?type=check_update&version=2


Sensors 2023, 23, 4363 2 of 27

rate (BER) [6–11]. It can even be used with a blanker to mitigate impulsive noise distur-
bances [12,13]. Moreover, the single carrier cyclic prefix (SCCP) scheme was considered as
an alternative to the OFDM in [14], showing competitive BER performance in comparison
to the OFDM when the normalized signal-to-noise ratio (nSNR) in the frequency domain
is not frequency selective. The orthogonal division multiplexing (OCDM) scheme, which
combines the orthogonality principle with the chirp spread spectrum (CSS) to yield a mul-
tichirp scheme [15], was first applied to PLC systems in [16]. The attractiveness of the
OCDM scheme relies on the use of the discrete Fresnel transform (DFnT) implemented
with the discrete Fourier transform (DFT). Recent contributions have demonstrated the
usefulness of OCDM for optical, underwater acoustics, and sensing applications [17–20].
Moreover, Colen et al. [21] introduced the orthogonal time–frequency division multiplex-
ing (OTFDM) scheme to reduce the computational complexity of bit and power allocation.
The OTFDM is based on the discrete orthogonal Stockwell transform (DOST) [22], which
is mostly used in digital image processing with its fast transform application [23,24]. An
analysis of the mathematical descriptions of these schemes shows the existence of rela-
tionships among them, which can be exploited to design multi-scheme transceivers for
dealing with distinct sets of constraints in PLC systems.

Moreover, the literature shows that the HS-OFDM scheme for PLC systems has been
widely and deeply investigated. Consequently, it has been introduced in several standards
and protocols; however, we cannot say the same for the other aforementioned schemes.
Considering the OCDM scheme, the literature shows investigations considering the car-
rier frequency offset and narrowband interference in wireless systems [25]. Moreover, the
authors in [16] compared the HS-OFDM scheme, SCCP, and OCDM sensitivity to the
cyclic prefix (CP) length violation based on the Monte Carlo Simulation. Considering the
OTFDM schem, [21] introduced and applied it to reduce computational complexity dur-
ing the resource allocation process while [26] provided an initial discussion about the CP
length violation and the symbol timing offset (STO). Unfortunately, the available literature
does not show how these schemes, under the presence of the CP length violation, behave
when PLC channels are corrupted by white or colored additive noises, and different tech-
niques are applied to perform resource allocation and frequency domain equalization.

Aiming to deal with the aforementioned issues, this paper focuses on the perfor-
mance comparison among HS-OFDM, OCDM, SCCP, and OTFDM schemes in the pres-
ence of the CP length violation and the STO in data communication performed by base-
band PLC systems, in which the media is characterized by frequency-selective channel fre-
quency response (CFR). The main contributions of this study are as follows. We present:

• A presentation of a unified formulation from which the HS-OFDM scheme, OCDM,
SCCP, and OTFDM schemes are derived for baseband systems, as well as a deduc-
tion of closed-form expressions for the estimated signal, signal–to–interference–plus–
noise ratio (SINR), and SINR upper-bound when frequency domain equalizers (i.e.,
complete zero–forcing (C-ZF), modified zero–forcing (M-ZF), and single–tap zero–
forcing (ST-ZF) [27]) are considered.

• Numerical analyses to compare closed-form expressions with the Monte Carlo sim-
ulation and different types of frequency domain equalizers; we show that the STO
might benefit data communication systems when the CP length violation occurs.

• Performance analyses comparing HS-OFDM, OCDM, SCCP, and OTFDM in terms
of the achievable data rate, which considers uniform power allocation (UA) and
optimal power allocation (OA), and bit error probability (BEP) with adaptive mod-
ulation when the frequency domain equalizer is used to deal with linear time–
invariant (LTI), PLC, and channel impulse response (CIR), which is frequency selec-
tive and corrupted by the presence of additive noise modeled as a white or colored
random process.

Our major findings are:
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• The unified formulation allows us to derive HS-OFDM, OCDM, SCCP, and OTFDM
schemes easily. Consequently, we advocate that it can support future designs of
transceivers based on multi-schemes. Moreover, the closed-form expressions can cor-
rectly characterize the performance of these schemes. Consequently, it is unnecessary
to perform Monte Carlo simulations.

• For all schemes, the STO might benefit the system performance when the CP length
violation occurs. In other words, small values of STO can relieve the interference
caused by the CP length violation. In the scenario without the CP length violation,
we show the transmission block will not be degraded by the interference caused by
the channel spreading if the sum of the CP length with the STO is bigger than the
length of PLC CIR minus one.

• Similar behavior is observed in the narrowband PLC systems using the aforemen-
tioned schemes when the C-ZF scheme, M-ZF, and ST-ZF are applied. For instance,
the C-ZF scheme and ST-ZF always attain the best and the worst performances for all
schemes, respectively.

• Regarding the achievable data rate analysis, we see that without interference (i.e., no
CP length violation and no STO), the HS-OFDM scheme always attains the highest
achievable data rate, followed by OTFDM. In the sequel, we have SCCP and OCDM,
which yield the same achievable data rate. On the other hand, under the interfer-
ence’s presence, the HS-OFDM scheme attains the highest achievable data rate when
the total transmission power belongs to a certain range of values. Above this range of
values, OTFDM attains the highest achievable data rate. Moreover, HS-OFDM offers
the lowest achievable data rate upper bound while SCCP attains the highest.

• The BEP analyses for all scenarios with interference show that OCDM attains the low-
est bit error probability. It is followed by HS-OFDM, SCCP, and OTFDM, in this or-
der. Note that SCCP and OTFDM attain similar BEP performances and have higher
lower bounds. On the other hand, in the absence of interference, the best BEP per-
formances are attained by OCDM and SCCP, followed by OTFDM, with HS-OFDM
being the worst.

The rest of this paper is organized as follows: Section 2 details the system model;
Section 3 focuses on the transmitter and receiver general mathematical formulation, which
includes the CP length violation and the STO; it also discusses the types of interference
that corrupt the data communication system. Section 4 shows how to derive the OCDM
scheme, SCCP, and OTFDM schemes from the unified formulation and it also discusses
their similarities and computational complexities; Section 5 focuses on the performance
comparisons among HS-OFDM, OCDM, SCCP, and OTFDM schemes in terms of data
rate and BEP; and, finally, Section 6 outlines our concluding remarks.

2. System Model

A block diagram for the baseband system model in the discrete-time domain is illus-
trated in Figure 1. It comprises a generic transmitter, a filtered additive channel model,
and a generic receiver. It considers a vector representation for modeling the data commu-
nication through an LTI PLC channel, in which the output is corrupted by the presence
of an additive noise modeled by a zero-mean and wide–sense stationary (WSS) random
process. The time-invariant assumption is made because the time interval for transmitting
a Ñ-length symbol block is much shorter than the coherence time of PLC channels. The
vector h = [h[0], . . . , h[Lh − 1]]T, where (·)T is the transpose operator and h[n] is the nth
sample of the CIR, denotes a vector representation of an Lh-length PLC channel CIR. Note
that the CFR of such a PLC channel is also supposed to be frequency-selective.

To build the lth Ñ-length transmitted block, we assume that an LCP-length
CP is pre-appended to the 2N-length sequence of symbols, generating xl ∈ RÑ×1,
where Ñ = 2N + LCP and LCP ≤ Lh − 1. Further, the vector representation of the CFR
in the discrete frequency domain is given by H =

√
2NF[hT0T

(2N−Lh)×1]
T ∈ R2N×1,
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where F ∈ C2N×2N is the normalized DFT matrix with elements F[n, m] = 1√
2N

e−j 2π
2N nm,

(m, n) = 0, 1, . . . , 2N − 1, and 0C×D is a (C×D)-size matrix with entries equal to zero.

Transmitter Receiver
xl yl

vl

H−I , . . . , H1

Figure 1. Block diagram of a PLC communication system.

Now, we assume a lack of perfect synchronization at the receiver and, consequently,
the presence of STO, which is quantified by the variable ∆ ∈ Z. Considering the presence
of inter–symbol interference (ISI), STO, and the additive noise, the vector representation
of the lth Ñ-length received block can be expressed as [28]

yl =
I

∑
i=−1

H−ixl−i + vl , (1)

where xl−i ∈ RÑ×1 represents the (l − i)th transmitted block, −1 ≤ i ≤ I, with
I = ⌈Lh/Ñ⌉ being the number of transmitted blocks that may cause interference be-
cause of the channel spreading, and ⌈z⌉ = min{a ∈ Z|a ≥ z} being the ceiling function;
vl ∈ RÑ×1 is the vector representation of the additive noise. Moreover, xl−i and vl are
independent and zero-mean WSS random vectors, and H−i ∈ RÑ×Ñ is the channel CIR
convolution matrix with entries

H−i[n, m] =





0, µ + n − m < 0

h[µ + n − m], 0 ≤ µ + n − m ≤ Lh − 1

0, Lh − 1 < µ + n − m,

(2)

where µ = iÑ +∆ is the first sample of the (l − i)th received block with reference to the lth
received block. Figure 2 shows a visual representation of (1) with Ñ ≫ LCP and vl = 0Ñ×1.

LCPLCP

∆ ÑÑ

yl−1 yl+1yl

H−1xl−1 + H0xl + H1xl+1

(a) (b)

Figure 2. Representation of (1) with I = 1 and vl = 0Ñ×1. (a) A sequence of three consecutive
Ñ−length receiving blocks. (b) The lth receiving block or yl .

In the following section, we provide a detailed general formulation from which four
multiplexing techniques are derived. These four schemes have distinct characteristics for
dealing with typical operating conditions, such as complete or incomplete channel state
information (CSI), cyclic prefix violations, frequency selectivity of the magnitude of CFR,
power spectral density (PSD) of the additive noise, and nSNR.

3. General Formulation

The multiplexing modulation schemes considered in this paper are HS-OFDM,
OCDM, SCCP, and OTFDM, which are configured to operate in the baseband. Note that
HS-OFDM refers to the baseband version of the OFDM. Figure 3 shows a block diagram
for a generic transmitter and receiver, which covers these four schemes and applies to the
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transmitter and receiver used to transmit data through the PLC channel model de-
tailed in Section 2. Concise descriptions of both of them and the interference are
presented in the following subsections.

(a) (b)

Xl Xζ,l xl yl X̂ζ,l X̂l

M
ap

p
in

g

D
em

ap
p

in
g

FF† Q†Q EΨt Ψr

HS-OFDM Transmitter HS-OFDM Receiver

Figure 3. Block diagrams of the generic transmitter and receiver. (a) Generic transmitter; (b) generic
receiver.

3.1. Generic Transmitter

The block diagram of the generic transmitter is shown in Figure 3a. The N-length
block of the points belonging to M-ary constellations is represented by the symbol vector
Xl ∈ CN×1 in the discrete frequency domain. In the sequel, Xl is properly mapped to be
used in a baseband data communication system, such as the PLC. The mapping process
results in the mapped vector Xζ,l ∈ C2N×1 being in the discrete frequency domain. The
details of this mapping process can be found in [8] for the HS-OFDM scheme, [21] for the
OTFDM schem, and [16] for both the OCDM scheme and SCCP.

Then, the mapped vector is processed through a precoding and unitary matrix, Q,
such that Q†Q = I2N , where IC is an identity matrix of size C and (·)† is the conjugate
transpose operator. This precoding matrix defines which one of the multiplexing modula-
tion schemes is being used, following

Q =





I2N for the HS-OFDM scheme

Γ
†
HSF for the OCDM scheme

F for the SCCP scheme

D
† for the OTFDM schem

. (3)

The final step in the generic transmitter comprises the inverse discrete Fourier trans-
form (IDFT) matrix, F†, and the cyclic prefix matrix, which is equal to

Ψt =

[
0LCP×(2N−LCP)

ILCP

I2N

]
. (4)

Therefore, we can define a generic transmission matrix as

T , ΨtF†Q, (5)

and, consequently, the vector representation of the lth transmitted block is given by

xl = TXζ,l . (6)

3.2. Generic Receiver

The block diagram for the generic receiver is shown in Figure 3b. First, the received
block at the receiver input, given by (1) with xl−i, and equal to (6), is submitted to the
removal of the CP, which is accomplished with the matrix Ψr = [02N×LCP I2N ]. After
that, the normalized DFT matrix, F, and the frequency domain equalizer E apply. In the
sequel, the estimated 2N-length symbol block is obtained after using the inverse of the
precoding matrix Q†. Consequently, the generic receiver matrix is defined as

R , Q†EFΨr. (7)
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Depending on the type of frequency domain equalizer, distinct levels of interference
mitigation can be accomplished. According to [27], frequency domain equalizers offering
three distinct levels of interference mitigation are given by

E =





B†
0

(
∑

I
i=−1 B†

i Bi

)−1
, for C-ZF

(B†
0B0)

−1B†
0 , for M-ZF

Λ
−1
B0

, for ST-ZF

, (8)

where ΛB0 is obtained assuming that a full matrix Z is decomposed into its diagonal
(ΛZ = diag{Z}) and off-diagonal components (ΛZ = Z − ΛZ), and Bi = FΨrH−iΨtF†.
Note that the C-ZF scheme attains the best interference mitigation and demands the high-
est processing power. In contrast, ST-ZF offers the worst interference mitigation and de-
mands the lowest processing power. Moreover, M-ZF achieves a performance (and de-
mands a processing power) between C-ZF and ST-ZF.

Applying (7) in (1) while considering (6) results in the estimated mapped vector,
which corresponds to an estimation of Xζ,l , given by

X̂ζ,l =
I

∑
i=−1

RH−iTXζ,l−i + Rvl

= RH0TXζ,l +
I

∑
i=−1

i 6=0

RH−iTXζ,l−1 + Q†EVl

= ΛA0Xζ,l︸ ︷︷ ︸
attenuated vector

+ΛA0Xζ,l +
I

∑
i=−1

i 6=0

AiXζ,l−1

︸ ︷︷ ︸
interference vector

+ GVl︸︷︷︸
enhanced-noise

.

(9)

where Ai = RH−iT, G = Q†E is the noise-enhancement matrix, Vl = FΨrvl is the noise in
the frequency domain. The final step of the receiver is the demapping process.

Based on mathematical descriptions of the generic transmitter and receiver,
Figure 4 shows how to derive the transmitter and receiver of HS-OFDM, OCDM, SCCP,
and OTFDM from the generic transmitter and receiver. In other words, the detailed math-
ematical formulation shows that the similar compositions of these four data communica-
tion schemes opens up the opportunity for a future compact and unified implementation
(i.e., low hardware resources) in a PLC transceiver, which can be dynamically switched
to deal with specific characteristics of a data communication media, sensed by the
PLC system.

3.3. Interference in the Data Communication System

If the data communication system is operating with LCP < Lh − 1 and ∆ 6= 0, two
types of interference may be present in the data communication system. The first is the
ISI caused by the 2N-length blocks symbols Xζ,l−i, i = −1, 1, . . . , I, to the desired 2N-
length symbol block, and ΛAi

, i = −1, 1, . . . , I contributes to this interference. The second
interference varies with the scheme in use; it is called inter–carrier interference (ICI) for
the HS-OFDM scheme, inter–chirp interference (ICpI) for the OCDM scheme, inter–slot
interference (IStI) for the SCCP scheme, and inter–tile interference (ITI) for the OTFDM
scheme. This second type of interference is caused by other subcarriers (HS-OFDM), sub-
chirps (OCDM), subslots (SCCP), and subtiles (OTFDM) from the (l − i)th 2N-length
blocks, i = −1, 0, . . . , I. The matrices ΛAi

, i = −1, 0, . . . , I comprise this second type
of interference.
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(a)

(b) (c)

(d) (e)

F

F

F

F

F

FF†

F†

F† F†

F†

F†

E

E E

E

E

Q†

Q

Ψt

Ψt Ψt

Ψt

Ψt

Ψr

Ψr Ψr

Ψr

Ψr

ΓHS

Γ
†
HS

D

D
†

Figure 4. The mathematical formulation of the generic transmitter and receiver for deriving the four
digital modulation schemes. (a) The generic transmitter and receiver; (b) Q = I2N → HS-OFDM;
(c) Q = Γ

†
HSF → OCDM; (d) Q = I2N → SCCP; (e) Q = D

† → OTFDM.

Moreover, it is easy to see that from (2), a value of ∆ = 0 results in H1 = 0Ñ×Ñ , and,
as a consequence, in A−1 = 02N×2N regardless of the LCP values. Moreover, regarding
the channel spreading influence of other 2N-length symbol blocks into the lth 2N-length
symbol block, the use of LCP ≥ Lh − 1 deals with this issue, i.e., Ai = 02N×2N, i = 1, . . . , I.
However, values of ∆ > 0 also decrease the channel spreading in the target 2N-length
symbol block, as shown in (2), which leads to Ai = 02N×2N, i = 1, . . . , I if LCP +∆ ≥ Lh − 1
as Theorem 1 dictates.

Theorem 1. Let H−i = ΨrH−iΨt ∈ R2N×2N be the so-called cropped channel CIR convolution

matrix, with entries given by

H−i[n, m] =





0, µ + n − m < 0

h[µ + n − m], 0 ≤ µ + n − m ≤ Lh − 1

0, Lh − 1 < µ + n − m,

(10)

with n, m ∈ [0, 2N − 1]. If ∆ ≥ Lh − 1 − LCP, then H−i = 02N×2N for i = 1, . . . , I.

Proof. Suppose that ∆ ≥ Lh − 1 − LCP and (n − m) ∈ [−2N + 1, 2N − 1] with N ∈ N∗. To
show that H−i = 02N×2N, i = 1, . . . , I, we need to prove that all of its entries are equal to 0.
Meaning that the intersection of the interval A = {(n − m) ∈ Z | µ ≤ n − m ≤ Lh − 1 − µ}
and interval B = {(n − m) ∈ Z | − 2N + 1 ≤ n − m ≤ 2N − 1} must be empty for
i = 1, . . . , I and ∆ ≥ Lh − 1 − LCP. We can prove thatA∩B = ∅ by proving thatA∩B 6= ∅

is false. Therefore, we expand A, so that

A = {n − m ∈ Z | − i(2N + LCP)− ∆ ≤ n − m ≤ Lh − 1 − i(2N + LCP)− ∆}. (11)

Hence, for A ∩ B 6= ∅ to be true, at least one extremity of B needs to be inside the
interval A. Applying the inferior extremity of B first, we have that

− i(2N + LCP)− ∆ ≤ −2N + 1 (12)

and
− 2N + 1 ≤ Lh − 1 − i(2N + LCP)− ∆. (13)



Sensors 2023, 23, 4363 8 of 27

Therefore, (12) is a correct statement if ∆ ≥ −(i − 1)2N − iLCP − 1 and since we al-
ready established that ∆ ≥ Lh − 1 − LCP, then (12) is true. The second inequation is re-
duced to

∆ ≤ −(i − 1)2N − 2 + Lh − iLCP. (14)

and combining it with ∆ ≥ Lh − 1 − LCP, we have

Lh − 1 − LCP ≤ −(i − 1)2N − 2 + Lh − iLCP

0 ≤ −(i − 1)(2N + LCP)− 1,
(15)

which is a false statement; hence, (13) is also false. Since −2N + 1 ≤ 2N − 1, we can also
state that 2N − 1 is not inside the interval A, meaning that A ∩ B = ∅

In conclusion, combining LCP ≥ Lh − 1 and ∆ = 0 results in A0 = I2N ;
consequently, (9) reduces to an estimated mapped vector given by

X̂ζ,l = Xζ,l + GVl . (16)

Note that (16) is interference-free; however, the frequency domain equalizer may en-
hance the additive noise.

3.4. Signal-to-Interference-Plus-Noise Ratio (SINR)

From (9), it is easy to obtain SINR since the attenuated mapped vector is separated
from the interference and additive noise. Indeed, we have that ΛA0Xζ,l is the attenuated
mapped vector, ΛA0 Xζ,l +∑

I
i=−1

i 6=0

AiXζ,l−1 is the interference, and GVl is the additive noise

contaminated by the noise-enhancement effect. Therefore, the attenuated mapped vector
power matrix is given by

Ps =
1

2N
ΛA0E{Xζ,lX

†
ζ,l}Λ

†
A0

= ΛA0PxΛ
†
A0

,
(17)

where Px = E{Xζ,lX†
ζ,l}/2N is a diagonal matrix with elements equal to the transmis-

sion power. Moreover, the interference and additive noise are independent WSS random
processes, and, consequently, the interference-plus-noise power matrix is defined by

Pi+n , ΛA0 PxΛ
†
A0

+
I

∑
i=−1

i 6=0

AiPxA†
i + GPnG†, (18)

with Pn = E{VlV†
l }/2N being a diagonal matrix with entries equal to the noise power.

Consequently, the SINR matrix of the 2N-length symbol block is given by

ΛγSINR =
ΛPs

ΛPi+n

, (19)

meaning that ΛγSINR [k, k] is the SINR associated with the kth subcarrier, subchirp, subslot,
or subtile. As shown by expressions (17) through (19), the interference is harmful since
it is directly proportional to the transmission power’s strength, meaning that the increase
of the transmission power also increases the interference. If the transmission power is
extremely high (i.e., Px → ∞), then we can accept that Px ≈ PxI2N . Consequently, the
SINR matrix is expressed as
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ΛγSINR,max = lim
Px→∞

ΛPs

ΛPi+n

=
Λ|A0|2

Λ|ΛA0
|2 + ∑

I
i=−1

i 6=0

Λ|Ai|2
.

(20)

As (20) does not depend on the PSD of the additive noise, we anticipate that the data
rate (upper bound) and the BEP (lower bound) will not depend on the PSD of the additive
noise. Finally, without interference, ΛγSINR,max → ∞, as expected.

4. Data Communication Scheme Derivation

Sections 4.1–4.3 detail the mathematical formulations for deriving OCDM, SCCP, and
OTFDM schemes based on the generic transmitter and receiver detailed in Section 3, while
Section 4.4 discusses their nSNR, spectrogram, and computational complexities. The math-
ematical formulation for deriving OFDM is in [28].

4.1. The OCDM Scheme

First, we introduce the chirp band to refer to the dynamic frequency band occupied
by a subchirp in the time interval of a Ñ-length symbol block.

Let the block diagrams for the OCDM scheme transmitter and receiver be shown in
Figure 4c. the OCDM scheme is obtained through the generic formulation by considering
Q = Γ

†
HSF, see (3), with the (k, k)th element of ΓHS given by

ΓHS[k, k] =

{
e−j π

2N k2
, for 0 ≤ k ≤ N − 1

e j π
2N k2

, for N − 1 < k ≤ 2N − 1
, (21)

and using the so-called type-IV mapping presented in [16], since it ensures that the OCDM
scheme is fit for performing in baseband data communication systems. Therefore, the
OCDM scheme transmitter and receiver matrix are equal to

TOCDM = ΨtF†
Γ

†
HSF (22)

and
ROCDM = F†

ΓHSEFΨr, (23)

respectively. With the possession of (22) and (23), we obtain the matrices Ai, i = −1, . . . , I

and G for the OCDM scheme. Applying (22) and (23) in (19) results in the SINR matrix for
the OCDM scheme.

To find the signal–to–noise ratio (SNR) for the OCDM scheme, we must assume that
LCP ≥ Lh − 1 and ∆ = 0. Consequently, the estimated symbol associated with the kth
subchirp of the 2N-length symbol block, with the vector representation given by (16), is
equal to

X̂ζ,l [k] = Xζ,l [k] +
1√
2N

2N−1

∑
i=0

e j 2π
2N (ki−i2)Λ−1

H
[i, i]Vl [i], (24)

with E{Vl [i]} = 0, E{Vl [i]V
∗
l [i

′]} = E{Vl [i]}E{V∗
l [i

′]}, ∀i 6= i′, and ΛH standing for the
diagonal matrix containing the elements of H. Therefore, the SNR in the kth chirp band is
expressed as

γ
SNR

[k] ,
Px[k, k]

1
2N ∑

2N−1
i=0 |Λ−1

H
[i, i]|2Pn[i, i]

. (25)
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Hence, the nSNR in the kth chirp band is given by

γ
nSNR

[k] ,

(
1

2N

2N−1

∑
i=0

γ−1
nSNR[i]

)−1

, (26)

where
γnSNR[i] = |ΛH[i, i]|2P−1

n [i, i] (27)

is the nSNR associated with the ith subcarrier of the well-known HS-OFDM scheme and
Pn[i, i] is the element in the position (i, i) of the matrix Pn. In other words, the nSNR
for using the OCDM scheme can be interpreted as a harmonic mean of the nSNR for the
HS-OFDM scheme, which raises a few interesting comments. First, (26), being a harmonic
mean of nSNR in the HS-OFDM scheme, confirms that a single chirp occupies the whole
spectrum during the period of a Ñ-length symbol block, while the HS-OFDM scheme
states that one subcarrier occupies the same frequency subband during the period of a
Ñ-length symbol block. Moreover, since all chirp bands have the same nSNR, as shown
in (26), the same number of bits are transmitted by all subchirps. In other words, the
use of OA and UA results in the same power and bit allocations in all subchirps of an
OCDM scheme.

4.2. The SCCP Scheme

The block diagram for the SCCP scheme is illustrated in Figure 4d. This scheme is
obtained when we adopt Q = F. the SCCP scheme transmitter is given by

TSCCP = Ψt. (28)

Meaning that the transmitter only appends the CP. Consequently, the receiver matrix is
expressed as

RSCCP = F†EFΨr, (29)

which comprises the CP removal matrix and the frequency domain equalization.
Similar to Section 4.1, matrices Ai, i = −1, . . . , I, and G are obtained. Moreover,

using (28) and (29) results in the estimated mapped vector and the SINR for the SCCP
scheme through (9) and (19), respectively.

Moreover, if the data communication system operates without interference, then the
kth symbol from the 2N-length symbol block, with the vector representation given by (16),
is given by

X̂ζ,l [k] = Xζ,l [k] +
1√
2N

2N−1

∑
i=0

e j 2π
2N kiΛ−1

H
[i, i]Vl [i]. (30)

Consequently, the SNR associated with the kth subslot is given by

γ
SNR

[k] =
Px[k, k]

1
2N ∑

2N−1
i=0 |Λ−1

H
[i, i]|2Pn[i, i]

, (31)

and the corresponding nSNR is expressed as

γ
nSNR

[k] =

(
1

2N

2N−1

∑
i=0

γ−1
nSNR[i]

)−1

. (32)

Straightforwardly, we see that the expressions (31) and (32) are equal to (25)
and (26), respectively. This means that SCCP and OCDM will obtain the same perfor-
mance in terms of BEP and the data rate if both schemes operate free of interference. In
the presence of interference, we have to consider the use of the SINR. As the SINR of both
schemes differ, SCCP and OCDM attain different performances.
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4.3. The OTFDM Scheme

First, we introduce tileband to refer to the frequency band occupied by a subtile dur-
ing a fraction of the period of a Ñ-length symbol block.

The OTFDM, proposed in [21], is a data communication scheme that uses the
DOST [22] to divide the time–frequency space into orthogonal subtiles bounded by a spe-
cific arrangement. This study considers the B-geometry to obtain the subtiles distributions
in the time–frequency domain, where B is the geometry order. To obtain the OTFDM
scheme from the proposed formulation, we have to consider Q = D. The (k, i)th element
of the matrix D is given by

D[k, i] =





1√
β[k]

e j(2π τ[k]
β[k]

k−πτ[k]), u ≤ i ≤ U

0, otherwise
, (33)

where u = ν[k]− ⌊β[k]/2⌋, U = ν[k] + ⌈β[k]/2⌉ − 1, and ⌊z⌋ = max{n ∈ Z|n ≤ z} is the
floor function. The parameters ν[k], β[k], and τ[k] are elements of the vectors ν, β, and τ,
respectively, and are responsible for the creation of each subtile, ensuring that it follows
the specific arrangement. In this regard, the ith central frequency, subband group size, and
position in time are given by ν[k], β[k], and τ[k], respectively. Subtiles that share the same
value of ν[k] are called “voice” and an OTFDM scheme using the B-geometry has a voice
equal to ν = 2 log2(B) + 2N/B and the subband group related to the ith voice is given by
βν[i], i = 0, . . . ,ν− 1.

A more detailed explanation of these parameters can be found in [21]. Furthermore,
the mapping and demapping process used is the Hermitian symmetric can be found in [8].

Figure 4e illustrates the block diagram for the OTFDM scheme. The transmitter ma-
trix is given by

TOTFDM = ΨtF†D
†, (34)

while the receiver matrix is expressed as

ROTFDM = DEFΨr. (35)

The use of (34) and (35) allow us to obtain matrices Ai, i = −1, . . . , I and G, the
estimated mapped vector using (9), and the SINR using (19) for the OTFDM scheme.

For the data communication system that operates free of interference, the estimated
symbol associated with the kth subtile of the 2N-length symbol block, with the vector
representation given by (16), is expressed as

X̂ζ,l [k] = Xζ,l [k] +
1√
β[k]

U

∑
i=u

e
j2π τ[k]

β[k]
i
e−jπτ[k]Λ−1

H
[i, i]Vl [i]. (36)

As a result, the SNR in the kth tileband is given by

γ
SNR

[k] =
Px[k, k]

1
β[k] ∑

U
i=u |Λ−1

H
[i, i]|2Pn[i, i]

, (37)

and, consequently, the corresponding nSNR is equal to

γ
nSNR

[k] =

(
1

β[k]

U

∑
i=u

γ−1
nSNR[i]

)−1

. (38)

Following the comments in Sections 4.1 and 4.2, we can state that each tile-
band’s nSNR is a harmonic mean of the subband group of size β[k] centralized at ν[k].
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Furthermore, OTFDM can be interpreted as a midterm of the SCCP scheme and
HS-OFDM because the choice of the subtile geometry can result in the subband or subslot
geometries. It means that the performance of OTFDM is delimited by the performance
of HS-OFDM.

4.4. General Comments

The four data communication schemes behave differently. Moreover, a valuable il-
lustration is to show the time–frequency domain divisions provided by these schemes
when a 2N-length symbol block is considered. In this sense, Figure 5 shows the geometric
figures for the time–frequency domain occupation for subcarriers (HS-OFDM), subchirps
(OCDM), subslots (SCCP), and subtiles (OTFDM) when 2N = 8. We can see that these
geometric figures are different and, consequently, the four data communication schemes
attain different performances in general.
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Figure 5. Spectrogram of the four data communication schemes. (a) HS-OFDM; (b) OCDM;
(c) SCCP; (d) OTFDM.

Moreover, the previous subsections confirm that the generic transmitter and receiver
let us see the data communication schemes mentioned above from a unique formulation.
Considering interference-free condition (i.e., LCP ≥ Lh − 1, ∆ = 0), Table 1 shows that
nSNR expressions (26), (32), and (38) are very similar to each other since all of them are
harmonic means of (27). Moreover, the interference-free condition combined with the flat-
ness of the CFR magnitude and a constant PSD of the additive noise results in the same
value as the SNR for the four schemes. We can also see that the SNR for the OTFDM
scheme (i.e., (38)) is the harmonic mean of consecutive βk subbands, meaning that (38)
will be the same fand subtiles that have the same central frequency ν[k], or that are in the
same voice. Moreover, an OTFDM scheme using B-geometry was exploited in [21] to re-
duce the computational complexity of the OA techniques applied to the OTFDM scheme.

Furthermore, a comparison between the nSNR of the four data communication
schemes, see Table 1, shows that each subcarrier occupies only a single subband with an
nSNR that can be different from other subbands since the CFR of the PLC channel and the
PSD of the additive noise may not be flat. Meanwhile, each subchirp of the OCDM scheme
occupies a constant bandwidth that linearly shifts in frequency as time evolves. Conse-
quently, the nSNR associated with the OCDM scheme can be interpreted as the harmonic
mean of the nSNRs of all subbands. The nSNR for the SCCP scheme is also a harmonic
mean of the nSNRs in all subbands since a subslot occupies the whole frequency band. Re-
garding the OTFDM scheme, we can see that each subtile can occupy pieces of subbands
within a given group of subslots. Therefore, the nSNR in a subtile is the harmonic mean
of the nSNRs of subbands that constitute a subtile.
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Table 1. Summary of the nSNR.

Data Communication Scheme nSNR

HS-OFDM |ΛH[k, k]|2P−1
n [k, k]

OCDM
(

1
2N ∑

2N−1
i=0 γ−1

nSNR[i]
)−1

SCCP
(

1
2N ∑

2N−1
i=0 γ−1

nSNR[i]
)−1

OTFDM
(

1
βk

∑
U
i=u γ−1

nSNR[i]
)−1

Finally, in regard to the computational complexity of each multiplexing modulation
scheme, Table 2 summarizes the numbers of basic operations (multiplication and sums) for
all transmitters and receivers considered in this paper while considering the fast version of
each discrete transform. The HS-OFDM, OCDM, and SCCP computational complexities
are found in [16] while OTFDM’s was derived based on [23].

In this context, the frequency domain equalization number of operators is the only
distinction between the transmitter and receiver of HS-OFDM, OCDM, and OTFDM,
while for the SCCP scheme, they are completely different. Since we are using three dif-
ferent types of equalizers, we define E× and E+ as the multiplication and sum numbers
required by the equalizer, respectively, for a generic perspective between the modulation
techniques. HS-OFDM and SCCP have the same computational complexity when consid-
ering the transmitter and receiver; however, all operations of the SCCP scheme are on
the receiver side. Next, the OCDM scheme has more computational complexity than the
other two mentioned above. Finally, the OTFDM scheme’s complexity will vary with its B-
geometry but will always be lower than the OCDM scheme and higher than the HS-OFDM
scheme, as shown in Figure 6.

Table 2. Computational complexity.

Transmitter

Scheme × +

HS-OFDM 4N log2(2N) 6N log2(2N)

OCDM 8N log2(2N) + 2N 12N log2(2N)

SCCP − −

OTFDM 4N log2(2N) +
ν−1
∑

i=0
2βν[i] log2(βν[i]) + 2N 6N log2(2N) +

ν−1
∑

i=0
3βν[i] log2(βν[i])

Receiver

Scheme × +

HS-OFDM 4N log2(2N) + E× 6N log2(2N) + E+
OCDM 8N log2(2N) + 2N + E× 12N log2(2N) + E+
SCCP 8N log2(2N) + E× 12N log2(2N) + E+

OTFDM 4N log2(2N) +
ν−1
∑

i=0
2βν [i] log2(βν[i]) + 2N + E× 6N log2(2N) +

ν−1
∑

i=0
3βν[i] log2(βν[i]) + E+
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Figure 6. Computational complexity of the schemes when N = 256 and E× = E+ = 0. The
abscissa is B-geometry, which shows that we can have different OTFDM schemes with different
computational complexities for a value of N.

5. Performance Analyses

This section numerically and comparatively analyzes the performance of HS-OFDM,
OCDM, SCCP, and OTFDM under the presence of the CP length violation and the STO
when a narrowband PLC channel, which is frequency selective, is disturbed by additive
noise. The PLC channel is generated following the channel model in [29] and consider-
ing the parameters found in [30] (Annex D) with a frequency bandwidth of B = 500 kHz
starting in f = 0 Hz, Lh = 30, and N = 256. Based on the values of Lh and N, we ob-
tain I = 1. Consequently, the interference may come only from the (l − 1)th and (l + 1)th
Ñ-length symbol blocks. Since our attention is on the frequency selectivity trait of PLC
channels, we consider only the background aspect of the PLC noise. Therefore, the ad-
ditive random process is modeled as a zero-mean and white Gaussian random process,
which will be named additive white Gaussian noise (AWGN), or a zero-mean and colored
Gaussian random process, which will be named additive colored Gaussian noise (ACGN).
The discrete PSD of the AWGN model is equal to PnW [k, k] = N0/2, k = 0, 1, . . . , N − 1.
For the ACGN model, the discrete PSD is expressed as PnC [k, k] = η

2 e(−v|∆ f k|)+ PnW [k, k],
k = 0, 1, . . . , N − 1, where the constants v, η ∈ R+ are equal to 1.2 × 10−5 and 1.0 × 10−15,
respectively [31], and ∆ f = B/N.

The parameters used for comparing these data communication schemes are the data
rate and BEP. The data rate analysis is based on the UA and OA, through the water-filling
algorithm [8], while the BEP 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 us to check the accuracy of the deduced
closed-form expressions, are also detailed.

To perform 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
the additive and Gaussian random process) results in the following expression for the
achievable data rate [32]:

R =
1

2(2N + LCP)Ts

2N−1

∑
k=0

log2

(
1 +

γ
SINR

[k]

Υ

)
, (39)



Sensors 2023, 23, 4363 15 of 27

where Υ is the gap factor from Shannon’s capacity curve, Ts is the sampling time, and
γ

SINR
[k] is the kth diagonal element of (19) for a given data communication scheme

(HS-OFDM, OCDM, SCCP, or OTFDM). Moreover, applying (20) in (39) produces the
upper bound for the achievable data rate, which will be denoted by RUB.

The additive noise and interference are considered Gaussian random processes in the
frequency domain since the central limit theorem applies in the transformation to obtain
the frequency or Fresnel domains. Consequently, the average BEP is expressed as

Pe =
1

2N

2N−1

∑
k=0

Pe[k]. (40)

with Pe[k] being the BEP associated with the kth subcarrier, subchirp, subslot, or subtle,
and given by

Pe[k] =
4

log2(M)



(

1 − 1√
M

)
Q



√

3γ
SINR

[k]

M − 1



(

1 − 1√
M

)2

Q



√

3γ
SINR

[k]

M − 1




2

, (41)

where M is the constellation order and Q(·) is the Q-function. Furthermore, we can
apply (20) in (40) to obtain the lower-bound bit error probability denoted as PLB

e .
To obtain the numerical results with the closed-form expressions and Monte Carlo

simulation, we assume a total transmission power (dBm) given by PT = ∑
2N−1
i=0 Px[i, i],

and LCP ∈ {14, 18, 30} for representing the CP length values, and ∆ ∈ {0, 3, 7} for
the STO. Moreover, the gap factor Υ = 0 dB for the data rate analysis and the
square 16-quadrature amplitude modulation (QAM) constellation for the BEP analysis.
As for the B-geometry of the DOST, we consider B = 64. The main parameters are listed
in Table 3. Finally, all of the following numerical results were obtained from a Python 3.9
script written by the authors.

Table 3. The main simulation parameters.

Parameters Value

N 256

B 500 kHz

Lh 30

LCP 14, 18, 30

∆ 0, 3, 7

Υ 0 dB

B 64

5.1. Impact of STO on the Interference

This section analyzes how the increase of ∆ may affect the interference that disturbs
the data communication. To do so, we rely on the Frobenius norm of (10), which is a
matrix that captures the interference introduced by the CP length violation and the STO
in the mapped vector. The Frobenius norm is given by

||H−i||F =

√
Tr
{

H−iH
†
−i

}
. (42)

As this equation informs the magnitude of H−i, it can quantify the level of degra-
dation yielded by the interference from the (l − i)th 2N-length symbol block into the lth
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2N-length symbol block. Moreover, we consider h to be normalized (i.e., ||h||2 = 1)
because it facilitates the visualization of how the Frobenius norm of H−i behaves.
Figure 7 shows the curves of ||H−1||F, ||H1||F, and ||H−1||F + ||H1||F for ∆ ∈ [0, 12],
LCP ∈ {14, 18, 30}. For all curves of ||H−1||F (i.e., all values of the CP), as expected, there
is a decrease of its value with the increase of ∆ until it reaches a value of zero. For instance,
||H−1||F = 0 when ∆ = 11 and LCP = 18, which follows Theorem 1. However, the
increase of ∆ also increases ||H1||F in the same manner for all LCP since it does not affect
H1. To conclude, the most interesting result is to analyze the sum of ||H1||F + ||H−1||F.
Indeed, this sum shows that the choice of ∆ can be used to mitigate the interference
caused by the CP length violation in spite of the one originating from STO. In this context,
∆ equal to 0, 2, and 7 results in the minimum values of ||H1||F + ||H−1||F with an LCP of
30, 18, and 14, respectively, yielding Frobenius norms of 0, 0.29, and 0.56. Sections 5.4 and
5.5 discuss how this insight can benefit the achievable data rate and BEP, respectively.
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Figure 7. Frobenius norm of the matrices H1, H−1, and H1 + H−1 while considering ∆ ∈ [0, 12],
LCP ∈ {14, 18, 30}.

5.2. Closed-Form Expressions and Monte Carlo Simulation Comparison

This section compares the results obtained with the closed-form expressions and the
Monte Carlo simulation. The numerical results related to the closed-form expressions
are due to obvious reasons reported based on Pe × PT (dBm) plots. In addition, the
Monte Carlo simulations are reported in terms of BER × PT (dBm) plots. As the lack
of CSI at the transmitter is assumed, we apply UA together with adaptive modulation,
meaning that all data communication schemes allocate the same amount of power and
bits. Moreover, the adaptive modulation configuration is set only to perform the squared
16-QAM constellation, the frequency domain equalizer C-ZF is adopted, LCP = 14, ∆ = 7,
PT ∈ [−10, 40] (dBm), and the PLC channel is corrupted by AWGN. To perform the Monte
Carlo simulation, we assumed the transmission of 107-equiprobable 2N-length symbol
blocks, which are constituted by the points of the square 16-QAM constellation, resulting
in the transmission of 1.024× 1010 bits.

Figure 8 shows the numerical results for this comparison. There is a perfect agree-
ment between the numerical results attained by the closed-form expressions (i.e., the Pe
curve) and Monte Carlo simulation (i.e., the BER curve). Moreover, after a certain value
of PT, its increase does not manage to improve the values of Pe and BER. This behavior
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is expected since we consider the presence of the CP length violation and the STO.
As a result, the SINR will reach the PLB

e as PT increases; see (20). Consequently, both
Pe and BEP will reach a lower bound, as illustrated in Figure 8 by the horizontal lines.
Since the numerical results obtained with the closed-form expressions and Monte Carlo
simulation are in agreement, the following sections present only the numerical results
obtained using the closed-form expressions.
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Figure 8. Comparison between closed-form expressions of Pe and Monte Carlo (MC) simulations,
i.e, BER, and PLB

e for the OCDM and OTFDM while considering LCP = 14, ∆ = 7, 16−QAM,
and AWGN.

5.3. Frequency Domain Equalization Comparison

This subsection discusses a numerical comparison between a few frequency domain
equalizers (8). To perform this comparison, we adopted PT ∈ [−10, 40] (dBm), the PLC
channel corrupted by the presence of AWGN and ACGN, LCP = 14, and ∆ = 7. Moreover,
the UA technique is combined with the square 16−QAM constellation.

Figure 9 depicts the results attained with C-ZF, M-ZF, and ST-ZF. The performance
curves show that the C-ZF scheme yields the best results, which is similar to what was
reported in [27] for the OFDM scheme. For instance, while considering AWGN and
PT = 30 dBm, HS-OFDM reaches values of Pe equal to 5.06 × 10−4, 9.57 × 10−4, and
1.68 × 10−3 when considering C-ZF, M-ZF, and ST-ZF, respectively. Similar results were
found using the other multiplexing modulation schemes. Under the same type of additive
noise, the OCDM scheme obtains values of Pe equal to 2.42 × 10−5 for the C-ZF scheme,
while the other frequency domain equalizers, M-ZF and ST-ZF, yield 2.21 × 10−4 and
1.08 × 10−3, respectively. Moreover, for the SCCP scheme, considering the C-ZF scheme,
the scheme reaches Pe = 8.28 × 10−4, while the other frequency domain equalizers ob-
tained higher values of Pe. Moreover, the OTFDM scheme achieves a value of Pe equal to
10−3 for the C-ZF scheme, 1.82× 10−3 for the M-ZF, and 3.13× 10−3 for the ST-ZF. Finally,
similar behavior is also observed when AWGN is replaced by ACGN, but with higher val-
ues of Pe. All further numerical analyses regarding the data rate and BEP in the following
sections use the C-ZF scheme since it yields the best results among all of the frequency
domain equalizers considered.
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Figure 9. Comparison between the frequency domain equalizers C-ZF, M-ZF, and ST-ZF in terms
of Pe × PT (dBm) for the OCDM, HS-OFDM, SCCP, and OTFDM when LCP = 14, ∆ = 7, square
16−QAM.
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5.4. Achievable Data Rate Comparison

This section discusses achievable data rates when UA and OA are considered. For the
simulations based on UA, PT ∈ [−20, 40] (dBm) is equally divided among the subcarriers,
subchirps, subslots, and subtiles. On the other hand, the simulations using OA consider
that the transmitter has complete knowledge of CSI to perform the water-filling algorithm
to allocate PT ∈ [−20, 40] (dBm) among the subcarriers, subchirps, subslots, and subtiles.
Moreover, we consider LCP ∈ {14, 18, 30} and ∆ ∈ {0, 3, 7}. Regardless of the resource
allocation technique (i.e., UA and OA), the nSNR value for OCDM and SCCP are the
same for all subchirps and subslots, meaning that the total transmission power is equally
distributed among the subchirps and subslots.

The numerical results in terms of R (Mbps) × PT (dBm), while adopting UA and
AWGN, are illustrated in Figure 10, with the constant lines being the achievable upper
bound data rate, RUB. Note that Figure 10 depicts the results of the simulations performed
while varying LCP and ∆, with each row of subfigures having a fixed LCP and each col-
umn a fixed ∆. Moreover, there is a ∆ returning the best achievable data rate for each LCP,
which agrees with the results discussed in Section 5.1. For instance, the use of ∆ equal to
7, 3, and 0 results in the best curves for all schemes when LCP is equal to 14, 18, and 30,
respectively (i.e., the diagonal subfigures).

Indeed, varying ∆ for each value of LCP < Lh − 1, we can see that ∆ = 0 might not
be the best choice for symbol synchronization under the interference caused by the CP
length violation. This can be noticed by taking the RUB as a parameter of the comparison.
For example, with LCP = 18, the RUB for the OTFDM scheme is equal to 6.88, 8.03, and
6.77 Mbps with ∆ equal to 0, 3, and 7, respectively. For the simulations without any form
of interference, Figure 10i shows that the HS-OFDM scheme yields the best R for all val-
ues of PT, reaching a value of 6.54 Mbps with PT = 40 dBm, while OCDM, SCCP, and
OTFDM reach 5.83, 5.83, and 6.23 Mbps, respectively. However, with a growing interfer-
ence, HS-OFDM experiences a greater loss of the achievable data rate. Indeed, HS-OFDM
attains the lowest RUB in the simulations with LCP 6= 30 and ∆ ∈ {0, 3, 7}, while SCCP,
OTFDM, and OCDM have the first-, second-, and third-highest RUB. Even though SCCP
presents a higher RUB, OTFDM yields a better data rate than the other schemes when
PT = 40 dBm, LCP 6= 30, and ∆ ∈ {0, 3, 7}. For example, with LCP = 18, ∆ = 7, and
PT = 40 dBm OTFDM yields R = 5.70 Mbps while HS-OFDM, OCDM, and SCCP reach R

equal to 4.75, 4.93, and 5.32 Mbps, respectively.
Figure 11 displays the numerical results pertaining to UA and ACGN following the

same structure of subfigures as Figure 10. Based on the curves, we can state that the
analysis associated with UA and AWGN also applied to UA and ACGN. Indeed, without
interference, the HS-OFDM scheme still attains the best achievable data rate. With interfer-
ence, the SCCP scheme has the higher RUB and the OTFDM scheme has the best data rate
for PT = 40 dBm. For example, with LCP = 0 and ∆ = 0, HS-OFDM, OCDM, SCCP, and
OTFDM generate R equal to 5.79, 5.28, 5.28, and 5.53 Mbps, respectively, for PT = 40 dBm.
Furthermore, with LCP = 18 and ∆ = 7, HS-OFDM and OCDM yield R = 4.64 Mbps,
while SCCP and OTFDM generate R equal to 4.63 and 5.25 Mbps, respectively.

A comparison in terms of te achievable data rate for the two types of additive noise
shows that with PT = 30 dBm, the HS-OFDM scheme yields a rate R equal to 4.97 and
4.22 Mbps for the AWGN and ACGN, respectively, while the OTFDM scheme provides
the second best achievable data rate, producing values of R equal to 4.67 and 3.96 Mbps.
Furthermore, the OCDM scheme and SCCP yield 4.26 Mbps and 3.71 Mbps, respectively,
for the aforementioned additive noises. Moreover, even though the HS-OFDM scheme is
more fragile to interference than the others, it yields better data rate results for most of the
considered PT values in comparison to the other data communication schemes. Indeed, the
HS-OFDM scheme might not be the best when PT is high and there is interference. This
occurs when the interference compromises the data rate performance of the HS-OFDM
scheme more than the others. For instance, with LCP = 14 (i.e., a strong CP length viola-
tion), the HS-OFDM scheme still generates better achievable data rate results among the
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four data communication schemes for the values of PT ≤ 25 dBm for both additive-type
noises. To put into numbers, when PT = 20 dBm, ∆ = 0, and AWGN, the HS-OFDM
scheme yields a rate R close to 3.23 Mbps, the OCDM scheme attains R = 2.67 Mpbs, the
SCCP scheme yields 2.71 Mbps, and the OTFDM scheme attains R = 3.07 Mbps.
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Figure 10. R (Mbps) ×PT (dBm) and RUB for the HS-OFDM scheme, OCDM, and SCCP when
LCP ∈ {14, 18, 30}, ∆ ∈ {0, 3, 7}, and the additive noise is AWGN.

Performance comparisons in terms of R (Mbps) × PT (dBm) while considering OA,
through the water-filling technique, are in the plots shown in Figure 12. The nSNRs used
to perform the power allocation is in Table 1 since we assume the transmitter does not
know the existence of interference, but it knows PLC CIR and the additive noise. The
knowledge of PLC CIR allows the receiver to use the correct value of LCP. In other words,
the system does not face interference caused by CP length violation. The plots show that
the OCDM scheme and SCCP attain the same performance for both resource allocation
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techniques since their nSNR are equal. In contrast, the HS-OFDM scheme and OTFDM
with OA offer higher data rates than with UA when −20 ≤ PT ≤ 0 dBm for AWGN and
−15 ≤ PT ≤ 5 dBm for ACGN. For example, while considering ACGN and ∆ = 7, the
HS-OFDM scheme reaches a value of R = 0.27 Mbps when adopting PT equal to −4 and
−1 dBm with OA and UA, respectively. On the other hand, the OTFDM scheme requires
greater values of PT than the HS-OFDM scheme to achieve the same R, reaching a data rate
equal to 0.27 Mbps when PT = 0 dBm with OA and PT = 2 dBm with UA. Furthermore,
the HS-OFDM scheme attains the highest achievable data rate for all values of PT in most
scenarios (with and without interference). The exception is for high values of total power
transmission (PT ≥ 25 dBm for AWGN and PT ≥ 30 dBm for ACGN), where the interfer-
ence starts to harm the HS-OFDM scheme more than the other multiplexing techniques.

−20 −10 0 10 20 30 40

0

1

2

3

4

5

6

7

8

−20 −10 0 10 20 30 40

0

1

2

3

4

5

6

7

8

−20 −10 0 10 20 30 40

0

1

2

3

4

5

6

7

8

−20 −10 0 10 20 30 40

0

1

2

3

4

5

6

7

8

−20 −10 0 10 20 30 40

0

1

2

3

4

5

6

7

8

−20 −10 0 10 20 30 40

0

1

2

3

4

5

6

7

8

−20 −10 0 10 20 30 40

0

1

2

3

4

5

6

7

8

−20 −10 0 10 20 30 40

0

1

2

3

4

5

6

7

8

−20 −10 0 10 20 30 40

0

1

2

3

4

5

6

7

8

(a) LCP = 14 and ∆ = 7 (b) LCP = 14 and ∆ = 3 (c) LCP = 14 and ∆ = 0

(d) LCP = 18 and ∆ = 7 (e) LCP = 18 and ∆ = 3 (f) LCP = 18 and ∆ = 0

(g) LCP = 30 and ∆ = 7 (h) LCP = 30 and ∆ = 3 (i) LCP = 30 and ∆ = 0

HS-OFDM OCDM OTFDM Upper BoundSCCP

R
(M

bp
s)

R
(M

bp
s)

R
(M

bp
s)

PT (dBm)PT (dBm)PT (dBm)

PT (dBm) PT (dBm) PT (dBm)

PT (dBm)PT (dBm)PT (dBm)

Figure 11. R Mbps) ×PT (dBm) and RUB for the HS-OFDM scheme, OCDM, and SCCP when
LCP ∈ {14, 18, 30}, ∆ ∈ {0, 3, 7}, and the additive noise is ACGN.
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Figure 12. R (Mpbs ) ×PT (dBm) and RUB for the HS-OFDM scheme, OCDM, and SCCP schemes
while considering LCP = 30, ∆ ∈ {0, 3, 7}, and both types of additive noise.

5.5. Bit Error Probability Comparison

This section focuses on the performance analysis in terms of BEP when the
square 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, subcarri-
ers, subchirps, subslots, and subtiles transmit the same integer number of bits, which is
equal to b = log2 16 = 4. Note that this performance analysis is different from the one
based on the use of UA, since the latter allocates b ∈ R in accordance with the nSNR,
which is different from the adaptive modulation, in which b ∈ Z.

Figure 13 displays the graphs of Pe × PT (dBm) while considering the PLC channel
corrupted by AWGN, in which the constant lines refer to the lower bound BEP, PLB

e for
each data communication scheme. Note that, in this figure, each row of subfigures has a
different LCP from the others, and each column has a different ∆; moreover, the results are
in accordance with Section 5.1. Meaning that, regardless of the scheme, each row of subfig-
ures has a ∆ that yields the lowest values of Pe. For instance, for the row with LCP = 14, the
PLB

e for the OCDM scheme is equal to 1.54× 10−4, 6.63× 10−5, and 1.37× 10−5 when ∆ is
equal to 0, 3, and 7, respectively, showing that STO can be helpful to mitigate interference
caused by a CP length violation.

Regarding the performance of each scheme, when considering the scenario free of
interference, the OCDM scheme and SCCP yield the best results, requiring only require
PT = 23 dBm to achieve Pe = 10−6, while the HS-OFDM scheme and OTFDM require PT
equal to 33 and 25 dBm, respectively. Moreover, as the interference starts to rise, the per-
formance of all data communication schemes decreases. For example, for the simulations
with LCP = 18 and AWGN, to achieve a Pe = 10−4, the HS-OFDM scheme requires values
of PT equal to 40 and 30 for ∆ equal to 0 and 3, respectively. For the OCDM scheme, we
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can see that Pe = 10−4 when PT is equal to 23, 21, and 23 dBm for ∆ equal to 0, 3, and
7, respectively.
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Figure 13. Pe × PT (dBm) and PLB
e for the HS-OFDM scheme, OCDM, and SCCP when LCP ∈

{14, 18, 30}, ∆ ∈ {0, 3, 7}, and the additive noise is AWGN.

Furthermore, for LCP = 14, the OCDM scheme continues to yield better values of Pe
compared to the other data communication schemes. Moreover, the OCDM scheme is the
only one to reach Pe values lower than 2 × 10−4 for all ∆ considered. In other words, the
OCDM scheme offers a better (higher) performance loss in terms of Pe than the others
as the interference increases. In contrast, the SCCP scheme and OTFDM are proven to
be the most fragile to interference in terms of Pe. Note that SCCP and OCDM share the
same nSNR; however, the difference between their time–frequency domain occupation
indicates that the former is less resilient to interference. This leads to the conclusion that
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the CSS-based data communication scheme is less impacted than the others regarding the
interference caused by the CP length violation and the STO.

Moreover, Figure 14 shows the curves of Pe × PT (dBm) and PLB
e while considering

the system operating under ACGN and following the subfigure structure of Figure 13. For
these numerical simulations considering ACGN, all data communication schemes behave
similarly to the simulations with AWGN as LCP, ∆, and PT vary. However, all data commu-
nication schemes when operating over PLC channels corrupted by ACGN require greater
total transmission power than when the PLC channel is corrupted by AWGN to yield the
same Pe. For instance, with LCP = 18 and ∆ = 3, to achieve Pe = 10−6, the OCDM scheme
requires PT equal to 27 and 30 dBm for AWGN and ACGN, respectively. Meanwhile, the
HS-OFDM scheme requires 37 and 40 dBm for AWGN and ACGN.
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Figure 14. Pe × PT (dBm) and PLB
e for the HS-OFDM scheme, OCDM, and SCCP when

LCP ∈ {14, 18, 30}, ∆ ∈ {0, 3, 7}, and the additive noise is ACGN.
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To summarize, the OCDM scheme displays the best results when there is no inter-
ference, requiring almost 10 dBm less of the total power transmission to reach Pe = 10−6

than the HS-OFDM scheme and 3 dBm less than the OTFDM scheme. Moreover, the SCCP
scheme and OCDM attain the same curve of Pe × PT (dBm) without interference; however,
the performance of the former degrades significantly with increasing interference. Re-
lying on the numerical results, we can assert that the OCDM scheme is the best choice.
Indeed, it shows better performance in terms of Pe × PT (dBm), even in the presence of
interference due to the CP length violation and the STO. However, if the computational
complexity is one of the biggest concerns and the interference is absent, the SCCP scheme
is better suited.

6. Conclusions

This paper discusses the performance degradation caused by CP length violation and
the STO in data communication systems that rely on transmitting blocks of symbols over
narrowband PLC channels corrupted by white or colored Gaussian random processes. Ad-
ditionally, it introduces a unified formulation from which HS-OFDM, OCDM, SCCP, and
OTFDM schemes are derived, providing the opportunity to design future multi-scheme
transceivers capable of dealing with distinct sets of constraints faced by data communica-
tion systems. The paper also deduces closed-form expressions for estimated signal, SINR,
and upper bound SINR for OCDM, SCCP, and OTFDM, allowing comparisons between
them and HS-OFDM when the CP length violation and the STO occur.

Numerical results show that the closed-form expressions correctly characterize the
performance of these data communication schemes. They also demonstrate that frequency
domain equalization with different capacities presents similar behavior in all data commu-
nication schemes. Moreover, they show that STO can benefit the performance of data com-
munication systems when the CP length violation occurs. The analysis of achievable data
rates demonstrates that HS-OFDM and OTFDM typically provide the highest data rates in
various scenarios, with or without interference. However, according to the BEP analysis,
OCDM yields the most favorable outcomes for both types of noise, followed closely by
SCCP and OTFDM without interference. In the presence of interference, HS-OFDM is the
second-best alternative.
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Abbreviations

The following abbreviations are used in this manuscript:

PHY Physical
HS-OFDM Hermitian symmetric orthogonal frequency division multiplexing
OFDM Orthogonal frequency division multiplexing
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PLC Power line communication
BER Bit error rate
SCCP Single carrier cyclic prefix
nSNR Normalized signal-to-noise ratio
OCDM Orthogonal chirp division multiplexing
CSS Chirp spread spectrum
DFnT Discrete Fresnel transform
OTFDM Orthogonal time–frequency division multiplexing
DOST Discrete orthogonal Stockwell transform
CP Cyclic prefix
STO Symbol timing offset
CFR Channel frequency response
SINR Signal-to-interference-plus-noise ratio
C-ZF Complete zero-forcing
M-ZF Modified zero-forcing
ST-ZF Single-tap zero-forcing
UA Uniform power allocation
OA Optimal power allocation
BEP Bit error probability
LTI Linear time-invariant
CIR Channel impulse response
WSS Wide sense stationary
ISI Inter-symbol interference
CSI Channel state information
PSD Power spectral density
IDFT Inverse discrete Fourier transform
ICI Inter-carrier interference
ICpT Inter-chirp interference
IStI Inter-slot interference
ITI Inter-tile interference
AWGN Additive white Gaussian noise
ACGN Additive colored Gaussian noise
QAM Quadrature amplitude modulation
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