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Abstract: Optical Wireless Communication (OWC) is a new trend in com-
munication systems to achieve large bandwidth, high bit rate, high security,
fast deployment, and low cost. The basic idea of the OWC is to transmit
data on unguided media with light. This system requires multi-carrier mod-
ulation such as Orthogonal Frequency Division Multiplexing (OFDM). This
paper studies optical OFDM performance based on Intensity Modulation
with Direct Detection (IM/DD) system. This system requires a non-negativity
constraint. The paper presents a framework for wireless optical OFDM sys-
tem that comprises (IM/DD) with different forms, Direct Current biased
Optical OFDM (DCO-OFDM), Asymmetrically Clipped Optical OFDM
(ACO-OFDM), Asymmetrically DC-biased Optical OFDM (ADO-OFDM),
and Flip-OFDM. It also considers channel coding as a tool for error con-
trol, channel equalization for reducing deterioration due to channel effects,
and investigation of the turbulence effects. The evaluation results of the
proposed framework reveal enhancement of performance. The performance
of the IM/DD-OFDM system is investigated over different channel models
such as AWGN, log-normal turbulence channel model, and ceiling bounce
channel model. The simulation results show that the BER performance of the
IM/DD-OFDM communication system is enhanced while the fading strength
is decreased. The results reveal also that Hamming codes, BCH codes, and
convolutional codes achieve better BER performance. Also, two algorithms
of channel estimation and equalization are considered and compared. These
algorithms include the Least Squares (LS) and the Minimum Mean Square
Error (MMSE). The simulation results show that the MMSE algorithm gives
better BER performance than the LS algorithm.
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1 Introduction

Optical Wireless Communication (OWC) requires lightwave carriers such as Infra-Red (IR),
visible, and Ultra-Violet (UV) light for transmitting data through unguided propagation media.
Many ancient cultures use smoke, beacon fires, ship flags, and semaphore telegraph for signaling
as examples of historical OWC [1]. Also, sunlight was used in the past as a form of OWC. For
example, ancient Greeks and Romans use the reflected sunlight on their polished shields to send
information signals during their battles. In the late 19th and early 20th centuries, a heliograph was
invented and developed for military communication purposes. A heliograph consists of a pair of
mirrors, which reflect the incident light beam to a long distance [2]. In 1880, Alexander Graham
Bell invented another historical form of the OWC system: the photophone. He used the light
source to modulate the received voice signals and transmit these voice signals to a distance of
200 m long [3]. In 1979, Gfeller and Bapst were able to achieve a fast advancement in OWC
technology. They proved the ability of OWC for high-capacity in indoor networks providing an
electromagnetic spectrum with hundreds of THz bandwidths in the optical domain [4].

The objective of any modern communication system is to provide high data rates and a wide
range of services such as videophones, voice communications, and high-speed Internet access.
Orthogonal Frequency Division Multiplexing (OFDM) is an attractive Multi-Carrier Modulation
(MCM) technique that efficiently utilizes the available bandwidth. The OFDM systems can trans-
mit high-speed data transmission across a noisy channel and combat multipath propagation effects.
So, it is used in many applications such as Digital Audio Broadcasting (DAB) and Terrestrial
Digital Video Broadcasting (DVB-T). It is also used in some of the most prominent wireless
technologies, such as the IEEE 802.11 Wireless Local Area Networks (WLANs) and Long Term
Evolution (LTE) technology [5-8].

Recently, OFDM has been applied to optical communication for supporting high data rates.
However, the conventional OFDM technique cannot be directly used in optical systems. In OWC
systems, the IM/DD technique is a simple, common, and low-cost optical carrier modulation and
demodulation technique. In general, it is known that the output of the conventional OFDM mod-
ulator is complex and bipolar. In optical systems, only the intensity of the signal is constrained to
be real and positive. Therefore, as commonly used in RF communication systems, the conventional
OFDM must be modified to be used in OWC systems. Many existing OFDM modulation tech-
niques are suitable for IM/DD OWC systems, such as ACO-OFDM, DCO-OFDM, ADO-OFDM,
and Flip-OFDM. These four OFDM-based schemes are discussed in this work.

The rest of the work is organized as follows. Section 2 describes the intensity modulation
direct detection (IM/DD) optical wireless communication system architecture. The general IM/DD
system is described in Section 3. The channel coding method to improve the BER performance
of any communication system is introduced in Section 4. Section 5 illustrates the proposed system
models. Simulation results and discussions are given in Section 6. Finally, conclusions are given
in Section 7.

2 IM/DD-OWC System Architecture

Fig. 1 shows the IM/DD-OWC system [9,10]. For OWC systems, an LED or an LD can be
used as the optical transmitter for the intensity modulation process to convert the signal from
the electrical domain to the optical domain (E/O). At the receiver, a photodiode can be used as
the optical receiver for the direct detection process that can convert the signal from the optical
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domain to the electrical domain (O/E). The shot noise of the detector is added to the signal in
the electrical domain, and it is represented by an Additive White Gaussian Noise (AWGN).

Electrical domain Optical domain Electrical domain
— : | i
/P Transmitter E/ﬂ " Optical | 01 E Receiver o/
Signal Ed —> (LED) | Channel "9 {PP} > I_} sigoal
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Figure 1: The IM/DD-OWC system

2.1 DCO-OFDM System

In the DCO-OFDM system, data symbols are carried on all sub-carriers [11,12]. In the DCO-
OFDM transmitter, the serial input data is converted from Serial-to-Parallel (S/P), and then the
data is mapped onto complex numbers using QAM or QPSK modulation. Then, the Hermitian
symmetry property is applied to the symbols before the IFFT to get a real signal from the IFFT
output [13]. This symmetry can be achieved by putting:

Xp=X*N_m for 0<m<N/2 (1)
To prevent any residual DC component or any DC shift in the signal, Xy, X/, are set to
zero and do not carry any information [14], i.e.,
Xo=X N/p= 0 (2)
where N is the IFFT size, X is the complex symbol, and X* is the complex conjugate of the X
symbol.
In the case of using a large number of sub-carriers N, the OFDM amplitude signal can be
approximated by a Gaussian distribution with zero mean and a variance 8% defined as,
op? = E{x(l)z} 3)

The DC bias level is chosen to be proportional to the root mean square (RMS) of the signal
to minimize the amount of required optical power and avoid increasing DC bias [15], i.e.,

Bpc=wuép “4)

where Bpc is the DC bias level, u is the proportionality constant, and §p is the root mean square
of the electric power signal. After adding the DC bias Bpc, the signal becomes

Xpc(t) =x() + Bpc ()

Any remaining negative peaks of xpc(z) signal are clipped at zero resulting in a clipping noise
n.(Bpc). The resulting unipolar DCO-OFDM signal xpco(?) is expressed as

Xpco(t) = x(t) + Bpc +nc(Bpc) (6)
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2.2 ACO-OFDM System

The ACO-OFDM technique has been explained in detail in many papers [16,17]. In ACO-
OFDM, the data symbols are carried on the odd sub-carriers only, while the even sub-carriers
form a bias signal, which guarantees that the transmitted OFDM signal achieves the non-
negativity requirements. The bipolar OFDM signal is clipped at zero levels, where all negative
parts of the bipolar signal are removed. Due to the clipping process, all of the noise components
fall on the even sub-carriers, and the transmitted data is transmitted on the odd sub-carriers
without impairments.

In the ACO-OFDM system, the front-end of the ACO-OFDM transmitter is like the DCO-
OFDM transmitter, where the output of the IFFT is first converted from P/S, and the CP is
appended to it [17]. Then, the resulting signal is D/A converted and low-pass filtered. The signal
should be clipped at zero to ensure that the transmitted signal is positive. The LED can be used
as an electrical to optical converter. The resulting optical signal is transmitted through an optical
channel. Shot noise that affects the signal is modeled as AWGN and added in the electrical
domain.

The processing in the ACO-OFDM receiver is similar to that of the DCO-OFDM receiver,
except that in the ACO-OFDM receiver, only odd sub-carriers that carry data are demodulated,
but in DCO-OFDM, all sub-carriers are demodulated.

2.3 ADO-OFDM System

The ADO-OFDM considers an advanced technique that maintains the advantages and avoids
the drawbacks of the two previous optical unipolar OFDM techniques. The ADO-OFDM is a
hybrid structure of ACO-OFDM and DCO-OFDM, where a DC bias is added to a part of the
signal and the other part of the signal is clipped at zero. Thus, ACO-OFDM symbols modulate
odd sub-carriers, while DCO-OFDM symbols modulate even sub-carriers. After that, the negative
values produced by ACO-OFDM and DCO-OFDM are separately clipped to zero. Then, the
resultant two non-negative signals from ACO-OFDM and DCO-OFDM are added together and
transmitted by a LED [18].

2.4 Flip-OFDM System

The concept of Flip-OFDM is inverting the polarity of the negative part of the signal. The
output of the IFFT operation is a real bipolar signal that can be decomposed into [19,20]:

x(k) =xT k) +x~ (k) (7

where x*(k) and x~(k) are positive and negative parts of a bipolar signal, respectively. They are
given as [19]:

Lo X if x(K) =0
X (k) _{ 0 otherwise

— oy |xtk) if x(k) <0
X (k) _{ 0 otherwise ®)
where k=0, 1, 2, ..., N—1. These two components of the signal are separately transmitted over

two successive OFDM symbols. The positive part of the signal x*(k) is transmitted in the first
sub-frame (positive sub-frame), while the Flipped part —x— (k) is transmitted in the second sub-
frame (negative sub-frame). After that, a cyclic prefix with length Ncp is added to each OFDM
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sub-frame. The negative OFDM sub-frame is delayed by (N+ Ncp) and transmitted after the
positive OFDM sub-frame. Finally, the frames are multiplexed with all positive real values [21].

3 General IM/DD System

In the IM/DD system model, the LED emits the transmitted optical power X (¢) into channel
at the end of the transmitter. The channel will make changes in the transmitted signal, and then
this optical signal is received. At the receiver, the photodetector generates the photocurrent Y (7).
The mathematical expression that describes the IM/DD system model is defined by [22]:

Y(H) =8h(H) @ X() + N () ©)

where Y(7) is the photocurrent generated by the photodetector, K is the responsivity of the
photodetector, A(7) is the channel impulse response, ® is the convolution symbol, X(#) is the
transmitted optical power, and N(z) is the signal independent shot noise due to the ambient light
and self-noise due to the information-bearing optical signal.

3.1 Ceiling Bounce Channel Model

The ceiling bounce model is the most used model for simulating the impulse response of the
indoor OWC channel. It was proposed by Trenkwalder et al. [22]. Two parameters can characterize
the ceiling bounce model: the Root Mean Square Delay Spread (Dgyss) and the optical path loss
as given in Eqs. (10) and (11) [23].

a 13
D h =— /= 1
rus(h(t, @)= 54/ (10)
6
h(t, a) = H(0) = u(?) (11)
(t+a)
where u(f) is the unit step function,
1 t>0
uH) = :o £<0, (12

and « is a parameter that depends on the relative location of the transmitter and the receiver. It
can be represented by Eq. (13), when the transmitter and the receiver are collocated.

a=2h./c (13)
where /. is the ceiling height, ¢ is the speed of light.

3.2 Log-Normal Turbulence Channel Model

A weak atmospheric turbulence regime is characterized by a single scattering event and can be
represented by a single scattering process (Rytov approach). The unitless Rytov variance parameter
012 as Eq. (14) accounts for the strength of turbulence for plane waves [23].

of =123 C2K/e LM/ (14)

C? is the refractive index parameter which is constant for horizontal paths, L is the propagation
distance, k=2m/x is the wavenumber, and A is the wavelength. For weak fluctuations C% <1074,
012 < 1. In the midst of weak atmospheric fading, it is deduced that the log-normal distribution
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model is the most appropriate statistical model that can represent the statistics of irradiance
fluctuations. The Probability Density Function (PDF) of the log-normal turbulence is donated by:

11 In(1/1o) — E[1])*

! xp{_( ( /02> 2] } =0
2

\/2mo; 9

where 7 is the field intensity (irradiance) in the medium which suffers from atmospheric turbu-

lence, Iy is the irradiance in free-space medium without any atmospheric turbulence, 012 is the

log-intensity variance or the Rytov variance, and E[/] is the mean log intensity.

p) = (15)

4 Channel Coding

There are many techniques, which can be used to improve the Bit Error Rate (BER) perfor-
mance of any communication system. One of these techniques is channel coding or error detection
and correction. In this section, channel coding is used for enhancing the BER performance of
DCO-OFDM, ACO-OFDM, ADO-OFDM, and Flip-OFDM in different optical wireless commu-
nication channels. Furthermore, hamming code, BCH code, and convolutional codes are proposed
in this work to mitigate the noise effect [24,25].

4.1 Hamming Codes

Hamming code is a linear block code, where the encoder input is a group of bits with length
k. Then, some procedures are performed to these input information bits for coding. The output
of the encoder is a larger group of bits with length n. Such a block code can be represented
as (n, k) Hamming code. Richard W. Hamming codes are widely used in many applications such
as computer memory, telecommunications and can also be used for data compression. Many
parameters can be computed for Hamming encoding and decoding process. For example, there
is a binary Hamming code for each integer m > 2. This code can be denoted by (n, k, din)
code. Hamming codes can detect all one and two-bit errors or correct only one-bit errors without
detecting uncorrected errors [26].

4.2 Bose-Chaudhary-Hocquenghem (BCH) Codes

The BCH is the abbreviation for three names of scientists who developed these codes. BCH
codes are as consider one of the most efficient codes in linear block coding techniques. They form
a class of cyclic error-correcting codes that are constructed using polynomials over a finite field.

There is a binary (n, k) BCH code for any integer value of m>3 and ¢ <2” —1 with the
parameters: codeword length of n=2" — 1, number of parity bits of n — kK < mt, minimum
Hamming distance of d,;;, > 2¢+ 1, and error-correction capability of ¢ errors.

The BCH code can correct a number of errors equal to or less than 7 So, this code is
called a ¢ error correcting BCH code. This code is also considered as a generalization of multiple
error-correcting Hamming codes. Hamming single error-correcting codes can be known as BCH
codes [25].

4.3 Convolutional Codes

Convolutional codes are different from block codes. Their construction is dependent on
using many shift registers, which are used as a memory to store the previous data inputs for
calculating the data outputs. The redundant bits are generated in the convolutional coder by using
modulo-2 convolutions. The convolutional encoder consists of an M-stage shift register with fixed
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connections to n modulo-2 adders and a multiplexer that is used to serialize the output of the
adders. This code can be specified by three parameters (n, k, K), where n defines the length of the
output codeword, k defines the length of the input message, and K defines the constraint length.
The code rate or the code efficiency R equals k/n [25,27].

5 Proposed System Models
5.1 Proposed IMIDD DCO-OFDM System Model

The DCO-OFDM technique is simple to implement, but the added DC bias makes it ineffi-
cient in optical power. Also, this technique suffers from the clipping noise due to the hard clipping
of the remaining negative part. The clipping noise may degrade the system performance, especially
when low bias levels and large constellation sizes are used.

The block diagram of the proposed DCO-OFDM system with channel coding is shown in
Fig. 2. At the transmitter side, the input data sequence is firstly encoded by adding redundant bits.
Then, the serial data is converted to parallel data and modulated using any type of modulation
technique such as QAM, BPSK, or QPSK. The modulated data is constrained to have Hermitian
symmetry property before IFFT, where the positive half of N-point IFFT contains the baseband
modulated symbols, while the complex conjugate of these symbols is contained in the negative
half. Thus, the resultant signal at IFFT output is real, and is denoted by x;. At the receiver side,
the inverse processes are performed.

| Nl i
Xi = v Xne N (16)

m=0

( )\
D/A DGbias
Channel S/P Hermitian & Addition
Encoder & Symmetry & Zero
Mapping Clipping
_
. XDCO(t)
I/P DCO-OFDM Transmitter AN
Data E/O

owcC
Channel

o S
Channel Re i FFT /
Decoder WEECE
&P/S < P

DCO-OFDM Receiver

Figure 2: The proposed DCO-OFDM system with channel coding
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5.2 Proposed IMIDD ACO-OFDM System Model

In ACO-OFDM, no DC bias is required to convert a bipolar signal to a unipolar signal,
so that the ACO-OFDM is more efficient than the DCO-OFDM. The signal is clipped at zero
levels without adding any clipping noise and without missing any information. Fig. 3 shows the
block diagram of the proposed ACO-OFDM system with channel coding. In ACO-OFDM, the
data symbols are carried on odd sub-carriers, but the even subcarriers are used to ensure non-
negativity requirements of the transmitted OFDM signals. Only half of the sub-carriers carry
the transmitted signal. Consequently, the effective data rate of ACO-OFDM is decreased by a
factor of two compared to the data rate of DCO-OFDM for the same modulation format. A
convolutional coding technique is proposed to enhance the ACO-OFDM performance.

x(t)
( D/A
Channel S/P » & Zero
Encoder & Hermitian LPF Clipping
. Symmetry
AV Mapping
Xaco(t)
p—
/P
Data ACO-OFDM Transmitter

owcC
Channel

De-mapping FFT
&P/S

Channel
Decoder

ACO-OFDM Receiver

Figure 3: The proposed ACO-OFDM system with channel coding

Firstly, the input binary data is encoded by adding redundant data bits using a type of
channel coding such as convolutional codes. The encoded data is serial-to-parallel conversion and
mapping using (BPSK, QPSK, M-QAM). The input signal to the IFFT contains only the odd

sub-carriers, as follows:

X =1{0,X1,0,X3,...,0, Xn_1} (17)

To get a real-time valued signal from the IFFT, the input vector to the IFFT, X must be
forced to have a Hermitian symmetry property. Therefore, the resulting time-domain signal from
IFFT is real and has an odd symmetry property, as given in the following equation.

N
X ==X N for O<k<3 (18)
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Like the DCO-OFDM, the IFFT output signal is serially converted, and CP is appended.
Then, it is D/A converted and passed through an ideal LPF, resulting in x(¢). The signal, x(7), is
clipped to zero to obtain the ACO-OFDM signal, x4co(f) where

_ | xuco (O if xaco(@®) =0
X4c0 (1) = {0 if xac0 () <0 (19)

5.3 Proposed IMIDD ADO-OFDM System Model

Fig. 4 shows the block diagram of the ADO-OFDM system with channel coding, which is
proposed as a technique for performance enhancement. It is shown that the proposed ADO-
OFDM transmitter is the same as the proposed ACO and DCO OFDM transmitter before
applying the IFFT block. After that, the signal is split into two paths. The upper path generates
the ACO-OFDM signal, and the lower path generates the DCO-OFDM signal.

ACO-
OFDM

Clipping

Hermitian

Channel S/P C——
Encoder & ) & Zero
8 Mapping Insertion
—
/P
Data ADO-OFDM Transmitter

| ADO-OFDM Receiver

CP
FFT Removal
& S/P

ACO-
OFDM
Clipping
noise
Estimation

Channel
Decoder

De-mapping o/P
&P/S Data
Figure 4: The proposed ADO-OFDM system with channel coding

The generated ACO-OFDM signal is defined as follows:

1
Xqco(t) = 5 Xodd +ne.4c0 (20)

where x,4s 18 the odd components of the signal and n.4co 1s the clipping noise in the ACO-
OFDM. The generated DCO-OFDM signal is represented by,

Xpco(t) = Xeyen +ne,pco + B/DC (21)
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where Xy, 1s the even components of the signal, n. pco 1s the clipping noise in the DCO-OFDM
and Bbc is the DC bias component. x4co(?) and xpco(?) are added together, serialized, and a
CP is appended to it and digital-to-analog conversion is performed, resulting in x4po(?).

X4po(t) = x4co(t) +xpco(t) (22)

The proposed ADO-OFDM is the same as the ADO-OFDM except for the decoding pro-
cess. At the end of the proposed ADO-OFDM receiver, the received ADO-OFDM signal is
demodulated and decoded.

5.4 Proposed IMIDD Flip-OFDM System Model

Fig. 5 shows the block diagram of the proposed Flip-OFDM with channel coding. Firstly,
the input binary signal is encoded by adding extra bits to it. Then, the encoded signal is mapped
to complex numbers using different digital modulation techniques such as BPSK, QPSK, 4-QAM,
16-QAM, 64-QAM, or 256-QAM. After that, the system is the same as the Flip-OFDM except
for the equalization process and the encoding process that is applied at the end of the receiver.
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A ng . Frame &
ibon Multiplexing (E/O)
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Channel

P/S
+
Polarity
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S/P
&
Mapping
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Symmetry

Channel
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Flip-OFDM Transmitter

Inverter
+
CP Addition

—

De-mapping Time De- PD
& multiplexing (O/E)
& &
CP Removal A/D
Polarity
Invertor —_—
Channel o/P AWGN
Decoder Data Noise
Flip-OFDM Receiver —
Figure 5: The proposed Flip-OFDM with channel coding
The matrix of the MMSE equalizer is given by:
Gumse = H" (0% Lyar + HH)™! (23)

where H is the Hermitian of the channel matrix, o2 is the noise variance of the channel, and
Iy 1s the identity matrix with a size equal to the number of transmitting LEDs. Finally, the
estimated 5(n) signal is de-mapped and decoded to get the original transmitted signal.
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6 Simulation Results

The performance analysis of the communication system has been estimated by finding the
relation between BER and SNR. The BER has been computed by finding the ratio between the
number of bit errors (Nggrr) and the total number of transmitted bits (N7g) as:

BER = NErr/Nrs (24)

The number of bit errors is obtained by comparing the received bit sequence with the
transmitted bit sequence.

6.1 Simulation Results for the Proposed DCO-OFDM
e AWGN Channel

The BER performance of DCO-OFDM is studied at two different values of DC biasing; 7
and 13 dB. Four cases of QAM constellation mapping are used: 4, 16, 64, and 256 QAM. The
simulation parameters are 600 OFDM symbols and 1024 subcarriers in each OFDM symbol and
a CP length of 24. The simulation results are shown in Figs. 6 and 7. For 7 dB biased DCO-
OFDM in Fig. 6, it is noted that the BER performance decreases gradually with the increase of
the constellation size. In cases of using 4 and 16 QAM, the system gives a better performance,
but that performance decreases significantly in 64 and 256 QAM cases due to the clipping noise.
The clipping noise can be reduced by increasing the DC bias to 13 dB, as shown in Fig. 7. BER
performance for 4 and 16 QAM is still better with higher electrical power. However, the BER
performance for high constellation sizes of 64 and 256 QAM is improved significantly.

Fig. 8 shows that with increasing DC bias level, the remaining negative part of the signal
decreases, which leads to a decrease in the clipping noise. The signal does not need any clipping
for higher biased (13 dB) DCO-OFDM because there are no remaining negative parts after adding
the DC bias. It is known that channel coding can be used to improve the performance of the
communication system. Therefore, convolutional coding is used as a method of channel coding to
improve the performance of DCO-OFDM. This simulation experiment uses convolutional coding
with code rates (1/3, 1/2, and 2/3).

—%7— 4 QAM DCO-OFDM
[ |[—B— 16 QAM DCO-OFDM
—4— 64 QAM DCO-OFDM
—#— 256 QAM DCO-OFDM

1 L A1
0 5 10 15 20 25 30 35 40 45
Eb/No (dB)

Figure 6: The BER performance for 7 dB biased DCO-OFDM over AWGN channel for 4, 16, 64,
and 256 QAM constellations
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—%7— 4 QAM DCO-OFDM
—B— 16 QAM DCO-OFDM
—E&— 64 QAM DCO-OFDM
—3¢— 256 QAM DCO-OFDM
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Figure 7: The BER performance for 13 dB biased DCO-OFDM over AWGN channel for 4, 16,
64, and 256 QAM constellations
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Figure 8: The Time domain waveforms of DCO-OFDM signal after adding different DC biases:
(a) 0dB, (b) 5dB, (¢) 7dB, and (d) 13dB

In Fig. 9, un-coded DCO-OFDM is compared to convolutional coded DCO-OFDM with
code rates (1/3, 1/2, and 2/3). It is noted that convolutional codes improve the BER performance
of the DCO-OFDM system. For example, at a BER= 10%4, convolutional codes with code



CMC, 2022, vol.71, no.2 3305

rates 1/2 and 2/3 enhance the performance by approximately 5dB. Also, a 7 dB performance
enhancement is obtained in the case of the code with a rate of 1/3 at BER = 10~%.

—&— Uncoded DCO-OFDM

; —&— Conv. (1/2) DCO-OFDM
107" ¢ = —p— Conv. (1/3) DCO-OFDM | }
§~ |—*—Conv. (2/3) DCO-OFDM | :
1072 ¢
o :
L
o
103 ¢
107 £
0 5 10 15 20 25

Eb/No (dB)

Figure 9: The performance enhancement of 7 dB biased DCO-OFDM (4QAM) over AWGN
channel using convolutional code with the rate (1/3, 1/2, and 2/3)

In the case of using low-bias DCO-OFDM, the clipping noise dominates for larger con-
stellation sizes by increasing the BER, which leads to degradation in the system performance.
Convolutional codes are used to eliminate clipping noise. Therefore, the BER performance
enhancement is achieved. In Fig. 10, a 7 dB bias is used in DCO-OFDM for 16 and 64 QAM
constellation sizes. It is clear that the BER decreases significantly at the same Ep/Ny in the case of
using convolutional codes. For example, at E,/Ng = 25 dB, un-coded DCO-OFDM for 64 QAM
gives a BER = (.13, and convolutional coded DCO-OFDM for 64 QAM gives a BER = (0.0001.

10°

Uncoded DCO-OFDM (16 QAM)
—p— Conv. (1/2) DCO-OFDM (16 QAM)
107 | |—@— Conv. (2/3) DCO-OFDM (16 QAM)
f |~ = ~Uncoded DCO-OFDM (64 QAM)

[ |~ = ~Conv. (1/3) DCO-OFDM (64 QAM)
r|= w = Conv. (2/3) DCO-OFDM (84 QAM)
1 1 1 1
0 5 10 15 20 25 30 35 40

Eb/No (dB)

Figure 10: The performance enhancement of 7 dB biased DCO-OFDM for 16 QAM and 64 QAM
constellations over AWGN channel using convolutional coding
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e Log-Normal Turbulence Channel

The performance of the OWC system is sensitive to atmospheric turbulence. The DCO-
OFDM IM/DD system is affected by weak atmospheric turbulence when used in free space, as
shown in Figs. 11 and 12. From the results shown, it is deduced that the weak turbulence fading
limits the BER performance of the DCO-OFDM system. As the turbulence strength increases,
the BER performance decreases.
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1072 &
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1073 3 dB DCO-OFDM
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—-m-= o2 = 0.01 1
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10 —e— o7=01 .4
—p— olz =03
10-5 Il 1 L 1
0 5 10 15 20 25
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Figure 11: The effect of weak atmospheric turbulence on BER performance of DCO-OFDM
system (DC bias =3 dB, 4 QAM constellation) at different values of fading strength 012 = (0, 0.01,
0.1 and 0.3)
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Figure 12: The effect of weak atmospheric turbulence on DCO-OFDM (DC bias = 7 dB, BPSK
modulation) at fading strengths (712 = ([0, 0.001, 0.01 and 0.1)
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The effect of weak atmospheric turbulence can be mitigated by using error-correcting codes.
The Hamming (7, 4) code can be used for improving the performance of the DCO-OFDM system
over the log-normal turbulence channel model. The results of these simulation experiments are
shown in Fig. 13. It is clear from this figure that Hamming code gives a high BER performance
at o =0.01, and 0.001.

10° £ T T T T T T T

107 f

F[ 7dB DCO-OFDM (BPSK)
| Uncoded a?=0

ém-zz Hamming coded o%=0

F |- # ~Uncoded o7=0001

[ |——Hamming coded 57=0.001
18 k|8~ Uncoded a2=001

F |—— Hamming coded 57=0.01
[ {—s—Uncoded a2=0.1

[|~-=-- Hamming codsd o?=0.1

0 5 10 15 20 25 30 35 40
Eb/No (dB)

Figure 13: The Performance enhancement using hamming (7, 4) code for 7dB DCO-OFDM
(BPSK modulation) system with log-normal turbulence channel model at 012 = (0, 0.01, 0.01 and
0.1)

6.2 Simulation Results for the Proposed ACO-OFDM
e AWGN Channel

The BER performance of the ACO-OFDM is studied over the AWGN channel for QAM
constellation sizes: 4, 16, 32, 64, 256, and 1024. Convolutional codes with rates 1/2 and 1/3 are
used for performance enhancement. The BER performance of the ACO-OFDM is investigated
over the AWGN channel with varying QAM constellation sizes, as shown in Fig. 14. It decreases
gradually with the increase in constellation size. So that, a 4 QAM gives better BER performance
for ACO-OFDM systems.

The improvement of BER performance of 4 QAM ACO-OFDM over AWGN channel using
convolutional codes with rates 1/2 and 1/3 is demonstrated in Fig. 15. At BER =1073, it is seen
that convolutional codes with rates 1/2 and 1/3 give better performance by approximately 4.5 and
6 dB, respectively.

6.3 Simulation Results for the Proposed ADO-OFDM
e Log-Normal Turbulence Channel Model

This section studies the BER performance of the ADO-OFDM with BPSK modulation over
log-normal turbulence channels. The effect of very weak atmospheric turbulence on the ADO-
OFDM system is illustrated in Fig. 16. It is seen that very weak atmospheric turbulence has a
great impact on ADO-OFDM performance. For example, if the fading strength increases from 0
to 0.01, the electrical power must increase by 10 dB to get a BER =104,
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Figure 14: The BER performance of ACO-OFDM for 4, 16, 32, 64, 128, 256, and 1024 QAM
constellation sizes
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Figure 15: Convolutional codes rates 1/2 and 1/3 for BER performance enhancement of ACO-
OFDM with 4 QAM constellation size

Figs. 17-19 present comparisons between un-coded and coded ADO-OFDM in the presence
of weak atmospheric turbulence with 0.01 and 0.001 fading strength. It is noted that Hamming

codes and BCH codes give performance enhancement at fading strength o;” = 0.001. Convolutional

codes enhance the performance in cases of fading strength o;” =0.01, and 0.001. At BER = 1073,
Fig. 17 shows that Hamming codes improve the performance by approximately 3 dB.
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Figure 16: The effect of weak atmospheric turbulence on ADO-OFDM (BPSK modulation, DC
bias =7 dB) at fading strengths 012 = (0, 0.001, 0.01, and 0.1)
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Figure 17: The performance enhancement using hamming codes for coded ADO-OFDM over
weak atmospheric turbulence with fading strength (0" =0.001)

6.4 Simulation Results for the Proposed Flip-OFDM
e AWGN Channel

This section shows Matlab simulation results for Flip-OFDM. First, the BER performance of
Flip-OFDM is studied over the AWGN channel with different modulation types: BPSK, QPSK,
and QAM, as shown in Fig. 20. Next, ACO-OFDM and Flip-OFDM with different levels of
QAM mapping are compared over the AWGN channel in Fig. 21. It is shown that both techniques
have the same BER performance. Convolutional codes with code rates of 1/3, 1/2, and 2/3 and
BCH (15, 5) codes are used to improve Flip-OFDM performance. Fig. 22 shows a performance
comparison between un-coded Flip-OFDM and convolutional coded Flip-OFDM over the AWGN
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channel. It is clear that the proposed Flip-OFDM system with convolutional coding performs
better than the un-coded Flip-OFDM system. For example, at BER = 1073, the proposed Flip-
OFDM with convolutional code with rate 1/2 provides improvement by approximately 3.5 dB.

1

10
~4-BCH(31,11) coded ADO-OFDM (code rate 1/3)
BCH(15,5) coded ADO-OFDM (code rate 13)
P N ~8-BCH(7,4) coded ADO-OFDM (code rate 1/2)
0= -6~ BCH(15,1) coded ADO-OFDM (code rate 213)
=¥-Uncoded ADO-OFDM
- ; ~
1 N\ Y——
w10 ~ <
\
N\ N\
10° \ \\ P
5
1
0 8 9 10 11 13 14 15 16 17 18
Eb/No (dB)

Figure 18: The performance enhancement using BCH codes for ADO-OFDM over log-normal
turbulence fading channel at fading strength o;” =0.001
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Figure 19: The Performance enhancement using convolutional code with rate 2/3 for coded ADO-
OFDM over log-normal turbulence channel at 012 =0.001, and 0.01

The BER performance of un-coded Flip-OFDM and the proposed Flip-OFDM with BCH
coding for 4, and 16 QAM over AWGN channel are shown in Fig. 23. It is clear from the results
that BCH coded Flip-OFDM provides a performance enhancement over the un-coded system. For
example, at BER =103, the proposed Flip-OFDM with BCH coding enhances 5 dB for 4 and 16
QAM.



CMC, 2022, vol.71, no.2

3311

Flip-OFDM | ]
~%-BPSK |1
- % -QPSK
—>—40QAM
~6—16QAM |1
- % -64QAM
~o-2560AM

& o2
w102

10
0

15 20
Eb/No

30
Figure 20: The BER performance of un-coded flip-OFDM over AWGN
types of modulation (BPSK, QPSK, and M-QAM)
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Figure 21: The BER performance comparison of ACO-OFDM and Flip-OFDM over AWGN
channel for different sizes of QAM constellations
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Figure 22: The BER performance enhancement using convolutional coding with rates 1/3, 1/2, and
2/3 for Flip-OFDM with 16 QAM constellation sizes over AWGN channel
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Figure 23: The BCH (15, 5) code for BER performance enhancement of flip-OFDM for 4 and 16
QAM over the AWGN channel
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e Ceiling Bounce Channel Model

Fig. 24 shows the BER performance of the un-coded Flip-OFDM at different levels of QAM
mapping over ceiling bounce channel model using two types of frequency-domain equalizers, LS
and MMSE. The results show that the MMSE equalizer outperforms the LS equalizer at all levels
of QAM. For example, at BER =103, the MMSE equalizer outperforms the LS equalizer by
nearly 9 dB for 64 QAM Flip-OFDM.
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Figure 24: The BER performance of un-coded flip-OFDM system over ceiling bounce channel
model (ceiling height 4. = 3.5 m) using LS, and MMSE techniques
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Figure 25: The BER performance of the proposed flip-OFDM system with convolutional coding
(code rate =1/2) using LS and MMSE equalizers

Fig. 25 shows the BER performance of the proposed Flip-OFDM with convolutional coding
over the ceiling bounce channel model using two types of channel estimation algorithms (LS and
MMSE). From the results, it is seen that the MMSE equalizer outperforms the LS equalizer. For



3314 CMC, 2022, vol.71, no.2

example, at BER =103, the MMSE equalizer outperforms the LS equalizer by 8 dB for 64 QAM
Flip-OFDM.

Fig. 26 demonstrates the BER performance of un-coded Flip-OFDM and the proposed Flip-
OFDM with convolutional coding for codes with rates 1/3, 1/2, and 2/3 using MMSE equalizer.
Results show that convolutional coding with rates 1/3, 1/2, and 2/3 provides an enhancement by
nearly 8, 6.5, and 5dB at BER = 1073, respectively.
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Figure 26: The BER performance comparison of un-coded flip-OFDM and proposed Flip-OFDM
with convolutional coding over ceiling bounce channel model using MMSE equalizer
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Figure 27: The effect of weak atmospheric turbulence with fading strengths 012 = [0, 0.1, 0.3, and
0.5] on BER performance of Flip-OFDM



CMC, 2022, vol.71, no.2 3315

100 T T T T T

—9—Uncoded (¢7=0)

- & ~Hamming(7,4) coded (¢7=0)

—%—Uncoded (¢=0.1)

- % -Hamming(7,4) coded (a|2=0.1)

—%—Uncoded (¢7=0.3)

|- ¥ ~Hamming(7 4) coded (+7=0.3)

——Uncoded (¢7=0.5)
(

—-%-~Hamming(7,4) coded ((7|2=0.5)

10-4 1 L é Al 1

0 2 4 6 8 10 12
Eb/No

Figure 28: Hamming (7, 4) code for performance enhancement of flip-OFDM with the effect of
weak atmospheric turbulence with fading strengths 012 = [0, 0.1, 0.3, and 0.5]
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Figure 29: The BER performance enhancement for flip-OFDM with (BPSK, QPSK, 4QAM) mod-
ulation type with weak atmospheric turbulence at o;” = 0.1, using convolutional code (code rate =
1/2, constraint length = 3)

e Log-Normal Turbulence Channel Model

Fig. 27 presents the effect of weak atmospheric turbulence with different fading strengths
012 on BER performance of Flip-OFDM. Fig. 28 introduces the performance enhancement of
Flip-OFDM with Hamming (7, 4) code and the effect of weak atmospheric turbulence with
different fading strengths. Fig. 29 shows the BER performance enhancement for Flip-OFDM with
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(BPSK, QPSK, 4QAM) modulation type with weak atmospheric turbulence at 012=0.1, using
convolutional code with a code rate =1/2, and a constraint length =3. Fig. 30 compares un-coded
and proposed Flip-OFDM with BCH coding in the weak atmospheric turbulence fading channel
at fading strengths (0, 0.1, 0.3, and 0.5).
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Figure 30: The BCH (15, 5) code for performance enhancement of flip-OFDM in the presence of
weak atmospheric turbulence at fading strengths 012 = [0, 0.1, 0.3, and 0.5]

7 Conclusions and Future Work

This paper studied the performance of OWC IM/DD systems based on four forms of unipolar
OFDM with different communication channel models. The objective of the work presented in
the thesis is to enhance the performance of these systems using different techniques. This study
was divided into three parts. Firstly, the BER performance of the DCO-OFDM, ACO-OFDM,
ADO-OFDM, and Flip-OFDM IM/DD system was studied over the AWGN channel. Hamming,
BCH, and convolutional codes have been used for performance enhancement. The coded systems
were compared with the un-coded systems, and the performance enhancement with coding was
elaborated. Secondly, the BER performance of the IM/DD OFDM system was studied over the
ceiling bounce channel model. Two channel estimation and equalization algorithms have been
considered and compared: the LS algorithm and the MMSE algorithm. The simulation results
show that the MMSE algorithm gives better BER performance than the LS algorithm. Then,
convolutional code was utilized for BER performance enhancement. Finally, the effect of weak
atmospheric turbulence was studied on IM/DD OFDM system by studying the BER performance
of the system over the log-normal turbulence channel model. The obtained results show that the
weak atmospheric turbulence gradually decreases the BER performance of the IM/DD OFDM
system with an increase in fading strength. Also, Hamming, BCH, and convolutional codes were
utilized to mitigate the effect of very weak atmospheric turbulence. For future work, the suggested
signal processing tools could be employed in advanced 5G communication networks with different
types of modulation techniques.
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