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optical wireless communication systems, due to its high-speed and unlicensed spectrum.
Moreover, visible light communication techniques greatly impact communication links for
small satellites like cube satellites, and pico/nano satellites, in addition to inter-satellite
communications between different satellite types in different orbits. However, the
transmitted visible signal via the filter bank multicarrier has a high amount of peak-to-
average power ratio, which results in severe distortion for a light emitting diode output. In
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this work, a scheme for enhancing the peak-to-average power ratio reduction amount is
proposed. First, an algorithm based on generating two candidates signals with different peak-
to-average power ratio is suggested. The signal with the lowest ratio is selected and
transmitted. Second, an alternate direct current-biased approach, which is referred to as the
addition reversed method, is put forth to transform transmitted signal bipolar values into
actual unipolar ones. The performance is assessed through a cumulative distribution function
of peak-to-average power ratio, bit error rate, power spectral density, and computational

complexity; cube satellite
communication link; inter-satellite
communications.

complexity. The simulation results show that, compared to other schemes in literature, the
proposed scheme attains a great peak-to-average power ratio reduction and improves the bit
the error rate performance with minimum complexity overhead. The proposed approach
achieved about 5 dB reduction amount compared to companding technique, 5.5 dB
compared to discrete cosine transform precoding, and 8 dB compared to conventional direct
current bias of an optical filter bank multicarrier. Thus, the proposed scheme reduces the
complexity overhead by 15.7% and 55.55% over discrete cosine transform and companding
techniques, respectively.

1. Introduction the normal ambient illumination without any noticeable

difference [1]. VLC is considered as a viable solution for

Visible light communication (VLC) is a communica-
tion system where data is sent after it is modulated using
visible light waves. In general, any system where data is
sent using any visible light to human eyes can be called
VLC [1-3]. Nevertheless, this type of communication was
based on transmitting information in a manner that is
invisible to human vision, so that all that could be seen is
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the increasing demand of high capacity and ubiquitous
connectivity in the next standard wireless networks (e.g.,
5@, satellite and beyond), as the radio frequency (RF)
spectrum becomes congested and overused [4—6]. VLC has
a large unlicensed spectrum with the range from 400 THz
to 700 THz which is ten thousand larger than the entire RF
spectrum [7, 8]. It also provides low latency data transmis-
sion compared to RF transmission, due to its high speed.
Moreover, VLC is more immune to interference, which
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makes it widely used in indoor environments such as
hospitals, aircrafts, etc. [9, 10]. Light emitting diode (LED)
technologies; have become more prominent and accessible,
providing new contexts for VLC technology [11]. Also,
using a laser diode (LD) instead of LED has gained more
attention due to its increase in modulation bandwidth (ap-
proximately 1 GHz), efficient optical power, convergence
of the light beam, and simultaneous illumination [12].

Filter bank multi carrier (FBMC) communication is a
promising waveform design candidate in incoming intensity
modulation/direct detection (IM/DD)-based VLC system
by RF/VLC networks [13—15]. This is due to several
reasons: i) it has lower out-of-band (OOB) emissions [16];
ii) it has higher spectrum efficiency because it does not use
cyclic prefix (CP) [17]; iii) it has higher immunity to
environment effects such as scattering and shadowing [18].
Even though VLC-FBMC systems and RF-FBMC both
have significant peak-to-average power ratio (PAPR),
VLC-FBMC systems cannot be directly reduced using
conven-tional PAPR reduction techniques [19], due to
some differences between both systems. First, the
transmitted RF-FBMC waveform is complex-valued [20],
whereas the VLC-FBMC waveform is real-valued [21]. As
aresult, the lower and upper PAPRs of a real-valued FBMC
waveform must be decreased. Second, in RF transmission,
both in-band distortions and out-of-band power loss are
compensable using PAPR enhancement techniques [20].
Nevertheless, as LED can be considered a low-pass filter in
visible FBM systems, out-of-band subcarriers cannot be
used to send symbols [21]. Consequently, OOB interfer-
ences are not considered, which provides a flexible PAPR
reduction method for VLC-FBMC systems [22]. Moreover,
high PAPR requires considerable biasing to convert the
bipolar FBMC waveform to unipolar, causing the system to
be optically inefficient [23]. As a result, PAPR decreasing
becomes a necessary part of a VLC-FBMC.

The reduction of bit error rate (BER) and computational
error rate, in addition to the enhancement of power spectral
density (PSD), beside efficient complexity-based PAPR
reduction scheme, results in evolving new communication
technologies, especially satellite communication.

There are two main promising space technologies based
on VLC according to free-space optical communications
for Space FOCS project [2]. The first application scenario
deals with transmitting Gbit/s signals on small satellites,
e.g., CubeSats and MicroSats. The second selected research
line is a low-bit-rate communication between satellites,
e.g., inter-satellite communications [2, 6, 12].

VLC-FBMC PAPR reduction techniques are divided
into four categories: signalling scrambling technique,
coding technique, pre-distorting signal technique; and
spreading technique [24]. In the signalling and scrambling
technique, there are partial transmit sequences (PTS) and
selective mapping (SLM), in which a step rotation factor
value is adjusted, and a signal with the lowest PAPR is
chosen for transmission [25]. However, this is achieved at
the expense of many side information bits, reducing
spectral efficiency and increased computational complexity
overhead [26]. The clipping technique is the most common
example of a pre-distorting signal technique, in which a
signal amplitude that is larger than a pre-determined value
is clipped, resulting in a reduction in PAPR. Nevertheless,
the performance of BER becomes the worst [27]. Although

spreading PAPR reduction techniques [i.e., discrete Fourier
transform (DFT) spreading, Hadamard spreading] have
lower complexity overhead and improve the performance
of BER, the PAPR reduction amount is marginal [28]. In
the literature review, several techniques were proposed to
reduce PAPR for RF-FBMC. However, there were few
prior works that concerned reducing PAPR in FBMC-based

VLC systems. A hybrid technique between the categories

was proposed in several works. In Ref. 29, a combination

of a discrete cosine transform (DCT), and a spreading and
clipping method was introduced to enhance the PAPR
reduction amount. In Ref. 30, PAPR was reduced through

three layers based on the clipping method. In Ref. 31, a

modified overlapped selective mapping (M-OSLM) sup-

pression technique was proposed to enhance the PAPR
reduction amount.

In contrast, the methods which provide lower
complexity overhead have a quite notable PAPR reduction
over using the conventional PAPR reduction techniques.
Motivated by the previous issues, in this paper, a new
technique for the FBMC-based VLC system is proposed,
whose waveform PAPR is inherently reduced with a
negligible SI and without any increase in complexity
overhead. The major contributions are summarised as
follows:

1. A new PAPR reduction scheme is proposed through
two steps:

a. First, two candidate waveforms are generated by
using the circular time-shift property of the inverse
discrete Fourier transform (IDFT). The waveform
with the lowest PAPR is chosen to be transmitted.
This is achieved with lower complexity overhead
compared to a conventional DC-bias optical FBMC
(DCO-FBMC) system.

b. Second, an alternative method to DC bias is proposed
to satisfy purely real positive values for a transmitted
waveform. The alternative method is based on
separating positive and negative values in the
transmitted signal. Then, the negative values were
added together by the number of cascaded adders
and, finally, reversed before concatenating with the
positive part.

2. The performance evaluation of the proposed technique is
presented through PAPR complementary cumulative
distribution function (CCDF), BER, complexity
overhead, and PSD at different numbers of subcarriers.

3. The simulation results show that the proposed scheme
attains an extra amount of PAPR reduction with lower
BER and complexity overhead compared to other
relevant PAPR reduction techniques in the literature.
The rest of the paper is organised as follows: in section 2,

the conventional FBMC-based VLC is reviewed. The pro-

posed PAPR reduction scheme is introduced in section 3.

In section 4, the performance of the proposed scheme is

investigated with respect to other literature schemes.

Finally, the paper conclusions are introduced in section 5.

2.  FBMC-based VLC conventional system

Figure 1 shows the structure of FBMC-based VLC
transceiver. Denoting the number of subcarriers by N,
number of symbols in each subcarrier is N. As shown in
Fig. 1, the m™ complex symbol at n'" subcarrier is applied
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Fig. 1. The FBMC-based VLC transceiver.

to the FBMC input at the transmitter. The complex input
data symbol is first multiplied to the phase shift
pattern e/?nm where @, = @, + g (m 4+ n) mod «r. The

purpose of using a phase shift is to make a /2 phase shift
between the neighbouring symbols transmitted along time
and frequency [20].

Hermitian symmetry (HS) before IFFT is used for the
purpose of providing a real output, by using a double
number of IFFT/FFT points at transmitter and receiver
[32]. Each subcarrier is individually filtered using what is
called a prototype filter, which is a real symmetric filter.
The ratio between duration of a filter impulse response and
duration of a symbol on each subcarrier is defined by the
overlapping factor k, and it is the main characterisation of
the prototype filter. The value of k determines how inter-
symbol interference (ISI) is suppressed. At k = 4, the ISI
is significantly removed [33].

The individually filtered subcarrier is achieved with no
need of frequency spreading, by utilizing a poly phase
network (PPN) where the output vector of IFFT is copied
K times and is multiplied to the prototype filter h(t).
Finally, a quadrature amplitude modulation (QAM) offset
is used to introduce a T/2 time offset between the in-phase
and quadrature phase component of the PPN output to
guarantee orthogonality between adjacent subcarriers [34].
The transmitted waveform via FBMC is in a complex form,
and this is not acceptable in VLC system, as the transmitted
visible signal must be real and positive. Consequently, the
DC bias is widely used in the conventional VLC system at
the end of the transmitter [13]. The continuous time domain
for the FBMC VLC waveform according to the implement-
tation shown in Fig. 1 is given by

(D

-1M-1
m

S(t) = Z Z d(Tl, m)f(t — mT) ejgej(l’n,m’

=0m=0

where d(n, m) is the m™ complex FBMC input symbol, T
is the duration of complex input symbol d(n, m) for each
subcarrier, f(t —mT) is the prototype filter with a length
of KN denoted by L, and M is the number of offset-
quadrature amplitude modulation (OQAM) symbols per
each subcarrier.

The impulse response of the prototype filter in time
domain is given by

K
kn
f®)=1+2 ) (=1)*Gycos 2mr—), ®))

where H is the set of the filter coefficients at overlapping
factor K which is defined as follows:

G(0) =1
G (%) =0.97169
G @ - % 3)
G (%) = 0.235147

i
G(Z)=O.4SiSL—1.

The unipolar positive signal is transmitted through the
optical channel A() to the analysis filter bank (AFB) at the


https://doi.org/10.24425/opelre.2023.144919

R. A. Roshdy, A. I. Hussein, M. M. Mabrook, M. A. Salem /Opto-Electronics Review 30 (2022) e144919 4

receiver. It is first detected by using a photodiode (PD)
before applying a QAM modulator, poly diphase network
(PDE-PN), and DFT to recover the original complex data
symbols. This is represented as follows

§(t) =R S(t) ® hlos (t) + n(t): 4

where §(t) is the received signal, R is the PD responsivity,
s(t) is the transmitted signal, hy,s(t) is the line of sight
(LoS) optical channel impulse response and n(t) is the
additive white Guassian noise (AWGN) with zero mean
and the summed variance o2 of thermal noise and shot
noise.

3.  The proposed PAPR reduction scheme
3.1. Proposed DCO-FBMC algorithm

It is obvious from Fig. 1 that the input complex symbols
are multicarrier modulated with IDFT, before applying the
OQAM concept. If the IDFT cyclic time-shift property is
applied to the IDFT output vector, the multicarrier
modulation is also obtained. The output IDFT signal is
denoted by D (n, m), which is given by

N-1

)

D(n,m) = Z d(n,m)e’\W)" . 5)
n=0

Denoting the IDFT cyclic time-shift by X (n, m) is given by

N N
X(n,m) = [D (5:n)p (o:—)]. ©)
2 2

From (5) and (6), it is obvious that the PAPR of trans-
mitted signals depends on IDFT and DFT, with a cyclic
time-shift property that is nearly the same because the DFT
cyclic time-shift property swaps the left and the right half
parts of the IDFT output vector. However, after applying
the PPN, both IDFT output and IDFT circular time-shift
output have different PAPR. This is because the in-phase
channel symbols which overlap with the quadrature
channel symbols are different in IDFT D (n, m) and circular
time-shift IDFT X (n, m) versions. As a result, the parts of
the candidate waveform outside the overlapped interval,
depending on which symbols of two versions of waveform
are overlapped, are not the same. Thus, the PAPRs of the
two signals differ from one another. The PAPR of the two
versions, D(n,m) and X(n,m) are compared and the
version with the lowest peak power is picked and
transmitted. Consequently, the symbols with minimum
PAPR will be transmitted and the symbols with higher
PAPR will be rejected. As shown in Fig. 2, switch (SW) is
used after IDFT, with one bit control. When SW = 0, this
means that the IDFT candidate signal is generated; and the
visible transmitted signal is denoted by s*(t). If SW = 1,
the cyclic time-shift DFT signal is generated, and the
visible transmitted signal is denoted by s2(t). The PAPR
of the two signals is calculated for each symbol; and the
symbol with the lowest PAPR is chosen and concatenated

with the next symbol chosen to achieve the lowest PAPR.

Let us assume that C(t) denotes the concatenated
signals. It is produced as follows

C(t) = Sbipolar(r) (t)7 (7)

where (r) is the index of the selected candidate symbol.
For the first block (m = 0), it is calculated as follows

. 2
r = argmin {max|sbipolara(t)| } (8)

For (m = 1), the peak power is calculated by
c@) = Crm-1(0) + Sm(r) ®) )

and not s?(t) because C,,_,(t) and s,(,f )(t) overlap due to
pulse shaping and OQAM IQ staggering. The index of the
selected candidate signal is defined as follows:

2
T, = argmin {max|Cm_1(t) + ST(,?) (t)| } (10)
a€{1,2}

At the end of the symbols, the chosen signal is with a
low PAPR and is transmitted after it is applied to DC bias,
as shown in Fig. 2.

At the receiver, the PD is used to detect the optical
unipolar signal. Every symbol in the received signal is
determined, depending on whether it is IDFT candidate or
DFT cyclic time-shift, according to the appended control
bit at the biggening of the symbol block. If the control bit
is zero, this means that the received signal belongs to the
IDFT vector output and the SW at the receiver will be
turned off. If the control bit is one, this implies that the
received signal belongs to DFT cyclic time-shift vector
output and the SW will be turned on. This can be given as
follows:

st(t)

if control bit = 0 (1 1)
s2(t)

() = {

if control bit = 1.

3.2. Addition reversed FBMC

Thanks to its higher spectral efficiency, DCO-FBMC is
widely used in the FBMC-based VLC system. However,
higher consuming energy is a clear challenge when
obtaining a positive unipolar signal from a real bipolar one
[35]. As a result, it is essential to replace DC bias with
another fast and efficient approach that involves minimum
losses in spectral efficiency and energy consuming. In this
context, the authors suggest a different approach to DC bias
which they call the addition reversed FBMC. As shown in
Fig. 3, the authors divided the transmitted bipolar real
VLC-FBMC signal into a positive and negative unipolar
signal which is given by

S(t)bipolar = S(t)znipolar + S(t);m’polar . (12)

The positions of positive and negative values in
SO unipotar and S(t)fnipoar» respectively, have zero
power to prevent interference and obtain accurate detection
at the receiver. This can be expressed as follows:
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Fig. 2. The transceiver structure of FBMC VLC-based proposed candidate algorithm.

S s(D)y; >0

S(t):;nipolar = { ( )uglpf’lar (o)tkljllz(xvrise (13)
. S(Oni S(Obipotar < 0

S(Dunipolar = { uglpdar otlir;:v?/rise ' (9

The negative unipolar signal is added up with itself, and
the output of this summation is in turn added up with the
original unipolar negative. In other words, the unipolar
negative signal is applied to a consecutive number of
adders and the output of each adder is applied to a next one,
as shown in Fig. 3.

s

s( t)bzpolar

vp P |

50"
g([)bipnlar ,—'—‘7
-~ % ) DEMUX

AN VSRR P |

Fig. 3. The added reversed FBMC structure.

Then, the final summation output is reversed and
multiplexed to the positive unipolar waveform, so that the
transmitted visible signal is defined by

s(0) = s(Oimipotar + U + DS unipotar- (15)
where [ is the number of consecutive adders. Using the
addition rule to the negative signal helps to reduce PAPR.

However, the PAPR is still high. Using the addition rule to
the negative signal helps to reduce PAPR.

When the visible FBMC signal is sent to the receiver, it
must be compatible with IM/DD to be detected into an
electrical signal. After that, the electrical signal is demulti-
plexed into two parts, as follows:

S(t)unipolar ?
3() =
(1 + l)g(t);nipolar =<

Algorithm 1: FBMC-based VLC PAPR reduction scheme.

1 Input: number of subcarriers N, number of symbols M
While m > M do

Forn=1:N

Calculate the first candidate IDFT signal s}, (t)
Calculate the first candidate cyclic time-shift DFT
signal s2,(t)

Apply st (t) to the addition reversed FBMC

Apply s (t) to the addition reversed FBMC

Calculate PAPRi(n) for the addition reversed FBMC
output when input is s, (t)

Calculate PAPR2(n) for the addition reversed FBMC
output when input is s2(t)

10 If PAPRi(n) > PAPR2(n)

11 sh(t) is selected

X 9 S N A W N

12 else

13 s2,(¢) is selected
14 end

15 Calculate (18)
16 end

17 end
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Then, the negative unipolar part is obtained by dividing
it by (/+1), and then inverting its polarity. The positive and
negative unipolar parts are then added to each other without
interference because of using nulls of the reversed positions
in each part individually.

For the improved BER performance, the candidate
algorithm 1 is used after the reversed addition technique.
This means that the proposed candidate algorithm is a
positive unipolar signal. Therefore, equations (9) and (10)
are updated to be:

. 2
r= argm1n{max|sbipolar“(t)| }
a€f1,2}

C(t) = Cm—l(t) + Spipolar, m(a)(t)-

a7

(18

When the amplitude of the received signal is zero, the
phase can be restored by using an algorithm such as the
maximum likelihood algorithm. However, the addition
reversed FBMC helps to reduce zero points of singularity
and, as a result, BER performance is improved. The
algorithm that indicates the overall proposed PAPR
reduction scheme is illustrated in algorithm 1. Figure 4
shows the implementation of the proposed visible FBMC
structure.

4.  Simulation results

In this section, the performance of the suggested
scheme is evaluated in terms of PAPR and BER, with
different number of multicarriers, compared to other PAPR
reduction techniques in literature, namely DCT precoding
[24] and A-law companding techniques. Moreover, a
conventional DCO-FBMC was included in the comparison
[36]. In the simulation, the visible light is sent from the

transmitter to the receiver through the LoS optical channel,
which is defined by
(m+ DA, (19)

hios(t) = rd?

cos™(¢) cos(¥),

where A, is the PD area detection, ¢ and 1) are the light
radiance angle of LED, and the light incidence angle of PD,
respectively, d is the distance between LED and PD, and m
is the Lambertian emission order given by

—In (2)

™~ In (cos(@0) 20
where ¢ 5 is the half power of semi angle of LED.

Simulation results are validated through using a
MATLAB software package. The simulation parameters
and optical system parameters used in the simulation are
given in Table 1. In simulation, the PAPR for each symbol
of the optical FBMC system is calculated and is given as
follows:

max |s(®) |?
(M)TstsmTl ©1

(19)
E [Is(®)I?]

PAPR =

m=1,..., M,

where E[|s(t)|?] is the expected value of the visible FBMC
transmitted symbols.

The PAPR performance is calculated by the CCDF as it
is more widely used in PAPR reduction performance
evaluation. CCDF is defined as the probability that PAPR
goes beyond a given threshold value that is given by
(PAPRy), where its smaller values represent better
performance [20].
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Fig. 4. The proposed visible FBMC structure.
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Table 1.
Simulation parameters.
Parameter Value
FFT/IFFT size of FBMC 64, 128
Numbers of subcarriers (N) 64,128
Numbers of symbols/subcarriers 103
DC bias 10dB
PD responsivity 1
Energy bit to noise ratio (Ej,/Ny) 10 dB
Indoor VLC
Channel models channel model
with AWGN
Modulation OQPSK*
Type of prototype filter PHYDAYS filter
Overlap factor 4
half power of semi angle of LED (¢g 5) 60°
light radiance angle of LED (¢b) 40°
light incidence angle of PD () 40°
PD area detection (4,) 1 cm?
Distance between LED and PD (d) 2m
PD responsivity (R) 1

*Off-set quadrature phase shift keying.

Figure 5 illustrates the PAPR size of decrease for the
proposed candidate algorithm with 64 and 128 subcarriers.
This algorithm provides a further reduction in PAPR over
the conventional DCO-FBMC. However, this reduction is
limited to 1 dB~1.5 dB. This is due to the use of DC bias
which results in the PAPR performance of the suggested
algorithm. That is why the additional reversed FBMC as an
alternative method to DC bias is proposed.

106

T T T T
—#— Proposed candidate algorithm N = 64
—©— Proposed candidate algorithm N = 128
—#— DCO-FBMC N =64

—O— DCO-FBMC N = 128

10—1 L

1072F

CCDF (PAPR>PAPR)

9
5
‘

10«4 1 L 1 L 1 1
6 8 10 12 14 16 18
PAPRy (dB)

Fig. 5. PAPR CCDF of the proposed candidate algorithm.

As shown in Fig. 6, using the proposed algorithm in
FBMC-based VLC systems influences the BER
performance when the number of subcarriers from 64 and
128 is considered. When Evw/No=5 dB, the proposed
algorithm achieves BER = 107 while BER of DCO-FBMC
is much lower than 1073, This is because one bit of side
information is added, by using a switch in the transmitter
and receiver to each symbol of the candidate signals.

o

w 1073t 1
w 10

—#— Proposed candidate algorithm N = 64

—©— Proposed candidate algorithm N = 128

—#— DCO-FBMC N = 64

—O— DCO-FBMC N = 128 )

1 0—4 1 1 1 L L
0 5 10 15 20 25 30
Eb/No (dB)

Fig. 6. BER performance of the proposed candidate algorithm.

Figures 7 and 8 show the PAPR CCDF of the proposed
scheme with the subcarrier number N =64 and 128,
respectively. Previous techniques such as DCT precoding
and companding are included beside the conventional
DCO-FBMC for the comparison. Figures 7 and 8 show that
the suggested approach reduces PAPR by a significant
amount. For instance, at CCDF =1073, the proposed
approach achieved about 5 dB reduction compared to the
companding technique, 5.5 B compared to the DCT
precoding, and 8 dB compared to the conventional DCO-
FBMC. The performance reduction of the suggested
scheme is consistent with the number of subcarriers.

T T T
——#— Proposed scheme
——#— DCT precoding
—#— Companding A=3
DCO-FBMC

107"E

1072

CCDF (PAPR>PAPR )

2 4 6 8 10 12 14 16 18 20
PAPR (dB)

Fig. 7. PAPR CCDF comparison of FBMC-based VLC
reduction techniques at N= 64.

102 T
i

—#— Proposed scheme
—#— DCT precoding

—#— Companding A = 3
DCO-FBMC

o
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u 10

107

15 20 25 30
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Fig. 8. PAPR CCDF comparison of FBMC-based VLC
reduction techniaues at N= 128.
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Figures 9 and 10 depict the BER performance of the
suggested reduction approach with other PAPR reduction
schemes. Using the proposed scheme in the FBMC PAPR
reduction provides an improved BER performance. When
the number of subcarriers N =64 and N =128 is
considered, the DCT precoding and companding
techniques have the same BER as the DCO-FBMC
technique, whereas the proposed scheme has lower BER
than them and the BER performance is significantly
improved, it achieves 10* BER with E;, /N, = 30 dB and
28 dB for N = 64 and N = 128, respectively.

1 072 T T
F —#— Proposed scheme
p —#— DCT precoding
—#— Companding A =3
~——#— DCO-FBMC
\*
o
w -3 L
o 10
107 L L . . .
0 5 10 15 20 25 30

Eb/No (dB)

Fig. 9. BER performance comparison of FBMC-based VLC
reduction techniques at N = 64.
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—#— Companding A =3
4 DCO-FBMC

o
w 1073F
m 10

0 5 10 15 20 25 30
Eb/No (dB)

Fig. 10. BER performance comparison of FBMC-based VLC
reduction techniques at N = 128.

The simulated PSD of the proposed scheme vs. DCT
precoding, companding, and original DCO-FBMC is
illustrated in Fig. 11. It is clear from this figure that using
the proposed scheme in FBMC PAPR reduction does not
affect the PSD; it remains nearly unchanged compared to
PSD of the original DCO-FBMC and other reduction
techniques. In other words, the proposed scheme succeeds
in improving PAPR and BER performance without
increment in the OOB emission.

In the proposed scheme, an alternative technique to DC
bias called the addition reversed FBMC was used. It
involves dividing the bipolar signal into positive and
negative parts, and the negative part is applied to the
number of adders denoted by I. Figure 12 demonstrates the
effect of the number of adders I on PAPR and BER,

Proposed
5 DCT 7
Companding
0 FBMC 7

PSD (dB/Hz)
G ou o

25

-30

-35

-40 : :
05 -04 -0.3

. . . . . . .
-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
Fractional frequency (Hz)

Fig. 11. PSD comparison of FBMC based VLC reduction

techniques.
100 S-S 0gH-& » ;
—#— Proposed scheme | = 3
—#— Proposed scheme | = 2
—#— Proposed scheme | = 1
~——#— DCO-FBMC
107"
=
o
o
g
e
& 1072F
<
TR
o
Q
O
107
10-4L— . . . . . . . .
2 4 6 8 10 12 14 16 18 20
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Fig. 12. Number of adders effect on the proposed scheme
PAPR’s CCDF.

respectively. It is obvious that as the number of I increases,
the PAPR reduction is boosted at the same time BER is not
changed. Thus, in the simulation, I = 4 is used.

To evaluate the proposed scheme accurately in terms of
its design target, a comparison; is presented in Table 2,
between the suggested approach and other approaches in
terms of a computational complexity overhead. The
computational complexity was measured, based on the real
multiplications (RMs) only, since RM includes more
computation complexity than real additions (RAs) [34]. In
the proposed scheme, there are two candidate visible
waveforms based on the DFT cyclic time-shift property.
This means that the PPN is processed two times, one for the
first candidate signal and another for the second waveform.

Table 2.
Complexity overhead comparison for different FBMC-based
VLC reduction techniques.

PAPR reduction Complexity overhead RMs at

technique formula/symbol N = 64
Proposed scheme 4KN 1024
DCT precoding 3Nlog, N+ N 1216
Companding (t+ 16N, t=5 2304

The number of RMs of the PPN is given by 4KN [37].
The addition reversed FBMC has no RMs because the
waveform is added to its original form. The RMs number
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in the case of companding technique is given by (t + 1)6N,
where ¢ is the number of terms in Taylor series, which is
sufficiently set to 5 [38]. The DCT precoding used in this
paper is DCT-2 which has RMs equal to 3Nlog:N + N
[39]. The proposed approach maximizes the amount of
PAPR reduction better than DCT and companding
techniques with lower complexity overhead. Table 2
demonstrates the complexity overhead of the PAPR
reduction techniques over the original DCO-FBMC at
N = 64. 1t is depicted that using the proposed scheme
reduces the complexity overhead by 15.7% and 55.55%
over DCT and companding techniques, respectively.

5. Conclusions

In this research, a PAPR reduction approach for FBMC-
based VLC systems is proposed. Its exceptional perfor-
mance in comparison to other PAPR reduction methods
mentioned in the literature in terms of PAPR reduction
amount, BER, PSD, and complexity overhead is proved.
First, the authors proposed an algorithm based on
generating two candidate versions of visible light
waveform with different PAPR, by making use of IDFT
cyclic time-shift property and selecting only the waveform
with smaller peak power to be transmitted over a visible
channel. Second, an alternative method to DC bias was
proposed, which was named an addition reversed FBMC,
for the purpose of enhancing PAPR reduction amount and
improving BER performance, as the DC bias limited the
PAPR reduction performance of the proposed candidate
algorithm. Simulation results demonstrated that compared
to other reduction techniques in literature, specifically to
DCT precoding and companding techniques, the proposed
scheme had a larger PAPR reduction amount, significant
improvement in BER, and a larger reduction in complexity
overhead without any extra losses in OOB. Consequently,
the proposed method significantly enhances many new
communication technologies, such as satellite communi-
cations, 5G, and hybrid technologies.
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