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Data Rate and Bit Error Probability in Narrowband
PLC Systems: OCDM versus HS-OFDM

Tilio F. Moreira, Andrei Camponogara, Sobia Baig, and Moisés V. Ribeiro

Abstract—This study proposes a performance comparison
between the orthogonal chirp division multiplexing (OCDM)
and Hermitian symmetric orthogonal frequency division
multiplexing (HS-OFDM) schemes in terms of data rate and
bit error probability in the context of narrowband power line
communication (PLC) systems. To analyze data rate of various
power allocation techniques, we consider optimal, sub-optimal,
and uniform power allocation techniques. Numerical results show
that the OCDM eventually outperforms the HS-OFDM in terms
of bit error probability when uniform power allocation applies
and the HS-OFDM normalized signal to noise ratio is frequency
selective. In contrast, the OCDM offers the lowest data rate
performance when all the chosen power allocation techniques
are considered. Thus, the OCDM can be more appropriate for
low-bit-rate PLC systems when channel state information is not
available at the transmitter side and fixed digital constellation is
applied.

Keywords—Power line communication, orthogonal chirp
division multiplexing, orthogonal frequency division multiplexing.

I. INTRODUCTION

The interest regarding power line communications (PLC)
systems has been growing in the academic and industry
spheres, mostly because of the high demand for connectivity.
In fact, emerging concepts and technologies, such as
Industry 4.0, smart cities, smart grids, and the Internet of
Things (IoT) are directing the course of a new generation
of communication systems to a scenario of reliability,
flexibility, and low-power consumption. PLC technologies
bring an established foundation to wired communication, since
they rely on electric power grids for data communication
purposes. However, electric power grids were originally meant
for energy delivery purposes. Consequently, the literature
highlights several impairments against the widespread use of
PLC systems, such as signal attenuation with the increase of
distance and frequency, multi-path effect due to impedance
mismatching, load dynamics that results in impulsive noise [1].
Nevertheless, research work continues to develop techniques
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for improving PLC technologies and their robustness to
counter such issues.

In this sense, orthogonal frequency division multiplexing
(OFDM) and orthogonal chirp division multiplexing (OCDM)
have proved to be useful when electric power grids are used
as data communication media. OFDM is a well-established
scheme, which divides a channel frequency response (CFR)
into flat and orthogonal subchannels thus allowing advantage
over the frequency selective channel. Regarding OFDM, [2]
presented a detailed tutorial for resource allocation in PLC
systems for Hermitian symmetric OFDM (HS-OFDM), which
is a version of the OFDM applied to baseband communications
systems. However, the OCDM scheme, which divides the data
into subchirps using the Fresnel transform, is a relatively new
concept for data communication and was first addressed in
[3]. Regarding the baseband transmission using OCDM, [4]
proposed four types of mapping schemes to transmit complex
symbols through PLC channels. In addition, [5] presented a
performance analysis of an OCDM scheme applied to wireless
channels and compared it with the OFDM scheme. Although,
all referenced works discussed here show that the OCDM
scheme outperforms the OFDM scheme, mainly regarding the
bit error rate (BER), still OCDM presents greater computing
complexity than the OFDM [4].

Nevertheless, none of the aforementioned studies related
to the OCDM scheme carried out analyses and comparisons
in terms of data rate between the OCDM and OFDM
schemes in the context of PLC systems. In this sense, the
current study aims at analyzing and comparing the data rates
related to both OCDM and HS-OFDM schemes applied to a
narrowband PLC (NB-PLC) system. To do so, the optimal
power allocation (OA), sub-optimal power allocation (SA),
and uniform power allocation (UA) techniques are taken into
account. Also, numerical results related to bit error probability,
which advances the ones presented in [4], are also covered in
order to bring important insights with respect to a comparative
analysis between OCDM and HS-OFDM.

II. SYSTEM MODEL

z[n] v[n] l y[n]

Transmitter — h[n] —»———>  Receiver

Fig. 1. Block diagram of a narrowband PLC system.

Let the block diagram showed in Fig. 1 represents a
narrowband PLC system in which a PLC transmitter transmits
OCDM or OFDM symbols thought a NB-PLC channel and is
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Fig. 2. Block diagram of an OCDM scheme.

demodulated and detected at the receiver. The PLC channel
is assumed to be linear and time invariant since a coherence
time longer than the time period associated to a 2N-block
symbol is adopted. Also, {h[n]}2Z} represents the channel
impulse response (CIR) associated with the PLC channel, with
L being the CIR length, while the data-carrying signal in the
discrete-time domain at the input of the receiver is expressed

as

Z z[m]hln —m] + v[n], (1)
where {z[n]} is a sequence of 2N-block symbols (HS-OFDM
or OCDM) and {v[n]} is the additive noise. Note that x[n]
and v[n] are independent and wide-sense stationary random
processes, and the use of cyclic prefix (CP) avoids intersymbol
interference between successive 2/N-length symbols.

Considering NB-PLC systems, it is important to state that
the channel is fading and frequency selective, and the additive
noise is coloured. To address these characteristics, Subsections
II-A and II-B details OCDM and HS-OFDM schemes
respectively. Consequently, important aspects regarding
transmission and reception in baseband as well as the
derivation of the signal-to-noise ratio (SNR) equations related
to both schemes are covered.

yln] =

A. OCDM

Fig. 2 shows the block diagram of a OCDM scheme,
presenting the transmitter and receiver. Since PLC systems are
in the baseband, it is necessary to apply the mapping step to
the modulation process to ensure that the output of the inverse
discrete Fresnel transform (IDFnT) is real, i.e., x; € R2V*1,
To do so, the type IV mapping [4] is used, first extending
% € CN*1, which is the output of a digital modulator in
the Fresnel domain, and then applying the IDFnT with the
Hermitian symmetric (HS) property. Therefore, we come up
with the extended symbol as

o [R{alk), k=0,...,N—1
xC[k]_{i‘s{i[k—N}}, k=N, .oN-1, 2

where {-} and {-} are the real and imaginary parts of a
complex signal respectively. Also, x; = @LSXC, where the

type IV IDFnT matrix is given by (I’I{s = FTI‘LSF, with
()" being the Hermitian operator, F € C*V*2N represents a
discrete Fourier transform (DFT) matrix, and I'yg € C2V*2N
denotes a phase diagonal matrix given by

e~INF for k< N —1
FHS[}C’H:{GJJV’“Q, fork>N—-1"

Considering the use of the CP with length L., > L — 1
and perfect synchronization, the vector representation of the
received symbol in the discrete-time domain can be expressed
as

3)

y =Cnx¢+v “4)

in which C;, € R2N*2N js the circulant channel matrix

associated with CIR vector h € REX1 and v e C2Vx!
denotes the additive noise vector. To recover the transmitted
information, the DFT is applied on the received signal y so
that its output is expressed as

Y = FC,®f g%, + Fv
= FC;LFTF‘I*IT_ISFTFS(C +Fv

= A, TlFX, +Fv (5)
where Ap,, = diag{H[0], H[1], ..., H2N — 1]}
is the diagonal matrix of the CFR vector
H = [H[0], H[1], ..., H2N — 1]]%, where []T is

the transpose operator. Based on the commutative law of the
product of two diagonal matrices, (5) can be rewritten as

Y = [l Ap, F¢ + Fv. (6)

Next, in the equalization step, we cancel out the phase
induced by applying I'ys and then we compensate Ay, with
a zero-forcing equalizer, in other words, AB;N is applied.
Therefore, the equalized received symbol is given by

X = Ayl TusTigAm, Fxe + Ayl TusTigFv
=Fx¢ + Ap! TusFv 9]

Finally, the inverse discrete Fourier transform (IDFT) is
applied. As a result, the estimated OCDM block symbol is
fcg = FTXC. Consequently, after the demapping process, we
have

X=%+FAL TV ®)

where T € CN*! is the non-HS diagonal phase

matrix with T'[k, k] = e’jﬁkz, F € CV*N, and
Ay, = diag{H[0], H[1], ..., H[N — 1]]}.

1) Signal to noise ratio: To analyze the SNR with a
fair comparison between OCDM and HS-OFDM and to
ensure uniformity in the mathematical model, we consider
the received block symbol before the demapping step, i.e.,
%; € C2N*1 In this sense, the estimated symbol in the k"
subchirp is given by

Felk] = delk] + ——
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According to (9), the estimated symbol has two portions.
The first one is the symbol sent by the transmitter through a
subchirp, 2 ¢ [k]. The second portion is the additive noise, 0 [k].
Hence, the SNR for the OCDM scheme can be expressed as

P [k]
71[k] = - : (10)
av Lico | [HTPy ]
where P[] = E{@¢[klz¢[k]} /2N is  the
symbol power associated with the k**  subchirp,

E{oclklogk]} = gy Sty IH M OPE{VEIV(M),
and Py [k] = E{V[k]V*[k]}/2N is the additive noise power
associated with the k'" subcarrier, with E{-} representing the
expectation operator and (-)* being the complex conjugate
operator. Observe that V[k] is assumed to be a colored and

stationary Gaussian random process so that E{V[k]} = 0 and
E{VIK]V*lg]} = E{VIEBE{V*[ql}. YV k # q.

B. HS-OFDM

Fig. 3 shows the schematic diagram of the transmitter
and receiver for the HS-OFDM scheme. Note that
X = [X][0], X[1], ..., X[N —1]]T is the output of a

digital modulator in the frequency domain. To transmit this
information in baseband the HS mapping is applied as follows:

R{X[N -1}, k=0
RO k=1,...,N—1
Xusk] = S{X[N-1} k=N
Xi[(—k+1)ay] k=N+1,...,2N—1

1D
where (-)on is the circular shift operation. Considering the
use of a cyclic prefix with length L., > L — 1, the vector
representation of the collected signal in the discrete-time

domain at the receiver is given by
y = CpXpus + Vv, 12)

where xps = FTXpys. Then the DFT is applied, converting
the received signal (12) into the frequency domain

Y = FCpxps + Fv
=FC,F'Fxys + Fv

:AH2NXH5+V. (13)
If zero-forcing equalization is adopted, we have
Xps = Xus + ApL V, (14)

Finally, the HS demapping process is applied, such that the
estimation of the transmitted block symbol is given by

X=X+A, V. (15)

1) Signal to noise ratio: Aiming to present the SNR
related to the HS-OFDM, the same approach adopted for the
OCDM is considered. The received block symbol before the
demapping step, from (14), the k*" estimated symbol is given
by

Xus[k] = Xus[k] + H[k]V[k]

= Xus[k] + Vas[k]. (16)

XHS XHS
@)
X o E a.
——>s—>EHE—— g —»
= =) S
<
Transmitter
X Y
A HS 5 O
X & N [
4+—— £ +— 35 +— E - g +——
) = @) 5
A =) &
Receiver

Fig. 3. Block diagram of the HS-OFDM transmitter and receiver.

Consequently, the SNR related to the k" estimated symbol is
given by

Pak]
M TR R "
where Polk] = E{Xus[k]X[s[k]}/2N is the symbol
power associated with the k'  subcarrier and

E{Vis[k]Viis[k]} = [H™![K]PE{V [k]V*[k]}.

III. DATA RATE AND BIT ERROR PROBABILITY

In this section, we present mathematical expressions related
to the data rate and bit error probability for the OCDM and
HS-OFDM schemes. In this regard, the data rate in bits per
complex symbol for both schemes can be expressed as

mlk
b [K] = log, (1 + VTH> (18)
where 7,,[k] is the SNR associated with the k"
subcarrier/subchirp and the m'" scheme (m = 1 for

OCDM and m = 2 for HS-OFDM), and Y refers to the gap
factor from Shannons capacity curve. Therefore, the data rate
in bits per second (bps) can be defined as

1 N—-1
Rm = m kzzo bm[k], (19)

where T is the sampling period. The total transmission power
is given by

N-1
Pr=2 Pulk] (20)
k=0

Furthermore, the upper bound for the bit error probability
associated with an M-QAM constellation for the k"

subcarrier/subchirp can be expressed as

4 1 3
2D

where M is the constellation order. Therefore, the average bit
error probability for the m!”" scheme is given by

~ 1 N-1
Pb,m = N ];) B},m[k] (22)
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Fig. 4. SNR multichannel and multichirp, ~q,,,, in terms of the total
transmission power, Pz, for the OCDM and HS-OFDM schemes respectively.

IV. NUMERICAL RESULTS

In this section, OCDM and HS-OFDM schemes are
assessed in terms of bit error probability and data rate
in the context of NB-PLC systems. Note that the 4-QAM
and 16-QAM constellations are considered for the bit error
probability analysis. Regarding the data rate results, we
consider Y = 8.8 dB and the following resource allocation
techniques to define P,,[k] for each subcarrier/subchirp: UA,
OA (using Water-Filling algorithm with b[k] € RT) , and SA
(using Levin-Campello algorithm with b[k] € N). Moreover,
the bit error probability per subcarrier/subchirp as well as
its average values are discussed for distinct values of P,
and under the adoption of UA. The numerical analysis
are carried out considering a NB-PLC channel generated
through the channel model proposed in [6] considering
the parameters addressed in [7, Annex D]. Therefore, a
frequency bandwidth B = 500 kHz and N = 256
subcarriers/subchirps are considered. The additive noise is
modeled as a zero mean colored Gaussian random process
with Py k] = "—fse(*”‘BskD, where v = 1.2 x 1072,
n = 1.0 x 107*%, and B, = B/N € R is the sub-band
frequency in Hertz (Hz) [8].

Fig. 4 shows the SNR multichannel or multichirp, v, in
terms of P, for the OCDM and HS-OFDM schemes assuming
UA and T = 8.8 dB. The SNR multichannel or multichirp can
be expressed as

k=0

T.  (23)

Observing Fig. 4, we see vg,2 > 7g,1 regardless of P,. The
values vary linearly from —30.76 to 29.23 dB and from 3.02
to 44 dB for ¢ ,1 and g 2, respectively.

Regarding the performance analysis in terms of bit error
probability when OCDM and HS-OFDM schemes operate
with the same data rate, Fig. 5 shows the ]51,7,” X Py when
4-QAM and 16-QAM constellations are considered. For an
overall comparison between these schemes, we observe that
HS-OFDM shows better bit error probability performance than
OCDM for lower values of P;. However, as P; increases,

— OCDM
4-QAM

— = HS-OFDM
16-QAM

10° 5

10—1 .
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1074 3

1075 4
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- ;I.O (') 1'0 2'0 3'0
Pt (dBm)

-30 -20

Fig. 5. Bit error probability, Pb,m, for the OCDM and HS-OFDM schemes
considering 4-QAM and 16-QAM constellations.

OCDM begins to outperform the HS-OFDM. For instance, if
4-QAM is considered, we see ]51,71 > Pbg when P; > 6 dBm.
Note that ]5;)71 around 1076 is found when P; is close to
14 dBm, while ]51,72 with the same value is observed when
P = 26 dBm. In summary, the results shown in Fig. 5
corroborate the ones addressed in [4], which state that the
OCDM scheme presents better performance in terms of Pb,m
than the HS-OFDM scheme from a certain value of SNR. The
discussion in the following paragraph illustrates the reason
behind it.

Fig. 6 shows P, ,,[k] x k for OCDM and HS-OFDM
schemes taking into account 4-QAM constellation and
P, € {-5, 5, 15} dBm. For the OCDM, we have P, 1[k]
equal to 0.535, 0.185, and 1.84 x 10~% for all k with P,
equal to —5, 5, and 15 dBm, respectively. Meanwhile, for
the HS-OFDM, P, o[k] varies in relation to k, reaching peak
values next to 0.70, 0.60, 0.33 when P, is equal to 10,
14, and 20 dB, respectively. Based on the curves showed
in Fig. 6, we can see that P, ;[k] shrinks as a whole as
P; increases, due to v;[k] being constant for all %k, while
P, o[k] still present peaks of high value in specific subcarriers
where 73[k] presents a lower value due to the frequency
selectively nature of the channel. In other word, under the fixed
digital constellation assumption, OCDM surpasses HS-OFDM
in terms of bit error probability, which makes OCDM more
attractive for substituting HS-OFDM in current standards
applied to NB-PLC systems in smart metering applications.

Fig. 7 shows R,, x P; for the OCDM and HS-OFDM
schemes when UA, SA, and OA are adopted. In a general
observation, the HS-OFDM scheme produces better results
than the OCDM scheme for all resource allocation techniques.
Furthermore, for the OCDM scheme, since 7 [k] is constant,
the OA and UA have the same results, while the SA shows
a slightly lower performance in terms of R,,,. Moreover, the
performance difference between the schemes are significant.
In particular, adopting P, = 0 dBm and UA, the OCDM
and HS-OFDM reach R; = 0.07 Mbps and Ry = 1.66 Mbps,
respectively. Furthermore, when OA is considered, the OCDM
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Fig. 6. Bit error probability per subchirp/subcarrier, Py, ,, [k], for the OCDM
and HS-OFDM schemes considering 4-QAM.

also reaches R; = 0.07 Mbps, while the HS-OFDM achieves
Ry = 1.82 Mbps. Finally, adopting SA, R; = 0.03 Mbps and
Rs = 1.78 Mbps are observed for the OCDM and HS-OFDM
schemes, respectively. These are direct related to the ones
presented in Fig.4 where the HS-OFDM suppress the OCDM.

The OCDM scheme presents, in general, a better
performance in terms of Pbm because of its constant
normalized signal-to-noise ratio (nSNR) for all subchirps and
the adopted UA technique. Notice that such result corroborates
with [9] in which the authors showed that an equal SNR
for every subchannels results in an asymptotic case of the
suboptimal power allocation for BER minimization. However,
the same does not apply to R,,, since the HS-OFDM scheme
presents better results than the OCDM scheme for all power
allocation techniques considered in this paper. These variations
between P, ,, and R,, results can possibly be justified by
distinct characteristics of Q(-) function used to obtain Py,
and the logarithmic function used to compute R,,.

Finally, even though the OCDM scheme has shown a
worse performance in terms of R,,, in practical scenarios of
low-bit-rate applications, such as smart metering, the OCDM
can be more suitable to implement than the HS-OFDM.
Moreover, when fixed digital constellation is applied, the
OCDM proves to be a better scheme due to its better results
in terms of Pb’m, which constitutes a practical scenario for
NB-PLC systems.

V. CONCLUSION

This paper has compared the OCDM and HS-OFDM
schemes in terms of bit error probability and data rate in the
context of narrowband PLC systems. The numerical results
have shown that the OCDM with constant nSNR brings a
better performance of bit error probability compared to the
HS-OFDM, assuming uniform power allocation, since the
OCDM bit error probability per subchirp decreases as a whole
as the total power increases, while the HS-OFDM still present
peaks of bit error probability on specific subcarriers due to
its variable nSNR per subcarrier. The results of bit error
probability found in this study corroborates previous studies

— OCDM — = HS-OFDM
OA SA UA
2
£
=
g
[aed
Pt (dBm)
Fig. 7. Data rate, Ry,, in terms of the total transmission power, P¢, for

the OCDM and HS-OFDM schemes considering OA, SA, and UA resource
allocation techniques.

[4]. However, the HS-OFDM provides better results than the
OCDM in terms of data rate for various types of power
allocation techniques considered in this paper and the same
can be observed with the SNR multichannel.

Therefore, the OCDM scheme proves to be a better fit for
low-bit-rate applications of the PLC technology, such as smart
metering, due to the better performance in terms of bit error
probability.
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