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Orthogonal frequency division multiplexing has been widely used in many radio frequency
wireless communication standards as a preferable multicarrier modulation scheme. The
modulated signals of a conventional orthogonal frequency division multiplexing system are
complex and bipolar. In intensity-modulated direct detection optical wireless communications,
transmitted signals should be real and unipolar due to non-coherent emissions of an optical light
emitting diode. In this paper, different hybrid optical systems have been proposed to satisfy real
and unipolar signals. Peak-to-average power ratio is one of the biggest challenges for
orthogonal frequency division multiplexing-based visible light communications. They are
based on a combination of non-linear companding techniques with spreading or precoding
techniques. Simulation evaluation is performed under direct current-biased optical orthogonal
frequency division multiplexing, asymmetrically clipped optical orthogonal frequency division
multiplexing, and Flip-orthogonal frequency division multiplexing systems in terms of peak-
to-average power ratio, bit error rate, and spectral efficiency. The proposed schemes are
investigated to determine a scheme with a low peak-to-average power ratio and an acceptable
bit error rate. MATLAB™ software has been successfully used to show the validity of the
proposed schemes.

1. Introduction

intensity modulation (IM) and receives it using a direct
detection (DD) approach. Also, VLC offers unlicensed and

Optical wireless communication (OWC) is considered
one of the key technologies to meet the growing demand
for high bandwidth and match the requirements to address
the congestion problem for the radio frequency (RF)
spectrum [1, 2]. OWC led to the birth of a revolutionary
communication-based technology called visible light
communications (VLC) which uses simple cost-effective
devices, and energy-efficient nature-like light emitting
diode (LED) at the transmission side and photodiode (PD)
at the receiving end [3-5]. The most amazing feature of
LED is that it allows simultaneous illumination and
communication, which has unlimited applications [1, 3].
This type of communication transmits the signal using an
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huge spectrum compared to RF communications [1-5].
Visible light lies in the range of 400 THz to 700 THz which
corresponds to a wavelength of 380 to 780 nm.

VLC technology needs to borrow one of the
multicarrier modulation schemes (MCM) such as
orthogonal frequency division multiplexing (OFDM) to
meet the growing demand for high data rates. Eventually,
all these aspects allow VLC communication to be part of
the fifth generation (5G) technologies and offer
sophisticated services [3, 4, 6].

OFDM-based VLC systems use light signals to
modulate the data. The light signals must be real and
positive-valued (i.e., unipolar), therefore, a conventional
OFDM cannot be implemented without any modifications
to its frame structure [1, 4].
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Therefore, to accomplish a real and positive-value
signal, a variety of optical OFDM versions has been
proposed. Each variant of OFDM has its own set of trade-
offs in terms of bandwidth/power efficiency, computational
complexity, and bit error rate (BER) performance [4, 5].

The most popular optical OFDM systems in the
literature are direct current-biased optical OFDM (DCO-
OFDM), asymmetrically clipped optical OFDM (ACO-
OFDM), and Flip-OFDM. ACO-OFDM and Flip-OFDM
can achieve better power consumption than conventional
DCO-OFDM at the expense of reducing the bandwidth
efficiency [4, 6].

In general, all optical OFDM systems mentioned suffer
from a significant peak-to-average power ratio (PAPR)
challenge and the need for a high-power amplifier at the
transmission side. PAPR reduction techniques can be
classified into three main groups based on their strategy:
coding, signal distortion, and probabilistic approaches
[7, 8].

The main purpose of this work is to investigate hybrid
PAPR schemes and compare their performance via
different MCM VLC-based systems (i.e., DCO-OFDM,
ACO-OFDM, and Flip-OFDM) which have different
spectral efficiency (as derived in section 2).

Hence, the major focus of this work is to present an
elaborate discussion on some probabilistic PAPR reduction
techniques. Also, two hybrid PAPR reduction schemes are
introduced. The first hybrid structure is based on a
combination of precoding techniques with non-linear
companding PAPR reduction approaches. The second one
is a combination of spreading techniques with non-linear
companding PAPR reduction approaches. Finally, an
optimum hybrid scheme with a suitable MCM-based VLC
system as the preferred structure for 5G technology is
identified.

The rest of the paper is organized as follows: in
section 2, a concise description of several OFDM-based
VLC systems is presented. Section 3 describes the PAPR
reduction techniques. The proposed hybrid PAPR system
is presented in section 4. The simulation results for the
proposed hybrid PAPR scheme and a comparison with the
conventional schemes are presented in section 5. Finally,
the conclusion is drawn in section 6.

2.  OFDM-based VLC systems

This section is directed toward a brief discussion of
different MCM formats that are more adaptable to be used
for IM/DD-based VLC systems. Here, DCO-OFDM, ACO-
OFDM, and Flip-OFDM multicarrier modulation formats
will be investigated. A brief characteristics of each will be
presented in the following sections below. The most
common point for those is the methodology used to make
the conventional OFDM signals real and positive-valued.

2.1. DCO-OFDM

DCO-OFDM is considered as one of the simplest and
earliest MCM techniques to be compatible with IM/DD
systems by generating a real and non-negative-valued
OFDM scheme. It involves adding DC-bias to the signal
which is supposed to be in unipolar format [9, 10].
The block diagram of DCO-OFDM is shown in Fig. I.

Output

De-Mapping
(M-QAM)

Remove
Zero-Padding

Optical |_| ,I' Remove DC-Bias

. Channel |

Transmission Side

Reception Side

Fig. 1. DCO-OFDM system model.

As depicted from the figure, the incoming data stream is
being mapped into M-QAM symbols where M signifies the
constellation order. Further, these high-speed symbols are
split into low-speed data sets using a serial to parallel (S/P)
converter [11, 12].

In DCO-OFDM, Hermitian symmetry (HS) with
inverse fast Fourier transform (IFFT) are used to convert
the complex-valued to real as shown in Fig. 2.

0 . 0

1 »  X(1)

2 »  X(2)

= i * Real-Valued
N/2-1 » X(N/2-1) | rFT | Signal
N2 0 | i
N/2+1 » X (N/2-1)

N-2 » X' (2

N-1 » X (1)

Fig. 2. Hermitian symmetry imposed IFFT.

Due to the HS constraint, the spectral efficiency is
reduced and only the first half of subcarriers is used to carry
data while the remaining subcarriers are flipped complex
conjugates of the first half (i.e., out of IFFT size of N, only
N/2 carry data). Mathematically, the operation of HS can
be represented as

X[N—kl=X"[kl, k=12, ...

N
7 (1)

To avoid the imaginary part at the IFFT output, the first
X[0] and the middle X [g] subcarriers are set to be zero.

X[0] = X [g] 0. @)
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The input to the IFFT has the following representation:

X = [O,Xl,XZ,..X%_l, O,X*%_l,..,Xz*,Xl*]T. (3)

To avoid the effect of inter-symbol interference (ISI), a
certain amount of cyclic prefix (CP) is inserted to the output
of IFFT after a parallel-to-serial (P/S) converter [13, 14].
Finally, a pre-defined value of DC-bias is added to attain
a positive-valued signal. After the optical signal is trans-
mitted through the optical channel, inverse operations are
performed for all these blocks to retrieve the original data.

2.2. ACO-OFDM

ACO-OFDM approach can be used to reach a positive-
valued signal and overcome the disadvantage of DCO-
OFDM in terms of power efficiency at the expense of
decreasing bandwidth efficiency. Consequently, a unipolar
signal can be generated without the need for DC-bias. In
ACO-OFDM, only odd subcarriers are used, but the even
subcarriers are set to zero. Hence, only N/4 subcarriers are
used due to the HS constraint and only half subcarriers are
involved in data transmission (i.e., noise due to clipping
falls only on even subcarriers) [15].

ACO-OFDM system model is shown in Fig. 3. It is
shown that this model performs mapping of odd subcarriers
before HS. Also, instead of DC-bias block in DCO-OFDM,
ACO-OFDM system model has zero-clipping block to
reach the positive-valued signal and clip the negative part.

Input Output
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(M-QAM)

Mapping
(M-QAM)

" 0dd Subcarrier Mapping ) ‘
| 2 !
Hermitian Symmetry ||

()

Remove

Zero-Padding

Remove CP

| zero-clipping ——,| Optical |
s 4 7| Channel |

Transmission Side Reception Side

Fig. 3. ACO-OFDM system model.

2.3. Flip-OFDM

This is an alternative optical OFDM scheme that meets
the IM/DD systems requirements which need the signal to
be real and unipolar [16, 17]. Here, only half of the
subcarriers are used. As shown in Fig. 4, Flip-OFDM
system uses the HS criteria to fetch the signal in real format.
However, without the need for biasing like DCO-OFDM or
zero-clipping like ACO-OFDM, Flip-OFDM converts the
bipolar signal into unipolar.
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(M-QAM)
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., Unipolar to Bipolar | |
conversion ‘

; Optical 1
| Channel |

L= e N |
i | Bipolar to Unipolar | !
| conversion

Transmission Side

Reception Side

Fig. 4. Flip-OFDM system model.

This conversion is performed by isolating the positive-
valued components from the negative-valued components,
flipping the negative part and then transmitting both
positive and flipped negative parts in two consecutive
frames as shown in Fig. 5 [16].

Bipolar Positive Part
(Y) Polarity (Y*)
separator

Unipolar
| Frame I >
l multiplexer
Negative Part | )

(v)

Fig. 5. Bipolar to unipolar conversion.

2.4. Comparison between DCO-OFDM, ACO-OFDM,
and Flip-OFDM

2.4.1.  Spectral efficiency comparison

The spectral efficiency of DCO-OFDM is reduced to
half when compared to the conventional OFDM system due
to the usage of HS. On the other hand, the spectral
efficiency of ACO-OFDM and Flip-OFDM is reduced to
half when compared with DCO-OFDM (i.e., reduced to %
when compared with a conventional OFDM), due to the
fact that only odd subcarriers can be used for ACO-OFDM
data transmission and due to the bipolar to unipolar
conversion block for the Flip-OFDM scheme [17].
Consequently, the achievable spectral efficiency of DCO-
OFDM can be expressed by (4)

log, M (Ngpr — 2)
2(Ngpr + Ncp)

Mpco = bits /s /Hz. 4)

On the other hand, the spectral efficiency of both ACO-
OFDM and Flip-OFDM can be represented by (5)

log, M (N -2
82 M (Nrer ) bits /s /Hz. ®)
4(Nppr + Ncp)

Naco & Flip =
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The parameter log, M indicates the total number of bits for
each QAM symbol, Ngpr represents the IFFT/FFT size,
N¢p is the cyclic prefix length, while (Nppr —2)/2
indicates that the first and middle subcarriers are set to zero
due to the HS criteria.

Using (4) and (5), Figure 6 depicts the spectral
efficiency for DCO-OFDM, ACO-OFDM, and Flip-
OFDM. The simulation results show that the DCO-OFDM
system has higher spectral efficiency than ACO-OFDM
and Flip-OFDM. The spectral efficiency has been
evaluated by 4QAM symbols [i.e., modulation order
(M) = 4] and a cyclic prefix length of 256.

—&— Spectral efficieny for DCO-OFDM
Spectral efficieny for ACO-OFDM|
— % - Speciral efficieny for Flip-OF DM

e
=

o
@

[=]
o

o
IS
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o
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o
nN

0 500 1000 1500 2000 2500
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Fig. 6. Spectral efficiency for DCO-OFDM, ACO-OFDM, and
Flip-OFDM.

2.4.2.  Computational complexity comparison

The term of computational complexity refers to the
number of operations for both IFFT at transmitter and
FFT at receiver. Here, the computational complexity for
DCO-OFDM, ACO-OFDM, and Flip-OFDM is given in
Table 1.

Table 1.
Complexity comparison of DCO-OFDM, ACO-OFDM,
and Flip-OFDM.

Optical OFDM Complexity
System A X
Transmitter Receiver
DCO-OFDM Nlog(N) Nlog(N)
ACO-OFDM 2(N/2)log(N/2) 2N log(N)
Flip-OFDM Nlog(N) Nlog(N)

It is shown that at the transmission side both DCO-
OFDM and Flip-OFDM have the same complexity while
they are nearly the same when compared with ACO-OFDM
for a significant number of IFFT/FFT size (N). However,
at the reception side, Flip-OFDM and DCO-OFDM optical
systems reduce the hardware complexity by 50% because
compared to ACO-OFDM, they provide a transformation
of twice as much data information [16].

3. PAPR reduction techniques

Optical OFDM systems are the most popular MCM
scheme meeting the requirements for VLC communication
systems in terms of high data rate. On the other hand, it
suffers from high PAPR due to a huge number of
subcarriers [ 18, 19]. The PAPR of optical OFDM signals is
given by

Max (lyunipolar |2)
E (lyunipolar|2)

PAPR = 101log,, , (6)

where E(.) stands for the expectation operator. A comple-
mentary cumulative distribution function (CCDF) used to
evaluate the probability that PAPR of an optical OFDM
symbol exceeds a certain threshold (PAPRo) which is
expressed by

CCDF = Pr(PAPR > PAPR,). (7)

Consequently, it is vital to investigate the PAPR
reduction approaches. From the literature (i.e., as shown in
Fig. 7), PAPR reduction techniques can be classified into
three different approaches: coding, signal distortion, and
probabilistic approaches [20, 21]. Each reduction approach
has its own set of advantages and disadvantages. One of
those is chosen according to a desired performance for the
system. The performance here is evaluated in terms of
reduction capabilities in a confrontation of BER
performance, in-band and out-of-band distortion, reduction
in the data rate, and computational complexity. The coding
approach tends to select the best codeword that minimizes
PAPR, but it decreases the spectral efficiency because it
adds extra bits which will also decrease the data rate. Block
coding, Golay sequence, and Reed-Muller code can be used
in this approach. Signal distortion approach limits the
signal amplitude to a pre-defined level which causes in-
band and out-of-band distortion. Clipping and filtering
technique is considered the easiest technique to determine
the value of PAPR while it comes against the BER
performance. Peak windowing decreases the peaks of the
signal that are above a particular threshold, which is
performed by using one of the window functions (i.e.,
kaiser or Hamming window). Peak windowing technique
has a lower spectral growth. Therefore, it has attenuated the
out-of-band emission compared to the clipping technique.
On the other hand, the companding technique is used to
compress the signal which has a high dynamic range to
process it in a sufficient strategy with a low dynamic range.

Finally, it limits the overall signal range which reduces
the value of PAPR. The BER performance of this technique
depends on a pre-defined value of the companding factor.
Meanwhile, the probabilistic approach tends to minimize
the likelihood of a high PAPR [22, 23]. Selected mapping
technique (SLM) and partial transmit sequence (PTS) are
effective and distortion-free strategies that can be used for
PAPR reduction. One sequence must be selected which has
a lower PAPR by introducing a random phase rotation.
However, these techniques decrease the spectral efficiency
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Fig. 7. PAPR reduction techniques.

due to the side information that must be transmitted with
the original information to help the receiver to attain the
original data. For PTS technique, this phase rotation is
applied to each subcarrier, but the phase rotation is applied
to all subcarriers in case of the SLM technique.
Consequently, the computational complexity for PTS is
higher than for SLM. Also, tone injection and tone
reservation strategies decrease the spectral efficiency and
the overall data rate. The precoding and spreading
techniques will be illustrated in section 3.1 and 3.2,
respectively.

Also, a hybrid approach can be performed from the
available PAPR reduction techniques. In this paper, a
hybrid PAPR reduction scheme between a non-linear
companding and different precoding techniques is
investigated. Also, a combination of non-linear
companding and spreading techniques is performed. All
these schemes are performed and evaluated through DCO-
OFDM, ACO-OFDM, and Flip-OFDM optical systems.

3.1. Precoding techniques

Precoding technique is considered one of the vital
approaches to minimize the PAPR value by reducing the
autocorrelation of the input sequence [24, 25]. Here, some
precoding techniques under DCO-OFDM, ACO-OFDM,
and Flip-OFDM optical systems are evaluated. For all these
systems, precoding block is performed before IFFT
procedure. The system model of applying the precoding
approach under DCO-OFDM, ACO-OFDM, and Flip-
OFDM optical systems is shown in Fig. 8.

At the transmission side, the precoding block is
performed after mapping the input data sequence in
complex format and serial-to-parallel converter [26, 27].
The output of the precoding block can follow different
paths for DCO-OFDM, ACO-OFDM, and Flip-OFDM
systems. The HS block is performed for DCO-OFDM and
Flip-OFDM paths. For ACO-OFDM, an odd subcarrier
mapping (OSM) block is performed before an HS block.
Finally, the selection between DC-bias for DCO-OFDM or
zero-clipping for ACO-OFDM, or bipolar to unipolar
conversion (B/U) for Flip-OFDM is performed after zero-
padding, IFFT, and CP insertion blocks. At the reception
side, the DC-bias is removed for DCO-OFDM or unipolar

Input

(M-QAM)

Precoding

De-Mapping
(M-QAM)

DCO / Flip
s

i
& &

Inverse Precoding

Remove Zero-Padding

Transmission Side -

(]

g

A, =]
5
ao 7 _ocof  Feue | " o0 fe

Remove DC-bias ue |

!| zero-Clipping DC-bias B/U

Fig. 8. Illustration of the use of precoding techniques in various
optical OFDM systems.

to bipolar conversion (U/B) block is used to retrieve the
bipolar signal for Flip-OFDM system. The inverse
precoding approach is performed after CP removal, FFT,
and zero-padding removal. Finally, the data sequence is
retrieved using a de-mapper block.

Here, precoding techniques such as discrete cosine
transform (DCT), discrete sine transform (DST), discrete
Hartley transform (DHT), and discrete Fourier transform
(DFT) are investigated.

3.1.1.  Discrete cosine transform (DCT)

The DCT transformation involves the multiplication
between the data input and the cosine equation. Each
element of the DCT matrix B of size N X N in the m-throw
and n-th column is given by [12, 14]

Bm,n
1 T
\/—N[cos(ﬁ(n+0.5)m)], 1<m<N-1,
_ 0<n<N-1,
- . ®)
-, m =0,
VN 0<n<N-1
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3.1.2  Discrete sine transform (DST)

Here, the multiplication is performed with a sine
equation. Each element of the DST matrix B of size N X N
in the m-throw and n-th column is defined as follows [18]:

2  n2m+ 1D+ 1)
B = N sin( N ) |, 9)
where
1
05m§N—1,ognSN_Landyz{?Z.m—Nq
1, o.w

3.1.3.  Discrete Hartley transform (DHT)

It is a real trigonometric transform with a self-inverse
property. The output sequence of a DHT precoding
technique is performed by multiplication between the input
data sequence and the following equation [28, 29]. Each
element of DHT matrix B of size N X N in the m-th row
and n-th column is defined as follows:

1 2m . [2m
Bpn = \/_N [cos (Wmn> + sin (W mn)], (10)
wherem >0, n <N — 1.

3.1.4.  Discrete Fourier transform (DFT)

The DFT precoding block, like all precoding techni-
ques, adds an extra computational complexity to the system
when compared with the conventional optical system
[30,31].

Each element of DFT matrix B of size N X N in the
m-th row and n-th column is defined as follows:

2mmn
Bnn = €xp (J N >’

(11)
wherem =0, n< N — 1.

3.2. Spreading techniques

Spreading approach is considered an effective way
to reduce the PAPR of the optical signals. This approach

techniques

DHT-spreading, and DFT-spreading are investigated. In
the transmitter, this approach is implemented by forcing the
M-point DCT/DST/DHT/DFT-spreading before the N-
point IFFT operation to represent the transmitted data in the
frequency domain [31, 32].

As can be seen in Fig. 9, a set of data symbols is mapped
using M-QAM and transmitted in parallel, and then the
spreading phenomenon is applied. The subcarrier mapping
technique is applied to the output of DCT/DST/DHT/DFT-
spreading. Other blocks of this system follow the same
methodology of the system shown previously in Fig. 8.
Finally, the inverse operation of the spreading technique is
performed at the reception side.

(M-QAM)

s/p

(M-QAM)

| De-spreading

| spreading
| Approach

—

| DCT/DST/DHT/DFT + Subcarrier Mapping | |
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Transmission Side
3pis uondasey

| L A !
‘ aco ¥ oo Frie | co/” _bco ?  Qew
| Zero-Clipping DC-bias B/U | Remove DC-bias )| um Ji

Optical Channel

Fig. 9. Use of the spreading approach in optical OFDM systems.

Figure 10 represents the subcarrier mapping using
8-point DCT/DST/DHT/DFT and 16-point IFFT.

3.3. Non-linear companding techniques

Companding techniques are a noteworthy approach that
can be used to diminish the PAPR level. Optical signals are
compressed at the transmission side and reconstructed
again at the reception side. Here, p-law and A-law
companding techniques are introduced [33].

3.3.1.  p-law companding

For a given signal x, the output of the y-law compressor is

improves the BER performance of the conventional log (1 + #)
optical systems as shown later. Here, different spreading Y(x) = Vypgy ————%2 s5on(x), (12)
such as DCT-spreading, DST-spreading, log(1 + p)
| x[0] | x[1] | x[2] | x[3] | x[4] | x[5] ‘ x[6] | x[7] |
8-point DCT/DST/DHT/DFT
| xt01 | i1 | xi21 | xi31 | a4 | xas1 | xis | xa71 |
Subcarrier Mapping (L to N)
| xto1 | xta1 | xi21 | xi31 | xial [ wis) | xts] | 071

A ENENEN DR EAER

16-point IFFT

| xI0] | xI1] [ x[21 | x[3] I x[4] ‘ x[5] | 6] | x(7]

x(8] | x[9] | x[10] I x[11] | x[12] I x[13] | x[14] | x[15] |

Fig. 10. Signal format depicting the optical OFDM mapping strategy.
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where V,,,, is the maximum value of the signal x, u is the
u-law parameter of the compander, log is the natural
logarithm and sgn is the signum function.

3.3.2.  A-law companding

The output of the A-law compressor is

y(x)
Alx| Vinax
_ 0< <
T+ loga 8", < xl==4
= 13)

Alx (

1+10g( | l) Voo
T sgn(x), <|x| < Vinazx-

max - 1+logA A

4.  Proposed hybrid PAPR reduction scheme

As mentioned before in the literature, one of the major
constraints for the optical systems is that the modulated
signals should be real and unipolar. Consequently, different
approaches are investigated in this direction to fit
these considerations. Also, many studies are performed to
reduce the PAPR level and take into account the BER
performance and the computational complexity. Figure 11
represents the proposed hybrid scheme that has been
nominated by authors to minimize the PAPR level for
optical signals.

Mapping
(M-QAM)

De-Mapping
(M-QAM)

1

Precoding | | Spreading ( De-spreading |

| Aco (A
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i | Inverse Precoding
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_ 1
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lacop oo § Qe
ACO ?/‘Lpgqg Qi L9 | RemoveDCbias | | U/

|| zero-Clipping | | DC-bias B/U & &

s x Compander == Optical Channe| p=————————> Expander

Fig. 11 Proposed optical system with hybrid precoding/
spreading and companding of PAPR reduction schemes.

The proposed scheme is based on combining the
precoding or spreading techniques with the non-linear
companding techniques. The performance is evaluated
under DCO-OFDM, ACO-OFDM, and Flip-OFDM optical
systems in terms of PAPR calculation and BER
performance. These optical systems were previously
illustrated in sections 2.1, 2.2, and 2.3, respectively. A brief
description and a mathematical model for the precoding
and spreading techniques were also previously discussed in
sections 3.1 and 3.2, respectively while the non-linear
companding techniques were previously introduced in
section 3.3.

The simulation parameters of the optical systems are
shown in Table 2.

Table 2.
Optical systems parameters.

Parameter Value
FFT and IFFT size (N) 1024
Number of subcarriers (L) 800
Zero-padding 2x112
Mapping M-QAM
Modulation order (M) 4
Cyclic prefix length (Nep) 256

5. Simulation results

This section shows the performance analysis of hybrid
PAPR reduction schemes under different optical OFDM
systems. The BER performance and PAPR calculations of
the suggested PAPR reduction techniques are evaluated.

The efficiency of the proposed scheme-based optical
OFDM system is shown by comparing the results with the
conventional DCO-OFDM, ACO-OFDM, and Flip-OFDM
results. For this comparison purposes, the values of PAPRg
of the proposed schemes are compared with the values of
PAPR, for the conventional systems at CCDF =102 and
the required value E), /N, at BER = 1073,

The results show that the values of PAPRo of
conventional DCO-OFDM, ACO-OFDM, and Flip-OFDM
are 15.72dB, 16.10 dB, and 15.90 dB, respectively at
CCDF = 1072. Also, the values of the required E, /N, for
these conventional systems are 11.82 dB, 6.40 dB, and
6.80 dB, respectively at BER = 1073,

5.1. DCO-OFDM
5.1.1.

PAPR and BER performance for precoding
techniques

This section shows PAPR and BER performance
for DCT, DST, DHT, and DFT precoding techniques
under DCO-OFDM system. As shown in Fig. 12, at
CCDF =102, DCT and DST precoding techniques reduce
the PAPR to a value close to 13 dB. Also, the PAPR value
of DHT precoding technique is nearly of 13.8 dB. Conse-
quently, the PAPR reduction values are 2.72, 2.72, and
1.92 dB for DCT, DST, and DHT, respectively when
compared to the conventional DCO-OFDM system. The
PAPR value of DFT precoding technique is almost the
same value for the conventional DCO-OFDM.

10°

Conventional DCO-OFDM
~—— DCO-OFDM with DCT Precoding
—— DCO-OFDM with DST Precoding |
~——— DCO-OFDM with DHT Precoding
——— DCO-OFDM with DFT Precoding

CCDF (Pr[PAPR>PAPRy])
=
[

10 11 12 13 14 15 16 7
PAPR [dB]

Fig. 12. PAPR comparison between DCT, DST, DHT, and DFT
precoding techniques for DCO-OFDM system.
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On the other hand, the BER performance for all these
precoding techniques is almost the same performance when
compared to the conventional DCO-OFDM as shown in
Fig. 13.

—&— Conventional DCO-OFDM

~4— DCO-OFDM with DCT Precoding
== DCO-OFDM with DST Precoding |
=——— DCO-OFDM with DHT Precoding
=G DCO-OFDM with DFT Precoding

15 20 25 30
SNR [dB]

Fig. 13. BER comparison between DCT, DST, DHT, and DFT
precoding techniques for DCO-OFDM system.

5.1.2.  PAPR and BER performance for precoding
techniques combined with u-law companding

Figures 14 and 15 show the PAPR and BER perfor-
mance, respectively for the precoding techniques when
combined with u-law companding under DCO-OFDM
system with the companding factor (1) equalling 3. The
value of PAPRy at CCDF = 102 equals 10.14, 10.04, 10.74,
and 12.07 dB for DCT, DST, DHT, and DFT combined
with u-law companding, respectively. Consequently, the

Conventional DCO-OFDM

10°

= ——— DCO-OFDM with DCT Precoding & mu=3
E —— DCO-OFDM with DST Precoding & mu=3
<L 107! —— DCO-OFDM with DHT Precoding & mu=3 | |
9\' ——— DCO-OFDM with DFT Precoding & mu=3
& :
o
<
a,
a
= 4q2 d
i 10
(]
[&]
&)

10,3 ' I L ' I I i I

8 9 10 11 12 13 14 15 16 17

PAPRy [dB]

Fig. 14. PAPR comparison between precoding techniques
combined with u-law companding for DCO-OFDM

system.
10 : .
—&— Conventional DCO-OFDM
#==DCO-OFDM with DCT Precoding & mu=3
10-1 L —— DCO-OFDM with DST Precoding & mu=3 | |
=——— DCO-OFDM with DHT Precoding & mu=3
== 3= DCO-OFDM with DFT Precoding & mu=3
|
el 10 'ﬂn&
o,
By, -
w0k S00e00g
10—4 I I I I
0 5 10 15 20 25 30

SNR [dB]

Fig. 15. BER comparison between precoding techniques
combined with u-law companding for DCO-OFDM
system.

PAPR reduction value when compared to the conventional
DCO-OFDM system equals 5.58, 5.68, 4.98, and 3.65 dB
for the combination between p-law companding and DCT,
DST, DHT, and DFT, respectively. Also, this approach is
evaluated with different companding factor («) =2, 3, and
5 and the results shown finally in Table A1.

On the other hand, the BER performance is almost the
same performance for DCT, DST, and DHT when
compared to the conventional DCO-OFDM as shown
in Fig. 15. For DFT precoding combined with u-law
companding, the required E,/N, is 30 dB to achieve
BER =107 which means that the required E,/N, is
increased by 18.18 dB when compared with the conven-
tional DCO-OFDM system.

5.1.3.  PAPR and BER performance for precoding

techniques combined with A-law companding

Figures 16 and 17 show the PAPR and BER perfor-
mance, respectively for the precoding techniques when
combined with A-law companding under DCO-OFDM
system with a companding factor (A) equalling 3. The
value of PAPRg at CCDF = 102 equals 10.40, 10.40, 11.43,
and 13.25 dB for DCT, DST, DHT, and DFT combined
with A-law companding, respectively. Consequently, the
PAPR reduction value when compared to the conventional
DCO-OFDM system equals 5.32, 5.32, 4.29, and 2.47 dB
for the combination between A-law companding and DCT,
DST, DHT, and DFT, respectively. Also, this approach is
evaluated with a different companding factor (A)=2, 3,
and 5 and the results are shown finally in Table A1.

10° T — T
Conventional DCO-OFDM

= —— DCO-OFDM with DCT Precoding & A=3
% —— DCO-OFDM with DST Precoding & A=3
<< 10 ~——— DCO-OFDM with DHT Precoding & A=3| |
L —— DCO-OFDM with DFT Precoding & A=3
& \
<
o,
i
= 4n2
T 10
[m]
&}
O

10_3 I ' ' I ' ' I

8 9 10 b 12 13 14 15 16

PAPRo [dB]

Fig. 16. PAPR comparison between precoding techniques
combined with A-law companding for DCO-OFDM

system.
10°
[ —8— Conventional DCO-OFDM
— DCO-OFDM with DCT Precoding & A=3
10-1 —@— DCO-OFDM with DST Precoding & A=3 | ]
—— DCO-OFDM with DHT Precoding & A=3
«+{- DCO-OFDM with DFT Precoding & A=3
4
] -2
) 10
3
o,
10° &,
B,
Q.a
> | | . eq
0 5 10 15 20 25 30
SNR [dB]
Fig. 17. BER comparison between precoding techniques

combined with A-law companding for DCO-OFDM
system.
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On the other hand, the BER performance is almost the
same performance for DCT, DST, and DHT when
compared to the conventional DCO-OFDM as shown in
Fig. 17. For DFT precoding combined with A-law
companding, the required E,/N, is 16 dB to achieve
BER =107 which means that the required E,/N,
is increased by 4.18dB when compared with the
conventional DCO-OFDM system.

5.1.4. PAPR and BER performance for spreading

techniques

This section also shows the results of PAPR and BER
performance for DCT, DST, DFT, and DHT-spreading
techniques under DCO-OFDM system. As shown in
Fig. 18, at CCDF = 1072, spreading techniques of DCT and
DST reduce the PAPR to a value of nearly 12.95 and
12.89 dB, respectively. Also, the PAPR value of DHT-
spreading technique is nearly of 13.78 dB. On the other
hand, the value of PAPRy of DFT-spreading technique is
12.15 dB. Consequently, the PAPR reduction value is 2.77,
2.83, 1.94, and 3.57 dB for DCT, DST, DHT, and DFT,
respectively when compared to the conventional
DCO-OFDM system.

10°
— Conventional DCO-OFDM

% DCO-OFDM with DCT Spreading
E —— DCO-OFDM with DST Spreading
E 107! |~ DCO-OFDM with DFT Spreading | |
A \|—— DCO-OFDM with DHT Spreading
+ -
o
<
o
o
< 02}
L
[m)]
(&)
o

10,3 ' I ' I L ' I

9 10 " 12 13 14 16 16 17

PAPRp[dB]

Fig. 18. PAPR comparison between DCT, DST, DHT, and DFT
spreading techniques for DCO-OFDM system.

On the other hand, the BER performance for all these
spreading techniques is almost the same and the value of
E,/N, is 8.8dB at BER =107 which means that the
spreading techniques have a gain of 3.02 dB compared to
the conventional DCO-OFDM as shown in Fig. 19

10°

—&— Conventional DCO-OFDM

== DCO-OFDM with DCT Spreading
—@— DCO-OFDM with DST Spreading | |
—— DCO-OFDM with DFT Spreading
= DCO-OFDM with DHT Spreading

4
4
107 F

o
-2 L
I:D10

0 5 10 15 20 25 30
SNR [dB]

Fig. 19. BER comparison between DCT, DST, DHT, and DFT
spreading techniques for DCO-OFDM system.

5.1.5. PAPR and BER performance for spreading

techniques combined with u-law companding

DCT, DST, DFT, and DHT-spreading techniques
combined with u-law companding under DCO-OFDM
system are presented in this section. As shown in Fig. 20,
at CCDF = 1072, spreading techniques of DCT, DST, DHT,
and DFT combined with u-law companding reduce the
PAPR to a value of nearly 10.05, 10.05, 11.64, and 9.30 dB,
respectively. Consequently, the PAPR reduction value is
5.67, 5.67, 4.08, and 6.42 dB for DCT, DST, DHT, and
DFT, respectively when compared to the conventional
DCO-OFDM system.

10° —~ —
3 Conventional DCO-OFDM

§ i DCO-OFDM with DCT Spreading & mu=3
E —— DCO-OFDM with DST Spreading & mu=3
& 10_1 —— DCO-OFDM with DFT Spreading & mu=3 | |
A —— DCO-OFDM with DHT Spreading & mu=3
o
o
<
o
o
—=AQF
L
=]
Q
5]

1073 I I i ' L ' i I

7 8 9 10 11 12 13 14 15 16

PAPRO[dB]

Fig. 20. PAPR comparison between spreading techniques
combi-ned with u-law companding for DCO-OFDM
system.

On the other hand, BER performance for DCT, DST,
DHT, and DFT-spreading techniques combined with g-law
companding to achieve BER = 107 need E, /N, equalling
9.5,9.5,9.15, and 9.07 dB, respectively which means that
the required Ej, /N, is decreased by 2.32, 2.32, 2.67, and
2.12dB for DCT, DST, DHT, and DFT-spreading
techniques combined with wu-law companding when
compared with the conventional DCO-OFDM system as
shown in Fig. 21.

10°

—8— Conventional DCO-OFDM

— DCO-OFDM with DCT Spreading & mu=3
—@— DCO-OFDM with DST Spreading & mu=3 |
=——DCO-OFDM with DFT Spreading & mu=3
——— DCO-OFDM with DHT Spreading & mu=3

0 5 10 15 20 25 30
SNR [dB]

Fig.21. BER comparison between spreading techniques
combined with p-law companding for DCO-OFDM
system.

5.1.6. PAPR and BER performance for spreading

techniques combined with A-law companding.

The combination between these spreading techniques
and A-law companding under DCO-OFDM system is
presented in this section. As shown in Fig. 22, at
CCDF = 1072, spreading techniques of DCT, DST, DHT,
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and DFT combined with A-law companding reduce the
PAPR to a value of nearly 10.65, 10.56, 11.23, and 9.82 dB,
respectively. Consequently, the PAPR reduction value is
5.07,5.16,4.49,and 5.9 dB for DCT, DST, DHT, and DFT,
respectively when compared to the conventional DCO-
OFDM system.

10° : i
Conventional DCO-OFDM
= DCO-OFDM with DCT Spreading & A=3
r —— DCO-OFDM with DST Spreading & A=3
2| —— DCO-OFDM with DFT Spreading & A=3 | |
x —— DCO-OFDM with DHT Spreading & A=3
r
o
<
o
o
— 10-2 L
[F o
a
o
]
10_3 L L L L L L L
8 9 10 1 12 13 14 15 16
PAPR[dB]
Fig. 22. PAPR comparison between spreading techniques

combined with A-law companding for DCO-OFDM
system.

On the other hand, BER performance for DCT, DST,
DHT, and DFT-spreading techniques combined with A-law
companding to achieve BER = 107 need E, /N, equalling
9, 9.2, 8.91, and 9.10 dB which means that the required
Ep /Ny isreduced by 2.82,2.62,2.91, and 2.72 dB for DCT,
DST, DHT, and DFT-spreading techniques combined with
A-law companding when compared with the conventional
DCO-OFDM system as shown in Fig. 23.

10° .
—&— Conventional DCO-OFDM

47— DCO-OFDM with DCT Spreading & A=3
—@— DCO-OFDM with DST Spreading & A=3 | |
=——DCO-OFDM with DFT Spreading & A=3
= DCO-OFDM with DHT Spreading & A=3

0 5 10 15 20 25 30
SNR [dB]

Fig. 23. BER comparison between spreading techniques
combined with A-law companding for DCO-OFDM
system.

5.2. ACO-OFDM

PAPR and BER performance for precoding
techniques

5.2.1.

This section shows the PAPR and BER performance for
DCT, DST, DHT, and DFT precoding techniques under
ACO-OFDM system. As shown in Fig. 24, at
CCDF = 1072, precoding techniques of DCT, DST, DHT,
and DFT reduce the PAPR to a value of nearly 11.86,
13.20, 14.10, and 16.25 dB, respectively. Consequently,
the PAPR reduction value is 4.24, 2.9, 2, and 0.15 dB for
DCT, DST, DHT, and DFT, respectively when compared
to the conventional ACO-OFDM system.

10° —— .
Conventional ACO-OFDM
= ——— ACO-OFDM with DCT Precoding
g 10 F ——— ACO-OFDM with DST Precoding | |
<L ~——— ACO-OFDM with DHT Precoding
9\' —— ACO-OFDM with DFT Precoding
1
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< 10% ¢ g
e
=
8
'
o -3 L 4
o 10
Q
104 I L L L ' I
10 11 12 13 14 15 16 17

PAPRg [dB]

Fig. 24. PAPR comparison between DCT, DST, DHT, and DFT
precoding techniques for ACO-OFDM system

On the other hand, the BER performance for all these
precoding techniques is almost the same performance when
compared to the conventional ACO-OFDM as shown in
Fig. 25.

—8— Conventional ACO-OFDM

&— ACO-OFDM with DCT Precoding
== ACO-OFDM with DST Precoding | |
= ACO-OFDM with DHT Precoding
==3-: ACO-OFDM with DFT Precoding

10 15 20 25 30
SNR [dB]

Fig. 25. BER comparison between DCT, DST, DHT, and DFT
precoding techniques for ACO-OFDM system.

PAPR and BER performance for precoding
techniques combined with u-law companding

5.2.2.

Figures 26 and 27 show the PAPR and BER
performance, respectively for the precoding techniques
when combined with u-law companding under ACO-OFDM
system with the companding factor («) equalling 3. The
value of PAPRg at CCDF = 1072 equals 9.44, 10.46, 11.06,
and 12.93 dB for DCT, DST, DHT, and DFT combined
with u-law companding, respectively.

107 — ! !
Conventional ACO-OFDM

= —— ACO-OFDM with DCT Precoding & mu=3
E ~——— ACO-OFDM with DST Precoding & mu=3
< 107" = ACO-OFDM with DHT Precoding & mu=3| |
9\' —— ACO-OFDM with DFT Precoding & mu=3
o
E
e,
o
= 402 J
iL 10
[m]
Q
6]

10_3 ' ' ' '

8 10 12 14 16 18

PAPRo [dB]

Fig. 26. PAPR comparison between precoding techniques
combined with p-law companding for ACO-OFDM
system.
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10°
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Fig. 27. BER comparison between precoding techniques combi-
ned with g-law companding for ACO-OFDM system.

Consequently, the PAPR reduction value when
compared to the conventional ACO-OFDM system is 6.66,
5.64,5.04, and 3.17 dB for the combination between u-law
companding and DCT, DST, DHT, and DFT, respectively.
Also, this approach is evaluated with a different
companding factor (¢)=2, 3, and 5 and the results are
shown finally in Table Al.

On the other hand, the BER performance for all these
precoding techniques is almost the same performance when
compared to the conventional ACO-OFDM as shown in
Fig. 27.

5.2.3.  PAPR and BER performance for precoding

techniques combined with A-law companding

Figures 28 and 29 show the PAPR and BER perfor-
mance, respectively for the precoding techniques when
combined with A-law companding under ACO-OFDM
system with the companding factor (A) equalling 3. The
value of PAPR, at CCDF = 1072 equals 9.70, 10.88, 11.57,
and 13.96 dB for DCT, DST, DHT, and DFT combined
with A-law companding, respectively. Consequently, the
PAPR reduction value when compared to the conventional
ACO-OFDM system is 6.40, 5.22, 4.53, and 2.14 dB for
the combination between A-law companding and DCT,
DST, DHT, and DFT, respectively. Also, this approach is
evaluated with a different companding factor (A)=2, 3,
and 5 and the results are shown finally in Table A1.

On the other hand, the BER performance for all these
precoding techniques is almost the same performance when
compared to the conventional ACO-OFDM as shown in
Fig. 29.

0 .
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Fig. 28. PAPR comparison between precoding techniques
combined with A-law companding for ACO-OFDM
system.
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Fig. 29. BER comparison between precoding techniques combi-
ned with A-law companding for ACO-OFDM system.

5.2.4.  PAPR and BER performance for spreading
techniques

This section also shows the results of PAPR and BER
performance for DCT, DST, DFT, and DHT-spreading
techniques under ACO-OFDM system. As shown in Fig. 30,
at CCDF = 1072, the spreading techniques of DCT, DST,
DHT, and DFT reduce the PAPR to a value of nearly 13.18,
13.33, 14.19, and 12.92 dB, respectively. Consequently,
the PAPR reduction value is 2.92, 2.77, 1.91, and 3.18 dB
for DCT, DST, DHT, and DFT, respectively when
compared to the conventional ACO-OFDM system.

On the other hand, the BER performance for all these
spreading techniques is almost the same and the value of
E,/N, is 3.85dB at BER = 1073 which means that the
spreading techniques has a gain of 2.55 dB compared to the
conventional ACO-OFDM as shown in Fig. 31.
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Fig. 30. PAPR comparison between DCT, DST, DHT, and DFT
spreading techniques for ACO-OFDM system.
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Fig. 31. BER comparison between DCT, DST, DHT, and DFT-
spreading techniques for ACO-OFDM system.
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5.2.5. PAPR and BER performance for spreading

techniques combined with u-law companding

Figures 32 and 33 show the PAPR and BER
performance, respectively for the spreading techniques
when combined with u-law companding under ACO-
OFDM system with the companding factor (¢) equalling 3.
The value of PAPR, at CCDF =107 equals 10.4, 10.4,
11.11, and 10.04 dB for DCT, DST, DHT, and DFT
combined with u-law companding, respectively.
Consequently, the PAPR reduction value when compared
to the conventional ACO-OFDM system is 5.7, 5.7, 4.99,
and 6.06 dB for the combination between u-law
companding and DCT, DST, DHT, and DFT, respectively.
Also, this approach is evaluated with a different
companding factor (©)=2, 3, and 5 and the results are
shown finally in Table A1.
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Fig. 32. PAPR comparison between spreading techniques
combined with u-law companding for ACO-OFDM
system.
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Fig. 33. BER comparison between spreading techniques
combined with p-law companding for ACO-OFDM
system.

On the other hand, the BER performance for all these
spreading techniques when combined with u-law
companding is almost the same and the value of E}, /N, is
around 3.60 dB at BER=10" which means that the
spreading techniques have a gain of 2.80 dB compared to
the conventional ACO-OFDM as shown in Fig. 33.

5.2.6. PAPR and BER performance for spreading

techniques combined with A-law companding

Figures 34 and 35 show the PAPR and BER
performance, respectively for the spreading techniques
when combined with A-law companding under ACO-

OFDM system with a companding factor (A) equalling 3.
The value of PAPR, at CCDF = 1072 equals 10.88, 10.88,
11.58, and 10.51 dB for DCT, DST, DHT, and DFT,
combined with A-law companding, respectively.
Consequently, the PAPR reduction value when compared
to the conventional ACO-OFDM system is 5.22, 5.22,4.52,
and 5.59dB for the combination between A-law
companding and DCT, DST, DHT, and DFT, respectively.
Also, this approach is evaluated with a different
companding factor (A)=2, 3 and 5 and the results are
shown finally in Table A1.
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Fig. 34. PAPR comparison between spreading techniques
combined with A-law companding for ACO-OFDM

system.
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Fig. 35. BER comparison between spreading techniques
combined with A-law companding for ACO-OFDM
system.

On the other hand, the BER performance for all these
spreading techniques when combined with A-law
companding is almost the same and the value of E;, /N, is
around 3.87dB at BER=10" which means that the
spreading techniques have a gain of 2.53 dB compared to
the conventional ACO-OFDM as shown in Fig. 35.

5.3. Flip-OFDM
5.3.1.

PAPR and BER performance for precoding
techniques

This section shows PAPR and BER performance for
DCT, DST, DHT, and DFT precoding techniques under
Flip-OFDM system. As shown in Fig. 36, at CCDF = 1072,
precoding techniques of DCT, DST, DHT, and DFT reduce
the PAPR to a value of nearly 13.07, 13.07, 14.16, and
15.69 dB, respectively. Consequently, the PAPR reduction
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Fig. 36. PAPR comparison between DCT, DST, DHT, and DFT
precoding techniques for Flip-OFDM system.

value is 2.83, 2.83, 1.74, and 0.21 dB for DCT, DST, DHT,
and DFT, respectively when compared to the conventional
Flip-OFDM system.

On the other hand, the BER performance for all these
precoding techniques is almost the same performance when
compared to the conventional Flip-OFDM as shown in
Fig. 37.

10°

—&— Conventional Flip-OFDM

4— Flip-OFDM with DCT Precoding
10—1‘ —@— Flip-OFDM with DST Precoding | |
= Flip-OFDM with DHT Precoding
=Gk Flip-OFDM with DFT Precoding

i
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m10
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Fig. 37. BER comparison between DCT, DST, DHT, and DFT
precoding techniques for Flip-OFDM system.

5.3.2.  PAPR and BER performance for precoding
techniques combined with u-law companding

Figures 38 and 39 show the PAPR and BER
performance, respectively for the precoding techniques
when combined with u-law companding under Flip-OFDM
system with a companding factor (¢) equalling 3. The value
of PAPRy at CCDF = 1072 equals 10.24, 10.36, 11.17, and
12.62 dB for DCT, DST, DHT, and DFT combined with

10°

Conventional Flip-OFDM
~——— Flip-OFDM with DCT Precoding & mu=3
—— Flip-OFDM with DST Precoding & mu=3 | |
—— Flip-OFDM with DHT Precoding & mu=3
—— Flip-OFDM with DFT Precoding & mu=3

CCDF (PrPAPR>PAPRy])
3
N

8 9 10 1 12 13 14 15 16 17
PAPR [dB]

Fig. 38. PAPR comparison between precoding techniques
combined with p-law companding for Flip-OFDM
system.
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Fig. 39. BER comparison between precoding techniques
combined with u-law companding for Flip-OFDM
system.

u-law companding, respectively. Consequently, the PAPR
reduction value when compared to the conventional Flip-
OFDM system is 5.66, 5.54, 4.73, and 3.28 dB for the
combination between p-law companding and DCT, DST,
DHT, and DFT, respectively. Also, this approach is
evaluated with a different companding factor («) =2, 3, and
5 and the results are shown finally in Table Al.

On the other hand, the BER performance for all these
precoding techniques is almost the same performance when
compared to the conventional Flip-OFDM as shown in
Fig. 39.

5.3.3.  PAPR and BER performance for precoding

techniques combined with A-law companding

Figures 40 and 41 show the PAPR and BER
performance, respectively for the precoding techniques
when combined with A-law companding under Flip-OFDM
system with a companding factor (A) equalling 3. The
value of PAPRg at CCDF = 1072 equals 10.07, 10.07, 11.41,
and 13.3 dB for DCT, DST, DHT, and DFT combined with
A-law companding, respectively. Consequently, the PAPR
reduction value when compared to the conventional Flip-
OFDM system is 5.83, 5.83, 4.49, and 2.60 dB for the
combination between A-law companding and DCT, DST,
DHT, and DFT, respectively. Also, this approach is
evaluated with a different companding factor (A)=2, 3,
and 5 and the results are shown finally in Table A1.

On the other hand, the BER performance for all these
precoding techniques is almost the same performance when
compared to the conventional Flip-OFDM as shown in
Fig. 41.

10° = .
Conventional Flip-OFDM

~——— Flip-OFDM with DCT Precoding & A=3

—— Flip-OFDM with DST Precoding & A=3| |

~—— Flip-OFDM with DHT Precoding & A=3

~——— Flip-OFDM with DFT Precoding & A=3

CCDF (PH{PAPR>PAPR])
=
L]

9 10 1" 12 13 14 15 16 17
PAPRg [dB]

Fig. 40. PAPR comparison between precoding techniques
combi-ned with A-law companding for Flip-OFDM
system.
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. BER comparison between precoding techniques
combined with A-law companding for Flip-OFDM
system.

PAPR and BER performance for spreading
techniques

5.3.4.

This section shows the PAPR and BER performance for
DCT, DST, DHT, and DFT-spreading techniques under
Flip-OFDM system. As shown in Fig. 42, at CCDF = 1072,
spreading techniques of DCT, DST, DHT, and DFT reduce
the PAPR to a value of nearly 13.06, 13.06, 14.02, and
12.38 dB, respectively. Consequently, the PAPR reduction
value is 2.84, 2.84, 1.88, and 3.52 dB for DCT, DST, DHT,
and DFT, respectively when compared to the conventional
Flip-OFDM system.

10? T : . ;
—— Conventional Flip-OFDM

% Flip-OFDM with DCT Spreading
E 107 F —— Flip-OFDM with DST Spreading | -
E —— Flip-OFDM with DFT Spreading
A —— Flip-OFDM with DHT Spreading
o
o102k ¥ J
I 10
o
T,
T
O 103 F J
a8 10
Q

104 ' I I i L ' '

9 10 " 12 13 14 15 16 17

PAPRg[dB]

Fig. 42. PAPR comparison between DCT, DST, DHT, and
DFT-spreading techniques for Flip-OFDM system.

On the other hand, the BER performance for all these
spreading techniques is almost the same and the value of
Ep, /N, is around 3.85 dB at BER = 107> which means that
the spreading techniques have a gain of 2.95 dB compared
to the conventional Flip-OFDM as shown in Fig. 43.

10° : - !
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14
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Fig. 43.BER comparison between DCT, DST, DHT, and DFT
spreading techniques for Flip-OFDM system.

5.3.5.  PAPR and BER performance for spreading

techniques combined with u-law companding

Figures 44 and 45 show the PAPR and BER
performance, respectively for the spreading techniques
when combined with x-law companding under Flip-OFDM
system with the companding factor (1) equalling 3. The
value of PAPR, at CCDF = 1072 equals 10.38, 10.29, 11.09,
and 9.54 dB for DCT, DST, DHT, and DFT combined with
u-law companding, respectively. Consequently, the PAPR
reduction value when compared to the conventional
Flip-OFDM system is 5.52, 5.61, 4.81, and 6.36 dB for the
combination between u-law companding and DCT, DST,
DHT, and DFT, respectively. Also, this approach is
evaluated with a different companding factor (x) =2, 3, and
5 and the results are shown finally in Table Al.

10° = ‘ : ;
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Fig. 44. PAPR comparison between spreading techniques
combined with p-law companding for Flip-OFDM
system.
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Fig. 45. BER comparison between spreading techniques

combined with p-law companding for Flip-OFDM
system.

On the other hand, the BER performance for all these
spreading techniques when combined with u-law
companding is almost the same and the value of E;, /N, is
around 3.68 dB at BER=10" which means that the
spreading techniques have a gain of 3.12 dB compared to
the conventional Flip-OFDM as shown in Fig. 45.

5.3.6.  PAPR and BER performance for spreading

techniques combined with A-law companding

Figures 46 and 47 show the PAPR and BER
performance, respectively for the spreading techniques
when combined with A-law companding under Flip-
OFDM system with a companding factor (A) equalling 3.
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The value of PAPR, at CCDF = 1072 equals 10.89, 10.68,
11.72, and 9.86 dB for DCT, DST, DHT, and DFT
combined with A-law companding, respectively.
Consequently, the PAPR reduction value when compared
to the conventional Flip-OFDM system is 5.01, 5.22, 4.18,
and 6.04dB for the combination between A-law
companding and DCT, DST, DHT, and DFT, respectively.
Also, this approach is evaluated with a different
companding factor (A)=2, 3, and 5 and the results are
shown finally in Table A1.

10° N T T T T T T
——— Conventional Flip-OFDM

Flip-OFDM with DCT Spreading & A=3
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Fig. 46. PAPR comparison between spreading techniques combi-
ned with A-law companding for Flip-OFDM system.
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Fig. 47. BER comparison between spreading techniques combined
with A-law companding for Flip-OFDM system.

On the other hand, the BER performance for all these
spreading techniques when combined with A-law
companding is almost the same and the value of E}, /N, is
around 3.90 dB at BER=10" which means that the
spreading techniques have a gain of 2.90 dB compared to
the conventional Flip-OFDM as shown in Fig. 47.

6. Conclusions

Authors propose several schemes based on a
combination of non-linear companding approach and
precoding or spreading PAPR reduction techniques. The
performance has been evaluated under DCO-OFDM,
ACO-OFDM, and Flip-OFDM VLC systems. The
comparison between those schemes is performed to extract
an effective combination scheme that has a higher PAPR
reduction value with the acceptable BER performance.
Also, the spectral efficiency and computational complexity
of different VLC systems are taken into consideration to
find the suitable VLC system merged with a hybrid PAPR
reduction scheme that meet the 5G requirements. As
mentioned before, in subsection 2.4.1, this DCO-OFDM

system has higher spectral efficiency when compared with
ACO-OFDM and Flip-OFDM systems at the expense of
power efficiency due to the addition of DC-bias. Also,
subsection 2.4.2 introduces the fair comparison between
these systems in terms of computational complexity. The
conclusion of this comparison came in favour of Flip-
OFDM and DCO-OFDM. Table Al shows that the
combination between DFT-spreading and u-law
companding at the companding factor (u=5) for DCO-
OFDM has the highest reduction for PAPR equal to
8.56 dB. However, this reduction came at the expense of
BER performance which needs the value of E}, /N, to be
14.1 dB. Also, Table A1 indicates that the combination of
u-law companding at the companding factor (¢ =5) and
DFT-spreading PAPR reduction technique under Flip-
OFDM system achieves the optimum performance of
PAPR reduction (PAPR =8.89 dB) with acceptable BER
performance which needs Ej, /Nyto be only 3.84 dB.
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Table Al.
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DCO-OFDM (combination between precoding techniques and companding) where conventional DCO-OFDM has
PAPR, =15.72 dB and E,;/N,=11.82 dB
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DCO-OFDM (combination between spreading techniques and companding) where conventional DCO-OFDM
has PAPR,=15.72 dB and E,/N,=11.82 dB

10.61 | 5.11 119 | 0.08 11053 | 519 | 11.9 | 0.08 | 11.63 | 4.09 [ 11.8 | 0.02 | 9.86 | 586 | 12.4 | 0.58

10.05 | 5.67 9.5 2.32 | 10.05 | 5.67 9.5 232 | 11.64 | 4.08 | 9.15 | 2.67 | 9.30 | 6.42 9.7 2.12

p-Law

925 | 647 | 13.8 | 1.98 | 925 | 647 | 134 | 1.58 | 10.16 | 5.56 | 12.8 | 098 | 856 | 7.16 | 14.1 | 2.28

11.65| 407 | 11.8 | 0.02 | 11.74| 398 | 11.8 | 0.02 | 13.03 | 2.69 | 11.8 | 0.02 | 1099 | 473 | 11.9 | 0.08

10.65 | 5.07 9 2.82 110.56 | 5.16 92 | 262 [ 1123 | 449 | 891 | 291 | 9.82 | 59 9.10 | 2.72

A-Law

N W [(IN|O|[W|N

9.11 | 6.61 14.5 | 2.68 9.2 6.52 | 13.8 | 1.98 [ 10.11 | 5.61 129 | 1.08 | 839 | 7.33 | 14.7 | 2.88
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ACO-OFDM (combination between precoding techniques and companding) where conventional ACO-OFDM has
PAPR,=16.10 dB and E,/N, = 6.40 dB
. 21991 | 6.19 5.9 0.5 11099 | 5.11 6 04 | 11.64 | 4.46 59 0.5 13.6 | 2.5 5.9 0.5
.5: 3| 944 | 6.66 6 04 | 1046 | 5.64 6 04 | 11.06 | 5.04 5.8 0.6 | 1293 | 3.17 5.8 0.6
= 51887 | 723 | 641 | 0.01 | 977 | 633 | 638 | 0.02 | 1032 | 5.78 6 0.4 | 12.04 | 4.06 6 0.4
. 2 [10.76 | 534 | 635 | 0.05 | 12.1 4 6.45 | 0.05 | 1291 | 3.19 | 6.28 | 0.12 | 1535 | 0.75 | 6.35 | 0.05
CJ? 31970 | 64 6.50 | 0.10 [ 10.88 | 5.22 | 6.52 | 0.12 | 11.57 | 453 | 6.30 | 0.10 | 13.96 | 2.14 | 6.35 | 0.05
< 5| 861 | 7.49 7 0.6 956 | 6.54 | 690 | 0.5 [10.11 | 599 | 6.62 | 0.22 | 12.16 | 3.94 | 6.37 | 0.03
ACO-OFDM (combination between spreading techniques and companding) where conventional ACO-OFDM has
PAPR(;=16.10 dB and E,/N, = 6.40 dB
. 2 (1093 | 5.17 | 3.62 | 2.78 | 11.01 | 5.09 | 3.59 | 2.81 | 11.68 | 4.42 | 3.54 | 2.86 | 10.57 | 5.53 | 3.65 | 2.75
.CJT 31104 | 5.7 3.65 | 2.75 | 104 | 57 3.65 | 2.75 | 11.11 | 499 | 3.55 | 2.85 | 10.04 | 6.06 | 3.62 | 2.78
= 5| 976 | 634 | 3.82 | 258 | 9.76 | 634 | 3.80 | 2.6 [ 1035 5.75 | 3.63 | 2.77 | 935 | 6.75 | 3.78 | 2.62
. 2 | 1206 | 404 | 3.85 | 255 | 12.12 | 398 | 3.83 | 2.57 | 129 | 3.2 3.84 | 2.56 | 11.82 | 4.28 | 3.84 | 2.56
.-1? 31088 | 522 | 392 | 2.48 | 10.88 | 5.22 | 3.87 | 2.53 | 11.58 | 4.52 | 3.84 | 2.56 | 10.51 | 5.59 | 3.87 | 2.53
< 51 954 | 656 43 2.1 9.54 | 6.56 4.2 22 | 1012 | 598 | 398 | 242 | 9.11 | 6.99 | 3.98 | 2.42
Flip-OFDM (combination between precoding techniques and companding) where conventional Flip-OFDM
has PAPR, =15.90 dB and E;/N,=6.80 dB
. 2 [10.86 | 5.04 | 6.59 | 021 | 10.86 | 5.04 | 6.62 | 0.18 [ 11.64 | 426 | 6.54 | 0.26 | 13.12 | 2.78 | 6.41 | 0.39
.Cq? 311024 | 566 | 6.65 | 0.15 | 1036 | 5.54 | 6.65 | 0.15 | 11.17 | 473 | 6.55 | 0.25 | 12.62 | 3.28 | 6.45 | 0.35
= 5959 | 631 | 685 | 005 [ 959 | 631 | 6.94 | 0.14 | 103 5.6 6.65 | 0.15 | 11.77 | 413 | 650 | 0.3
. 2 | 11.89 | 401 | 687 | 0.07 | 12.02 | 3.88 | 697 | 0.17 | 1277 | 3.13 | 6.90 | 0.1 | 1488 | 1.02 | 6.81 | 0.01

.-1? 3 |10.07 | 583 | 6.92 | 0.12 | 10.07 | 5.83 | 6.87 | 0.07 | 11.41 | 449 | 6.87 | 0.07 | 133 | 2.60 | 6.80 0
< 51 952 | 638 7.5 0.7 9.68 | 6.22 7.3 0.5 | 10.08 | 5.82 7.2 04 | 11.87| 403 | 690 | 0.1
Flip-OFDM (combination between spreading techniques and companding) where conventional Flip-OFDM
has PAPR, =15.90 dB and Eb/N, = 6.80 dB
. 2 |1 1081 | 509 | 3.60 | 3.2 |10.82| 5.08 | 3.60 | 3.2 | 10.66 | 524 | 3.57 | 3.23 | 10.1 5.8 3.60 | 3.2
.$ 31038 | 552 | 3.68 | 3.12 | 10.29 | 5.61 | 3.65 | 3.15 [ 11.09 | 4.81 | 3.72 | 3.08 | 9.54 | 6.36 | 3.55 | 3.25
= 51969 | 621 | 3.80 3 9.60 | 6.3 3.84 | 296 [ 1034 | 556 | 3.65 | 3.15 | 889 | 7.01 | 3.84 | 2.96
. 2 [ 12.07 | 3.83 | 3.85 | 295 | 11.86 | 4.04 | 3.83 | 2.97 | 13.05| 2.85 | 3.85 | 295 | 11.13 | 4.77 | 3.87 | 2.93
CJ? 3 110.89| 501 | 390 | 290 | 10.68 | 522 | 390 | 2.90 | 11.72 | 418 | 3.92 | 2.88 | 9.86 | 6.04 | 3.85 | 2.95
< 5| 952 | 638 4.2 2.6 9.39 | 6.51 43 2.5 | 1021 | 5.69 | 4.15 | 2.65 | 8.62 | 7.28 42 2.6
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