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ABSTRACT Channel impairments in powerline communication (PLC) and visible light communica-
tion (VLC) technologies are one of the causes of performance degradation in hybrid PLC and VLC (HPV)
systems. In this study, we focus on one of the inherent noise types in PLC channels; impulse noise
(IN), which is characterised by short bursts of rapidly modified amplitudes caused by random switching
of electrical devices in a power network. Recently, a permutation coded orthogonal frequency division
multiplexing (OFDM) with the M -ary frequency shift keying (M FSK) scheme, in short, PC OFDM-MFSK,
was proposed for IN mitigation in PLC systems. It is conceived that the robustness of this scheme against IN
in standalone PLC systems will enhance the error performance of the HPV system. Furthermore, since one of
the disadvantages of the PC OFDM-M FSK scheme compared to that using only the classical OFDM scheme,
is degraded data rate, we propose a generalised PC OFDM-M FSK scheme to improve the degraded data rate.
This study shows that the use of OFDM-MFSK improves the performance of an HPV system compared to
that using only the classical OFDM modulation scheme by a signal-to-noise (SNR) ratio gain of 6 dB at a bit
error rate (BER) of 10~*. Furthermore, an SNR gain of approximately 3 dB and reduction in the decoding
complexity of the PC OFDM-MFSK HPV system is achieved using a soft-decision Hungarian-Murty (HM)
decoder. Moreover, the generalisation of the PC OFDM-MFSK HPV system does not increase the decoding
complexity when the SD HM decoder is used.

INDEX TERMS Frequency shift keying (FSK), generalized permutation coding, orthogonal frequency
division multiplexing (OFDM), powerline communication (PLC), visible light communication (VLC).

I. INTRODUCTION

The hybrid communication system consisting of power-
line communication (PLC) and visible light communica-
tion (VLC) technologies, is achieved based on the natural
relationship between the two technologies, where the pow-
erline is the source of electric power used by the VLC trans-
mitters, as well as the capability of the VLC technology to
transform a PLC signal into an equivalent wireless optical
signal [1], [2]. As is always the case, merits and demerits
of the constituent systems influence the performance of a
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hybrid system. Consequently, the performance of the hybrid
PLC and VLC (HPV) system is negatively affected by the
inherent demerits of the two constituent technologies, such
as constrains by eye-safety standards, channel noise and
interference. However, because of the potential that the HPV
system has demonstrated, especially in terms of its applica-
tion to smart cities, indoor navigation, vehicular technology,
hospitals and other electromagnetic radiation restricted areas
[3]-[5], continued research aimed at improving this hybrid
system is inevitable.

Since its first presentation by Komine and Nakagawa [1],
some research focus areas reported in literature regarding
the HPV system include, PLC/VLC integration techniques
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[6]-[8], channel modelling [4], [9], modulation, multi-carrier
and multi-user techniques [10]-[14], for achieving a reliable,
spectral and energy efficient HPV system.

It is conceived in this work that some techniques that
have been used in standalone PLC and VLC systems to
mitigate their respective system demerits will enhance the
performance of the HPV system. Schemes employing orthog-
onal frequency division multiplexing (OFDM) with M-ary
frequency shift keying (M FSK) and permutation codes (PCs),
have been applied to PLC systems to mitigate the impulse
noise (IN) that is inherent in PLC channels [15], [16]. There-
fore, we considered adapting these schemes to the HPV sys-
tem investigated in this paper. Furthermore, the data rate of
the HPV system using PCs, OFDM and MFSK techniques is
enhanced by generalising the PC-aided system.

The use of OFDM in various communication technolo-
gies [15], [17]-[19], including HPV [11], [12], has been wel-
comed because it enhances spectral efficiency (SE) and is a
reliable mitigation scheme against inter-symbol interference
(ISI). In classical OFDM, each OFDM sub-carrier symbol
carries a message symbol modulated using a single-carrier
modulation technique, such as M-ary quadrature ampli-
tude modulation (MQAM) or M-ary phase shift key-
ing (MPSK). Furthermore, to enhance the data rate and
the SE, several modulation options for OFDM-based sys-
tems such as index-based, sub-carrier number-based and
shape-based OFDM schemes, have been exploited [19]-[24].
Variants of index-based OFDM include OFDM with index
modulation (OFDM-IM) and spatial modulation OFDM
(SM-OFDM) [20], [23], [24]. In OFDM-IM, the indices of
the sub-carriers in an OFDM symbol are used to send addi-
tional information. Whereas in SM-OFDM, some informa-
tion bits are mapped to and sent by the indices of antennas,
while other information bits are conventionally modulated
and conveyed via the activated antenna.

On the other hand, in sub-carrier number modulation
OFDM (OFDM-SNM), some sub-carriers are exploited to
convey additional information [21], whereas, in shape-based
OFDM, the shape of pulses is exploited to convey additional
information. Examples of the shaped-based OFDM modula-
tion schemes are reported in [25], [26].

It is worth noting that the work mentioned above focused
only on wireless communication systems, and some noise
effects inherent in other fast varying channels such as
the powerline communication (PLC), were not considered.
Examples of such noise types are narrow-band (NB) noise
and impulsive noise (IN), which affect multiple frequen-
cies in the NB region [27]-[30]. In [30], where extensive
measurements were carried out for a residential powerline
channel, IN was observed to occur in bursts and lasting for a
maximum period of about 0.1 ms. In such channels, a series
of signal bits may be affected in time-domain, or a frequency
may be affected during a transmit period. Therefore, special
consideration in the implementation is required when index
modulation (IM) of OFDM is, or its variants are applied to
channels prone to NB and IN noise effects.
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Since IN affects a range of frequencies in a short
period [28], [30]-[33], then schemes that activate only some
frequencies for data transmission at each transmit period
would well mitigate this noise. This is because there is a prob-
ability that frequencies affected by the IN may not be carrying
information at a particular transmit period. Hence, schemes
such as MFSK where information symbols are mapped to
one of the M available frequencies are good candidates for IN
mitigation because only one of the M sub-carrier frequencies
carries information at each sampling period.

A combination of OFDM and MFSK (OFDM-MFSK)
proposed in [34]-[36], was exploited for IN mitigation in a
PLC system [15]. When OFDM-MFSK, which is a variant of
OFDM-IM is used, frequency sub-carriers in the OFDM sym-
bol are segmented in groups of M, where M denotes the order
of the frequency shift keying (FSK) modulation. As such,
at any transmit interval, only one sub-carrier is activated in
each group of M. Thus, the effects of IN are mitigated. In light
of this, we extend the OFDM-MFSK scheme to an HPV
system to exploit the benefits of IN mitigation, which can
result in enhanced system reliability.

In [15], [16], a coded OFDM-MFSK in a PLC system
was achieved with the use of PCs, whose codeword length
is equal to M, the FSK modulation order. The length of a
non-binary permutation codeword (PCW) is the number of
integers in the codeword. In the scheme proposed in [15],
a one-to-one mapping of data symbols and PCWs, was
used. The non-binary PCWs’ integers then determine which
sub-carriers would be activated in each OFDM-MFSK sub-
carrier sub-block. Each activated subcarrier conveys a set
of modulated message bits and those mapped to the PCW.
In this scheme, only one codeword is selected for each OFDM
symbol. Therefore, all the activated sub-carriers convey the
same data symbols. Therefore, if a subcarrier is affected
by noise, subcarrier decoding can assist with recovering the
information of the affected subcarrier. To improve the data
rate of the permutation aided OFDM-MFSK scheme applied
in the HPV system, we propose to select more than one
codeword for each OFDM-MFSK symbol. Thus, a gener-
alised permutation coded (GPC) OFDM-MFSK HPV system
is achieved and is denoted as GPC OFDM-MFSK. Since the
GPC OFDM-MFSK activates a few sub-carriers, it can be
considered as a type of the recently reported sparse index
modulation (SIM) [37], [38]. However, unlike SIM, where
a certain number of sub-carriers are selected irrespective of
the order of selection, the pattern of sub-carrier activation
in GPC matters and is influenced by the positions of the
integers in each selected PCW. Furthermore, since multiple
PCWs are used for each OFDM symbol, the soft-decision
(SD) low-complexity Hungarian-Murty (HM) decoder pro-
posed in [39] to simultaneously detect multiple PCWs,
is used.

Precisely, the contributions in this paper can be sum-
marised as:

« To the best of our knowledge, we, for the first time, pro-

pose and present the use of the OFDM-MFSK scheme
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in an HPV system to enhance the system’s performance
by IN mitigation.

« Increasing the OFDM-MFSK data rate by implement-
ing a GPC scheme where k message symbols are
mapped to k PCWs to be simultaneously transmitted per
OFDM-MFSK symbol.

« Application of an SD HM decoder for reduced decoding
complexity and further enhancement of the error rate
performance of the HPV system.

The rest of the paper is organised as follows: In the fol-
lowing section, an overview of the OFDM-MFSK based sys-
tem is presented, including the system and channel models.
In Section III, the GPC OFDM-MFSK based HPV system
is presented, and a brief description of the SD decoding
method based on the HM decoder is also included. Then
the simulation results and analysis of the different schemes
considered in this work are presented in Section IV, after
which the conclusion is presented in Section V.

Il. OFDM-MFSK BASED HPV SYSTEM

This section first provides an overview of the basic principles
of the OFDM-MFSK scheme applied to the HPV system.
Later, a downlink transmission system in which the receiver
is placed in a room served by a VLC transmitter installed in
the ceiling, which also provides illumination, is considered.
The VLC transmitter receives the information from the PLC
channel and then re-transmits the information to the VLC
receiver located at some position in the room of consideration.

A. AN OVERVIEW OF THE OFDM-MFSK
In M-FSK modulation, information symbols are mapped to
one of the M available frequencies. Hence, one of the M
frequencies is transmitted at each sampling time, resulting in
B = log, M bits being transmitted at each sampling time.
Thus, the bandwidth utilisation, 71, for the MFSK scheme is
given as [40],

By
n = i7E
On the other hand, in OFDM modulation, information sym-
bols are mapped to N orthogonal sub-carriers in an OFDM
array and simultaneously transmitted in the PLC channel.
If a signal constellation symbol has Q information bits, then
By = ON bits are transmitted per OFDM symbol. The
OFDM bandwidth utilisation, 1, can be expressed as:

N
N + N¢p '

ey

m @
where N, is the number of sub-carriers used for the cyclic
prefix (CP) of the OFDM symbol. A CP is inserted at the
beginning of the OFDM signal to maintain orthogonality
among sub-carriers. The CP consists of a cyclic extension
from the end of the OFDM signal, whose length is mainly
influenced by the delay spread of the channel. Thus, to elimi-
nate ISI, inter-carrier interference (ICI) and maintain orthog-
onality between sub-carriers, the length of the CP is chosen to
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be longer than the delay spread of the channel as this ensures
that all the samples from the previous OFDM symbols fall
within the CP duration.

In the OFDM-MFSK scheme, N sub-carriers are divided
into groups of M sub-carriers. Only one sub-carrier from
each group is activated for transmission; hence, no energy is
transmitted on the other M — 1 sub-carriers in each group.
Letg = 1,2,..., G denote the different groups, each group
consisting of M sub-carriers and ¢ = 1, 2, ..., M denote the
indices of one of the M frequencies in a group g. Then, each
of the symbols at any activated sub-carrier can be represented
as xgc. Thus, a vector representation of the whole OFDM-
MFSK symbol to be transmitted per channel use via the PLC
channel is

x=0... xi¢c ...0,0... x¢ ...0,...,0... xgc ...0.
~—— —— ——
Group 1 Group 2 Group G

3)

Thus, the total number of bits per OFDM-MFSK symbol is
Bz = Glog, M =G - B. 4)

Considering (1) and (2), the bandwidth utilisation, 13, of the
OFDM-MFSK scheme can therefore be expressed as:
_ B N

M N+Ngp'

Thus, the bandwidth utilisation for the MFSK, OFDM and
OFDM-MFSK schemes can be compared as, 1 < 73 < 12,
indicating that the OFDM-MFSK scheme enhances the SE

of the MFSK scheme, however, it is lower than that of the
classical OFDM scheme.

n3 ©)

B. SYSTEM MODEL

In Fig. 1, a system block diagram highlighting the major sec-
tions, such as the transmitter, receiver, PLC/VLC integration
module and the channels, of the OFDM-MFSK HPV system,
is shown.

1) PLC SECTION AND THE INTEGRATION UNIT

The incoming modulated symbols are segmented into G = %
groups, and each information symbol in a particular group
determines the sub-carrier index to be activated for trans-
mission. The frequency-domain signals are converted to the
time-domain via the inverse fast Fourier transform (IFFT)
block and transmitted via the PLC channel. At the PLC/VLC
integration module, the output signal from the PLC channel
is given by

yp=S'€j¢+"PLc~ (6)

In (6), s is the complex transmitted signal and np;c = ng +
nj./z, is the noise component in the PLC channel comprising
the background noise and the IN denoted as ng and ny,
respectively. ng is modelled as an additive white Gaussian
noise (AWGN) (a complex component with zero-mean and
variance of 0(2; = 2Ny, where Ny denotes noise power spectral
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FIGURE 1. System block diagram of the OFDM-MFSK HPV system.

density) and n; follows a Poisson distribution and has a
variance 0(2; /A. A is the impulsive index that determines the
frequency of occurrence of ny and z is a variable imposing the
Poisson distribution on ny. If the amplify-and-forward (AF)
relaying protocol is applied, the received PLC signal y,, is
demodulated, scaled, and re-modulated [12]. The resulting
signal is re-transmitted by VLC transmitters. On the other
hand, the decode-and-forward (DF) relaying protocol will
also decode the received PLC signal before re-modulation for
transmission by the VLC transmitters. In this work, the AF
relaying protocol is assumed for its simplicity.

2) VLC SECTION
The signal y, at the fast Fourier transform (FFT) output, in the
integration unit, is complex. Since the VLC section of the
HPV system employs intensity-modulation direct-detection
(IM/DD), y,, is unsuitable for modulating the intensity of the
VLC transmitters due to the constraint that light intensity
cannot be negative. To obtain optical IM/DD compatible
signals, the Hermitian symmetry (HS) property to generate
real OFDM signals has widely been used [10], [12], [41].
In an HS structure, a message symbol is duplicated in the
form of its complex conjugate (CC). For the N frequency-
domain symbols obtained from the FFT operation on PLC
output signal, the general expression relating the message
symbols X, their CC X* components and their positions due
to the HS constraint is given as:

X2 = X(*2N7§)’ £=0,1,2,...,N = 2. @)
Thus, the HS structure is formed by concatenating the original
vector of message symbols with the vector of their CC sym-
bols. From (7), it can be seen that in VLC, 2N sub-carriers
are required due to the HS constraint. If the same number of
sub-carriers is maintained between the PLC and VLC chan-
nels, then the symbols from the PLC would be transmitted
in two transmit periods. Another way would be to apply the
HS constraint at the PLC section. Then, the same number of
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sub-carriers would be maintained between the two channels.
In the HS structure, the first and (N + 1)* components are
set to zero to avoid any DC shift or any residual complex
component in the time-domain signal, (X9) = X(v41) = 0).

After the HS block, the signal is again converted to a
time-domain signal x, by the IFFT. Then, a CP is inserted at
the beginning of the OFDM signal to maintain orthogonality
among sub-carriers. The signal x is real-valued and bipolar
with a random-like variation often characterized by a high
peak-to-average power ratio (PAPR) [12], [42]. The high
PAPR leads to signal distortions due to the non-negativity
constraint for the optical time-domain signal and a reduced
energy efficiency for practical LED drivers with limited
dynamic ranges [12]. As such, a DC bias is then added to xy in
order to make the signal compatible with IM/DD channel and
avoid the PAPR problem. Additionally, before modulating the
LED, peaks of time-domain OFDM signals may be clipped at
the voltage, which corresponds to permissible pulsed currents
recommended by the manufacturer [42]. However, this may
introduce clipping noise, as will be shown in Section IV.
After the digital-to-analogue (D/A) operation, x, modulates
the LEDs transmitters for transmission via the VLC wireless
channel. The transmitters are assumed to have a Lambertian
propagation model.

In this paper, only the LOS component is assumed as
it accounts for a greater portion of the transmitted optical
signal [18], [43]. The channel gain, considering an LOS
propagation between a transmitter and a receiver located at
a distance of dy and angle of irradiance 6, with respect to the
transmitter, can be approximated as [44],

A0+ 1
he %cose(e)cos(vn,

0, elsewhere,

0=y =W )

where A, is the effective collection area of the detector, ¥ is
the angle of incidence with respect to the receiver axis and £
. . .. . _ In2

is the Lambertian emission order given by £ = ——c— DL
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@/ is the semi-angle at half power of the transmitter. The
received optical signal at any receiver element is expressed
as:

Yy =Xy - h+ngy, 9)

where ngy denotes the noise which is modeled as AWGN
with zero-mean (as used in (6)) and variance aév. In the VLC
receiver, the CP is first removed and the signal is passed
through a serial-to-parallel (S/P) converter before the FFT is
performed on the signal.

The estimation of the likely transmitted symbols can be
achieved by maximum likelihood (ML) detection. In [45]
envelope detection was used for estimating MFSK in AWGN,
while the analysis in [34] suggests that the decision for
estimating the transmitted signal is made in favour of the
maximum absolute value of the components of y,. As these
are similar, the analysis and expression in [34] is adopted, and
the vector y, consisting of the estimated transmitted symbols
is given as:

9y = argmax |y xy|*. (10)
xyeF
Note that xy is a vector consisting of different xy,_ elements
from one of the activated sub-carriers in the OFDM array
F, where variables g and ¢ denote the group and sub-carrier
index in that group.

The bit error probability, P, of OFDM-MFSK, for the
energy per bit, Ep, is said to be the same as that of the
MFSK [15] and is defined as:

M-1
. (_1)§+1 M —1 (7§10g2ME7b)

Larger M values would enhance the error performance of the
system, however, this degrades the SE. Hence, a trade-off
between error performance and SE is inevitable.

Ill. GENERALISED PERMUTATION-CODED

OFDM-MFSK HPV SYSTEM

In this section, we present a method to improve the data
rate of the OFDM-MFSK HPV system by employing PCs.
Precisely, the use of PCs is also considered to aid the
use of a soft-decision method of identifying the activated
sub-carriers of the OFDM-MFSK scheme. First, the model
of a permutation-coded OFDM-MFSK (PC OFDM-MFSK)
system is presented and then the generalised scheme is
presented.

A. PERMUTATION CODED OFDM-MFSK HPV SYSTEM

In this section, the idea of sub-carrier coding of the OFDM-
MFSK [15], [16] was extended to the HPV system introduced
in Section II. A permutation codebook P consists of |P|
codewords of length M [46]. All |P| codewords in P are row
vectors denoted in this work by v, and contain M different
integers 1,2, ..., M, as symbols, while p = 1,2,...,|P|.
Hence,

by = log, |P|], 12)
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bits are mapped per each codeword v, where |.] denotes the
floor function. Each v, € P can be converted to an equivalent
[0, 11M*M codeword matrix C p = lcij] such that in each
column of C,, a ‘1’ fills the position which corresponds to
the integer of the codeword, while other M — 1 values in the
column are set to ‘0’.

1) SYSTEM MODEL FOR THE PERMUTATION-CODED
OFDM-MFSK HPV SYSTEM

In PC OFDM-MFSK, b; information bits are mapped to a
predefined PCW, v,,. Note that in this work, the length of
PCWs and the MFSK order are assumed equal; they both
have the same value of M. Therefore, even in PC OFDM-
MFSK, G groups of sub-carriers are formed by % and each
integer symbol in v, indicates the index of the active sub-
carrier in each of the G groups. The sequence of b; bits is
repeated over each active sub-carrier. Therefore, in addition
to the information bits mapped to modulation constellation
symbols, the PC OFDM-MFSK data rate is enhanced by
b1 bits mapped to each index of the activated sub-carrier.
As such, the total number of transmitted bits B4 in a PC
OFDM-MFSK, per channel use is,

Bs=by+B3=b+G-B. (13)

2) SOFT-DECISION DECODING FOR PC

OFDM-MFSK HPV SYSTEM

Suppose the transmitted information symbols are mapped
to conventional modulation constellations and the index of
the PCW. In that case, the receiver’s task is to estimate the
digitally modulated information symbols and those mapped
to the PCWs. The digitally modulated symbols are conven-
tionally demodulated and estimated according to the appro-
priate scheme matching the modulation technique used at
the transmitter. At the same time, those mapped to PCWs
are recovered after detecting the corresponding codewords.
An iterative SD decoder based on the Hungarian and Murty’s
algorithms described in [39], is employed to enhance decod-
ing reliability as well as reduce the decoding complexity of
the PC OFDM-MFSK HPV system.

The SD decoders in [16], [39], [47] consider the signal
input, Yy = [(Ow)] € CM*M as an assignment prob-
lem, such that a linear programming algorithm based on
the Hungarian method [48], is employed for decoding. The
mathematical model of an assignment problem [48], can be
expressed as:

M M
K=" cioi, (14)

i=1 j=1

subject to the constraints

M M
D= =1 (.j=12....M), (15
i=1 j=1

where K in (14) is the cost of the assignment and (yy);; is the
cost of assigning a resource to an activity.
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FIGURE 2. Representation of encoded bits mapped to PCs in a GPC OFDM-MFSK. N = 32, k = 2, M = 4. The encoded bits

0100 and 0110 are mapped to 2143 and 2431, respectively.

From the model in (14), the Hungarian algorithm of the
HM decoder iteratively finds an M x M matrix R = [r;] €
R that produces the maximum cost K corresponding to v,.
If the produced codeword v, € P, then the decoder stops
and the produced codeword is assumed to be the transmitted
codeword. However, suppose the produced codeword does
not belong to P, then from R, using Murty’s algorithm, the
decoder finds the next highest /C costs and ranks them in order
of decreasing cost. The highest-ranking cost corresponding to
one of v, € P, is then selected to be the transmitted codeword.
Let y, = vec(Yy) denote the HM decoder input. The HM
decoding algorithm can be summarised and presented as
follows:

Algorithm 1 HM Decoding in PC OFDM-MFSK HPV
System

Input: Channel output matrix Yy = [(yy);;] € C>*M in
Output: PCW v, out
: By Hungarian method, find matrix R = [r;j] € R
ifv, € P then
vp is the transmitted PCW
Stop decoder process
{ Complexity order of O(M 3 1491}
else
By Murty’s algorithm, find the best X PCWs and rank
them in order of increasing cost.
7: Select v, corresponding to the highest-ranking cost as
the transmitted codeword
{Complexity order of O(M*#) [50]}
8: end if
{The overall worst-case decoder complexity order is
oM™}

2N

AN

B. GENERALISATION OF THE PC OFDM-MFSK

BASED HPV SYSTEM

In generalising the PC OFDM-MFSK scheme, N sub-carriers
are divided into G = % groups of M sub-carriers each,
similar to the PC OFDM-MFSK scheme. However, the G
groups are further divided into k = 1%, as illustrated in Fig. 2.
Each k group is mapped to a sequence of by bits. As such, a set
of k > 1 codeword indices are transmitted at a time.
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Consequently, the number of bits mapped to PCWs is
improved by a factor of k. Hence,

by = kllog, |P|] =k - by. (16)

Therefore, the total number of transmitted bits B5 in a GPC
OFDM-MFSK, per channel use is,

Bs=by+Bs=k-b+G-Bj. (17

When decoding by hard-decision (HD), minimum distance
decoding is used, where the sequence of the received vector
is compared to all possible combination sequences. However,
this method exponentially increases in complexity with the
increase in code length M and k. In this work, because
multiple codewords are transmitted for each OFDM-MFSK
symbol, we elect to use the SD HM decoder applied in a
multiple access system in [39]. At the receiver, elements from
each k group are represented as M x M matrices, after which
all the matrices are added together to form the decoder input,
Yy = [(yy);jl. Then, the HM decoding algorithm is applied
as in the case of the PC OFDM-MFSK system. However,
unlike the decoding in Section III-A2, where the decoder can
stop at the Hungarian stage, when the HM decoder is applied
to the GPC-OFDM-MFSK, Murty’s algorithm is mandatory.
The decoder must select the k highest costs corresponding to
the k codewords mapped to the transmitted message symbols.
Nevertheless, the decoding complexity in the GPC system is
still O(M*).

IV. SIMULATION AND RESULTS ANALYSIS

A series of performance simulations for the classical OFDM,
OFDM-MFSK, PC OFDM-MFSK and GPC-OFDM-MFSK
systems, are carried out and their results compared. A VLC
transmitter controlled and receiving information from the
powerline is installed at a height of 3 m above the floor.
The transmitter has a half-power angle of (®1,2) = 15°. The
receiver placed at 0.85 m above the floor is a photo-detector
with an angle of incidence ¥ = 70° while A, = 1 x 107* m.
For all coded systems, we apply a permutation codebook
defined by PC(M = 4, dpmin = 3).

A. BER PERFORMANCE COMPARISON OF OFDM

HPV AND OFDM-MFSK HPV SYSTEMS

In Fig. 3, the BER performance of the OFDM-MFSK HPV
system is presented and compared to that of the classical
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OFDM HPV system. The simulation was carried out for N =
32 and 512, using two simple DC biasing methods referred
to as DC1 and DC2. In the DC1 biasing method, the DC bias
added to all the components at the output of the IFFT block is
equal to the minimum absolute value of the real bipolar signal
at the output of the IFFT block, DC1 = min(|xy|). On the
other hand, DC2 biasing refers to a bias of 10log,(¢% +
1) [51], where ¢, is the clipping factor. The robustness
against IN due to MFSK in the OFDM-MFSK based HPV
system is evident as all the performance graphs show its
superior performance over that of the classical OFDM-based
HPV system. For instance, at a BER of 1073, over 5 dB
and 3 dB differences are recorded for the DC1 graphs using
N = 32 and 512, respectively. A trade-off between higher
data rates and system reliability is inevitable, evidenced by
the better performance obtained when smaller values of N are
used for signal-to-noise ratio (SNR) values below 20 dB. The
performance difference at 10~ between the OFDM-MFSK
systems of N = 32 tothatof N = 512 is over 1 dB. However,
at higher SNR, systems with larger values of N show better
reliability, especially for the classical system.

B. DC BIASING AND CLIPPING EFFECTS ON BER
PERFORMANCE OF THE OFDM HPV AND

OFDM-MFSK HPV SYSTEMS

The impact of the two DC biasing methods mentioned in
Section IV-A and clipping on the BER performance are anal-
ysed. In Fig. 3, the DC1 method achieves better results than
the DC2 method. This could be attributed to the fact that when
DC2 is used, there are some signal components with negative
picks that are clipped to zero, resulting in information loss.
For OFDM-MFSK, which only activates a subset of sub-
carriers, the ratio of information loss would be higher. In light
of the performance results of the two DC biasing methods, the
subsequent simulations are based on the DC1 method since it
achieves better results.

—%— OFDM MFSK DC1

O+ OFDM MFSK DG2

A~ OFDM MFSK DC2 Clipped
—&— OFDM MFSK DC1 512
104 |- | —*— OFDM DC1

O OFDM DG2
—A— OFDM DG2 Clipped
—&— OFDM DC1 512

‘

Bit Error Rate (BER)

0 5 10 15 20 25 30 35
SNR (dB)
FIGURE 3. BER performance comparison of OFDM and OFDM-MFSK for
varying sub-carrier window sizes, N.
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C. CODED AND UNCODED OFDM-MFSK

BASED HPV SYSTEM

Fig. 4 shows the BER performance of the permutation
coded and uncoded systems, labelled as PC OFDM-MFSK
and OFDM-MFSK, respectively. Both systems use the HD
decoder. The performance of the two systems are comparable,
which can be attributed to the fact that both systems allow the
activation of only one sub-carrier in each group of M; hence
the effect on the IN mitigation is similar.

100

¥

107 £

102 £

10 £

Bit Error Rate (BER)

—%— OFDM MFSK DC1

—%—PC OFDM MFSK DC1
—%— SD PC OFDM MFSK DC1
| |

10® : :
0 5 10 15 20 25

SNR (dB)

FIGURE 4. Hard-decision versus soft-decision decoding. A = 0.1.

Furthermore, an SD decoder was employed, and its perfor-
mance compared to that of the HD based decoders. Because
of the Hungarian-based SD decoder’s iterative feature, its reli-
ability is enhanced compared to that using the HD decoder.
Additionally, as presented in [39], the complexity of the
HD decoder is exponential with respect to the length of the
permutation code, while that of the SD decoder based on
the Hungarian and Murty’s algorithms is polynomial. Hence,
using the SD decoder enhances the system reliability and
offers a lower decoding complexity.

D. IMPULSE NOISE EFFECTS

In Fig. 5, the system reliability of the investigated schemes
for different values of the parameter A, is presented. The
results in Fig. 5 can be seen to depict the system reliability at
different times of the day for indoor environments. Values of
A = 0.01 and 0.1 were simulated. At lower SNR values, sys-
tems simulated with A = 0.01 show a lower error probability.
However, as the SNR increases, the independence on A in
multi-carrier modulations mentioned in [28] is evident, where
the performance of the systems modelled with A = 0.1 show
an improvement.

E. GPC OFDM-MFSK HPV SYSTEM PERFORMANCE

1) BIT ERROR RATE PERFORMANCE

The performance of the GPC OFDM-MFSK based HPV
system is illustrated in Fig. 5. The bit error rate (BER) per-
formance is simulated only for information symbols mapped
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FIGURE 5. Effect of varying A values on BER performance for the OFDM,
coded and uncoded OFDM-MFSK based HPV systems, including the GPC
based system.
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FIGURE 6. Data rate comparison for OFDM-MFSK, PC OFDM-MFSK and
GPC OFDM-MFSK scheme for PC(M = 4, di, = 3) with varying N.

to the PCWs, without including those from a modulation
constellation. We notice that the GPC graphs simulated with
A = 0.1 and 0.01 for both HD and SD decoders almost match
those of the PC OFDM-MFSK based systems. This could be
attributed to the fact that there is no increase in the number
of sub-carriers activated in each group of M. Hence, the IN
mitigation feature of MFSK is preserved with an increased
system data rate.

2) DATA RATE COMPARISON

A data rate comparison for OFDM-MFSK, PC OFDM-
MFSK and GPC OFDM-MFSK schemes, for PC(M =
4, dmin = 3) and varying N, is shown in Fig. 6. Due to the
fact that bits mapped to PCWs are repeated for all activated
sub-carriers, the data rate enhancement of the PC OFDM-
MFSK scheme does not show a significant difference over
the OFDM-MFSK scheme. However, it is noticed that with
increasing N values for the same M, generalising the PC
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OFDM-MFSK scheme enhances the system data rate. For
instance, for N = 2048, the data rate ratio increase for Bs to
By, is approximately 0.4. Thus, with the BER performance
matching that of the PC OFDM-MFSK as shown in Fig. 5,
using the GPC OFDM-MFSK scheme for the HPV system
would enhance both the reliability and data rate.

V. CONCLUSION

The use of OFDM-MFSK enhances the BER performance
of the HPV communication system. In the OFDM-MFSK,
only a selected set of sub-carriers are activated to transmit
information bits for each OFDM symbol; hence the ratio of
sub-carriers that can be affected in each g group is reduced
to AL,I The robustness of the OFDM-MFSK scheme against
IN enhances the system reliability compared to that using
the classical OFDM scheme. An SNR gain of 5 dB was
achieved at a BER of 1073, Further, in order to use the soft-
decision low-complexity decoder based on the Hungarian
and Murty’s algorithms, PCs were used to determine the
sub-carriers to be activated for each transmitted OFDM sym-
bol. In addition, the issue of the reduced data rate in the HPV
system employing the OFDM-MFSK scheme is addressed by
implementing a GPC scheme. In the GPC scheme, the data
rate is enhanced by a factor k, which denotes the number
of PCWs that can simultaneously be transmitted per OFDM-
MFSK symbol and can uniquely be decoded. Since the GPC
scheme also activates only one sub-carrier per group of M as
in the PC OFDM-MFSK scheme, the OFDM-MFSK feature
is maintained; hence IN is still well mitigated. Moreover, the
system decoding complexity is maintained when the HM SD
decoder is used. To further enhance the performance of the
GPC OFDM-MFSK scheme, other potentially less complex
detection methods based on the sparse nature of the activated
sub-carriers, can be considered for future work.
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