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Abstract

In spite of its spectral efficiency problem, asymmetrically
clipped optical orthogonal frequency division multiplexing
(ACO-OFDM) is one of widely accepted transmission scheme
for intensity modulation/direct detection (IM/DD) based
optical wireless communications. In this paper, we analyze the
potential of rate adaptive based ACO-OFDM scheme to
enhance spectral efficiency of indoor optical wireless
communication. Frequency selective based bit loading
strategy is used to transmit variable number of bits on
different sub carriers having different channel gains. The
result of our evaluations confirms that rate adaptive ACO-
OFDM offers better spectral efficiency compared to fixed
modulation formats on all sub carriers.

Keywords: rate adaption; ACO-OFDM; IM/DD; optical
wireless communications; diffiused optical channel

INTRODUCTION

The booming of different multimedia applications from time to
time increases the demand of wireless communication more
than ever. According to Cisco global mobile data traffic
forecast [1]; overall mobile data traffic is forecasted to be
around 49 exabytes per month by the year 2021. The
communication based on radio frequency (RF) spectrum is not
able to accommodate this huge wireless data traffic alone.
Therefore, optical wireless communication (OWC) which uses
the visible and non-visible optical domain is becoming a
promising complement of RF communication [2-4]. The
benefit of having huge unregulated bandwidth in optical
domain, its dual purpose (communication and lighting) at the
same time, and its excellent security features makes OWC best
solution for tackling the RF spectrum crunch.

Due to its excellent feature of combating inter symbol
interference (ISI1), orthogonal frequency division multiplexing
(OFDM) is accepted being the best transmission scheme in
high speed OWC [5, 6]. OWC uses light emitting diode (LED)
in its front end and photo detector (PD) at the receiver side. In
IM/DD system, the input signal for the LED required to be real

and positive unipolar [7-10]. Therefore, the conventional
complex bi-polar time domain OFDM signal should be
manipulated accordingly to fulfill the requirement of IM/DD
system. Asymmetrically clipped optical OFDM (ACO-OFDM)
and direct current biased optical OFDM (DCO-OFDM) are the
most acceptable real unipolar OFDM schemes proposed for
OWC [9-11]. ACO-OFDM scheme is confirmed to be energy
efficient scheme even if it has drawbacks in offering attractive
spectral efficiency [9, 11].

Multipath fading is known for its big challenge in high speed
wireless communication. Optical wireless channel in indoor
OWC is characterized with frequency selective channel
dynamics due to the availability of multipath fading and
dispersion. The multipath channel effects on different
subcarriers are different in magnitude during multicarrier
communication such as ACO-OFDM based OWC. Subcarrier
based rate adaptive optical OFDM modulation is a promised
solution to enhance the performance of indoor OWC in
diffused optical wireless channel environment. Therefore, this
paper is dedicated to investigate the potential of adaptive
ACO-OFDM to enhance the spectral efficiency of indoor
OWC in multipath channel environment. In this paper, it is
assumed that the channel information state is completely
known by the transmitter and the receiver. The bit loading is
done based on the current state of the channel gain of sub
carriers.

SYSTEM MODELS
A. ACO-OFDM

In ACO-OFDM, only odd sub carriers are used for carrying
information while even indexed subcarriers are left empty.
Among the odd sub carriers, the second half of the odd indexed
sub carriers are used to impose Hermitian symmetry to obtain
real time domain OFDM signal. Let X, is the frequency

domain QAM symbol loaded on the k" sub carrier, the total
transmitted symbols using ACO-OFDM scheme having
N total sub carriers are as follows:
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Let x, is the output time domain signal after IFFT operation is
performed on the loaded QAM symbols, x, and X, can be
related by unitary IFFT/FFT as follows [ 12,13]:

X ¥V ,0sn<N-1 (2)

0<k<N-1 ®)

The output time domain OFDM signal x,, is real and bi-polar.
Therefore, clipping of negative samples to zero is performed to
obtain positive unipolar signal. The clipped signal x; can be
written as:

xcz{O,foranO @)

" lx,, forx, >0

Then after adding cyclic prefix based on the channel length
and converting the discrete signal in to analog, the transmitted
signal x(¢) is given as input to the LED. Assuming a unity
conversion factor from electrical to optical and vice versa, the
time domain signal y(¢) received at the receiver is given by

[13,14]:
y(t) = x(2) * h(t) +z(2) ®)

Where A(r)and z(¢) are the optical channel impulse response

and the additive white Gaussian noise with power spectral
density of N_ respectively. The channel configuration

o
assumed on this paper is pure diffuse optical channel and Cell
bouncing model [7, 15-16] is used to characterize the channel

impulse response (CIR). Therefore A(z) is given by:

6a®

(t+a)

h(1) = H(0) u(?) (6)

Where a =12 }—%D,,ms and u(¢) is unit step function.

The received symbol ¥, at k" sub carrier can be written as:

Y, :%Hka +Z, ()

B. Adaptive ACO-OFDM

The block diagram of system model of adaptive ACO-OFDM
is presented on Fig. 1. Since the channel state information is
known by the transmitter and the receiver, it is possible to
calculate the amount of the SNR to be achieved at each
subcarrier for the current channel condition.

i Clipping
3 QAM Subcarrier DAC
Data bits modulation 3 mapping IFFT & k

Transmitter

information channel

o Subcarrier CP removal
. ADC P
demduation [ denapping m

Receiver

Figure 1: Block diagram of adaptive ACO-OFDM.

Let E, is the bit energy allocated for each transmitted bit at

any sub carrier, the received signal electrical SNR ;/,fcaof

ACO-OFDM scheme in terms of bit energy can be given by:

2
ico | H P E,

k 2N, ®)

In equation (8) H, is the channel gain of the k™ subcarrier

whereas N, is the AWGN noise spectral density. The factor

% is accounted for the loss of signal power due to clipping of

negative samples. During rate adaption, target BER is set to
avoid outage of the system. On this work, the target BER is
set to be 1073, It is possible to calculate the SNR required by

M-QAM modulation to achieve the target BER from the BER
formula of M-QAM modulation given by [17]:

7
4 1 3 , 3log, M y
BER = i@ W);Q((Zl—l) “ary ) ©

Where y is the electrical SNR in terms of bit energy required

to achieve the target BER of 10~ for M-QAM modulation. In

this paper, five different M-QAM modulations are considered

for rate adaption. Those modulation formats are represented by
M, — QOAM as:

0, fori=0

M, ={ . (10)

2"l 1<i<4

Therefore, the available modulation formats for rate adaption
become 0-QAM (no transmission), 4-QAM, 8-QAM, 16-
QAM, and 32-QAM. The SNR values y,5,,73,7,are the

required SNR to achieve the target BER with 4-QAM, 8-
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QAM, 16-QAM, and 32-QAM schemes respectively. The
required SNR for the given M-QAM modulation are calculated
from equation (9) and given on table 1.

Table 1: Required SNR in dB to achieve the target BER

7o (no transmission) n 72 73 74

<6.79 6.79 9.63 10.48 | 13.61

Since higher level modulations are not energy efficient, as
shown on table-1:

N<r2<r3<7s (12)

Then for each k" sub carrier, the calculated SNR 7;*““ based
on the current channel condition is compared with 7, 75,73, 74
For certain Mi|l_¢O to be chosen for adaption, the condition

7, <7 <y, should be fulfilled. If ;' is less than the

required SNR for 4-QAM (), then no information is

transmitted in that particular sub carrier. The rate adaption is
done by the following algorithm-1 using mat lab:

Algorithm-1

M=[0481632] 51evel
rate adaption

of OAM MODULATION for

vi=ln o r3vl% required SNR for target BER
for those QAM mods

70 =1 C O O y{C1 5 achieved SNR on
2

subcarriers using CIS
for i=1: length(y]:lco)

snr_subc = y,f co @

A=y;(y; 2 snr_subc)
B =length(y;) —length(A)
D=M(B+1)

Mi(@)=D % chosen level of QAM on

sub carrier

end

Based on the chosen M, on each information carrying odd
sub carriers, different A/, -QAM symbols are loaded to those
sub carriers.

SPECTRAL EFIICENCY OF ADAPTIVE ACO-OFDM

Based on the obtained A/, for each sub carriers, it is possible

to find the number of subcarriers N, on which the

info
information signal is transmitted, hence, N, is the number
of sub carriers having M, >0 after level of modulations are
chosen for rate adaption at each odd sub carrier. The spectral
efficiency Sejry, offered by the rate adaptive ACO-OFDM
can be calculated as:

ADP 1
Seyco =—"7"

.....

Where N, is the length of the cyclic prefix used in the
system.

SIMULATION RESULT AND DESCUSSIONS

The spectral efficiency of adaptive ACO-OFDM is simulated
and the results are compared with the performance of fixed
modulation schemes. For fixed modulation schemes, sub
carriers which are not god enough to achieve the target BER
with that particular fixed modulation are loaded with zero
QAM with no information transmission. The following
simulation parameters listed on table 2 are used during
simulations.

Table 2: Simulation parameters

Number of subcarriers (N) 2048
Cyclic prefix (CP) 32
100 MHz

Sampling frequency ( 7, )

Channel delay spread (D, ) | 10 ns

Modulations 4,8,16,32-QAM
Target BER 1073

The samples of channel impulse response are generated by
using celling bounce model with consideration of no blocking
object between transmitter and receiver. The result of discrete
time simulation of the channel impulse response is presented
on Fig. 2. The simulation result on Fig.2 confirms that 32
samples length CP is enough since the magnitude of the
channel is almost negligible beyond the 8" sample. Fig.3
shows the frequency domain simulation of the channel for
D, of 10 ns. The optical wireless channel has low pass
nature and the sub carriers near to zero frequency are in good
conditions.

On Fig. 4, the BER performance of adaptive ACO-OFDM with

a target BER of 1072 is presented for different magnitudes of
electrical SNR in terms of bit energy. The simulation results
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show that the target BER (107%) is achieved and no outage of
system can happen.
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Figure 2: Channel impulse response in time domain

k isubcarrier index)

Figure 3: Channel impulse response in frequency domain

Figure 4: BER performance of adaptive ACO-OFDM for
target BER of 1073,

The comparisons of adaptive M-QAM-ACO-OFDM with
fixed modulation formats in terms of spectral efficiency is
presented on Fig. 5.
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Figure 5: Spectral efficiencies of adaptive ACO-OFDM and
fixed modulation schemes for target BER of 1072,

The simulation results presented on Fig. 5 confirmed that the
rate adaptive ACO-OFDM can offer better spectral efficiencies
compared to those fixed modulation schemes (4,8,16,32-
QAMsS). For electrical E, /N, of 25 dB, the rate adaptive

ACO-OFDM offers a spectral efficiency of around 1 b/s/Hz
while 8-QAM and 16-QAM fixed modulation formats offer a
spectral efficiency of around 0.75 b/s/Hz. Moreover, 4-QAM
and 32-QAM modulations offer a spectral efficiency of 0.5
b/s/Hz for the same amount of SNR (25 dB). The 32 -QAM

offers less spectral efficiency because the achieved SNR

y,fco at many sub carriers are not enough to achieve the target

BER. Therefore, many sub carriers are left empty without data
transmission. The bit allocation on sub carriers for adaptive
ACO-OFDM is depending on the magnitude of the channel
gain at sub carriers. Fig. 6, Fig. 7, and Fig. 8 show the bit
allocations on sub carriers for adaptive ACO-OFDM, 16-
QAM, and 32-QAM fixed schemes respectively with E, /N,

of 25 dB.

Transmitted bits

Sub carrier index

Figure 6: Adaptive ACO-OFDM sub carriers’ bits allocation
for E,/N, of 25 dB.
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Figure 7: 16-QAM based ACO-OFDM sub carriers’ bits
allocation for E, /N, of 25 dB.

As shown on Fig. 6 the bit allocation for adaptive ACO-
OFDM is; the odd indexed sub carriers ranging from 1% to
427" sub carrier are loaded with 5 bits, 429" to 791" are
loaded with 4 bits, and 793" to 1023™ are loaded with 3 bits.
Since the channel has low pass nature as presented on Fig. 3,
higher indexed sub carriers are loaded with fewer bits since
they are more affected by multipath fading. For 16-QAM
based fixed modulation ACO-OFDM, odd subcarriers ranging
from 1-791 are loaded with 4 bits while odd subcarriers from
index 793-1023 are loaded with zero bits as shown on Fig. 7.
The sub carriers from index 793-1023 are significantly
affected by the channel and it is not possible to achieve the
target BER if they are loaded with 4 bits.

Transmitted bits

200 400 600 800 1000 1200

Sub carrier index
Figure 8: 32-QAM based ACO-OFDM sub carriers’ bits
allocation for E, /N, of 25 dB.

Similarly, only odd subcarriers ranging from index 1-427 are
loaded with 5 bits for fixed modulation based ACO-OFDM
with 32-QAM scheme as presented on Fig. 8. No transmission
is done on sub carriers beyond 427" sub carrier since their

condition is too worse to achieve the target BER for the given
E,/N, (25 dB). For 32-QAM based non adaptive system,

most of the odd subcarriers are left empty; hence, the achieved
spectral efficiency is lower for E, /N, of 25 dB.

CONCLUSIONS

On this paper, the potential of rate adaptive ACO-OFDM on
multipath channel to enhance spectral efficiency of optical
wireless communication is evaluated. Compared to fixed
modulation format based ACO-OFDM, rate adaptive ACO-
OFDM has shown better spectral efficiency performance for
optical wireless communication over multipath channels.
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