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/ Abstract: A PE-ACO-OFDM (Position-Encoded Asymmetrically Clipped Optical Orthogonal Frequency
Division Multiplexing) signaling scheme for intensity modulation and direct detection is introduced in this
paper, where the anti-asymmetry characteristics of ACO-OFDM are exploited to improve the rate of data
transmission. This is achieved by reducing the symbol duration of the ACO-OFDM signal, where only the
first half of ACO-OFDM is used to transmit the ACO-OFDM data symbol after inverting its negative samples
to positive ones. In addition, encoded ACO-OFDM samples are combined with every ACO-OFDM symbol
to allow the receiver to identify the position of the inverted samples. Simulation results are introduced, and
it is shown that the data rates of PE-ACO-OFDM improve by 33% compared with ACO-OFDM, when a
256-quadrature amplitude modulation scheme is considered as the encoded constellation order. It is also
shown that the signal to noise ratio of the proposed PE-ACO-OFDM is higher by almost 1 dB compared
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1 Introduction

VLC (Visible Light Communications) is a unique
wireless technology that combines illumination, data
transmission, and localization (i.e., deployed mostly
indoors). Owing to its utilization of white LEDs
(Light Emitting Diodes), VLC has been considered
a suitable candidate for future generation commu-

nication networks, offering energy efficient service,
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unregulated frequency spectrum, and a potentially
low-cost solution!""2l. However, standard LEDs, in
particular white phosphor-based LEDs, have a low
modulation bandwidth, typically in the range of a
few MHz, which is considered as a limiting factor
for the communication networks’ modulation band-
width. Several approaches have been proposed to
tackle this LED bandwidth limitation, and to in-

crease the transmission speed; one of them is blue
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filtering, in which the slow yellowish component is
filtered out, thus increasing the 3 dB bandwidth by
up to tens of MHz[>*. However, blue filtering causes
a reduction in the signal power, which results in a
much lower SNR (Signal-to-Noise-Ratio)[®). Alter-
natively, pre- and post-equalization schemes both in
analoguel®7 and digitall®? domains have been used
to increase data rates Rg.

In recent years, utilization of spectrally efficient
modulation formats such as OFDM (Orthogonal Fre-
quency Division Multiplexing) has been the focus of
increasing attention of researchers, to combat the
bandwidth limitations of VLC systems['?!.

The main advantage of OFDM is the fact that it
offers an effective solution for reducing the ISI (Inter-
Symbol Interference) in band-limited systems. Since
data transmission occurs in parallel, the symbol pe-
riod takes a much longer time than in serial data
communications with the same Ry. As such, ISI af-
fects at most one symbol, which simplifies the equal-

(1] Furthermore, the low frequency

ization process
noise caused by the DC wandering and flickering in-
terference owing to florescent lights was mitigated by
not modulating the first OFDM subcarrier['?]. Fi-
nally, OFDM can compensate for the performance
degradation at frequencies beyond the 3 dB mod-
ulation bandwidth by exploiting its bit- and power-
loading featurel'3]. As such, OFDM is a robust mod-
ulation scheme that can support high R; in VLC
systems. For example, a 3 Gb/s VLC system was
reported in Ref. [14]. Other VLC systems offering
Gb/s data rates using OFDM were also reported
in Refs. [15-17]. In IM/DD (Intensity Modulation
and Direct Detection) based VLCs, the requirement
for the light intensity to be positive and real im-
plies that complex and bipolar signal formats such
as the traditional OFDM cannot be used. Thus,
DCO-OFDM (DC-biased Optical OFDM) and ACO-
OFDM (Asymmetrically Clipped Optical OFDM)
were proposed for IM/DD VLC systems'8:191 Both
schemes are constrained to have HS (Hermitian Sym-
metry) in order to provide real-time domain signals
at the cost of 50% of the electrical bandwidth!2%,
In DCO-OFDM, to ensure obtaining an all-

positive OFDM signal, a DC bias is added to the sig-
nal prior to clipping the negative residual signals[QO].
However, the application of a large DC bias necessi-
tates the use of a much higher mean optical power.
In addition, clipping the negative residual signals
also results in clipping the noise signal. In contrast,
in ACO-OFDM, only the odd subcarriers are modu-
lated to ensure generating anti-asymmetric time do-
main signals, thus clipping the negative signals at
the zero level without leading to the loss of informa-
tion. Consequently, ACO-OFDM represents a more
efficient scheme in terms of the optical power require-
ments, compared with OOK (On-Off-Keying), and
has a low clipping noise level, whereas DC-OFDM
offers a more bandwidth-efficient solution2*.

The un-modulated even ACO-OFDM subcarri-
ers and their anti-symmetric time domain charac-
teristics were investigated in Refs. [22-24] for en-
hancing the system performance. A trade-off be-
tween ACO-OFDM and DC-OFDM was outlined in
Ref. [22] where only the odd and even subcarri-
ers were modulated in ACO-OFDM and in DCO-
In Ref. [22] both

schemes were combined and transmitted simultane-

OFDM schemes, respectively.

ously, where the interference cancelation method was
used at the Rx (Receiver) to separate them. A hy-
brid OOK and ACO-OFDM methodology was intro-
duced in Ref. [23] to increase the spectral efficiency
of ACO-OFDM. In this approach, the anti-symmetry
feature of the ACO-OFDM time domain signal was
exploited, such that the negative ACO-OFDM sig-
nals were clipped as in traditional ACO-OFDM to
modulate the ‘0’ bits in OOK. While the ‘1’ bits of
OOK were modulated by clipping the positive ACO-
OFDM time domain signals and adding a DC bias.
Furthermore, Ry of ACO-OFDM was increased by
almost 33% by reducing the time domain symbol du-
ration where only the first half of ACO-OFDM was
transmitted following inversion of negative samples
and inserting higher amplitude pilots to allow the
receiver to locate the inverted samples®?¥. However,
since OFDM has a high PAPR (Peak-to-Average
Power Ratio), where higher amplitude pilot signals

can affect the system’s performance when applied
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Figure 1 A block diagram of PE-ACO-OFDM Tx

to an LED light source with a limited linear power-
current characteristics, in the form of harmonic and
intermodulation products.

In this paper, we present a novel OFDM technique
in which the advantages of ACO-OFDM with the
anti-asymmetric time domain characteristics are ex-
ploited in order to increase Ry. This is achieved
by reducing the number of transmitted samples per
OFDM symbol where the second half of the ACO-
OFDM signal is removed and only the first half is
used to transmit the ACO-OFDM signal following
the inversion of its negative samples. However, addi-
tional encoded ACO-OFDM samples are combined
with each OFDM symbol to provide the Rx with
knowledge of the position of the inverted samples.
The results show that with the proposed PE-ACO-
OFDM, Ry increases with the increasingly encoded
constellation order.

The rest of the paper is organized as follows: sec-
tion 2 illustrates the system module of the proposed
scheme and in section 3, R4 of the proposed scheme
is shown and analyzed. The orthogonality of the
proposed PE-ACO-OFDM is mathematically shown
in section 4. Results obtained from the proposed
scheme are analyzed and evaluated in section 5. Fi-

nally, conclusions are drawn in section 6.

2 System model

2.1 PE-ACO-OFDM transmitter (Tx)

Fig. 1 shows the block diagram of the proposed PE-
ACO-OFDM Tx. Asin traditional ACO-OFDM, the

serial binary bits bi (bi € {0,1}) are converted into
parallel streams and then mapped to a complex data

vector C, given by

C =[Cy, Ci, Co,---,Cp_i], (1)

where D is the number of transmitted complex data
per OFDM symbol. In ACO-OFDM, to meet the re-
quirements of the IM/DD, C must go through odd
modulation and HS processes (Fig. 2), where the re-

sulting complex symbol is given by

X = [07 00a07 Ola()) OQ) e
O, CB_:[,O, 05_2, R

7CD—2707 CD—17
’ 02*707 Cf7 07 O(;(] (2)

odd modulation

V
symbol data conjugate data
| |

Hermitian symmetry

Figure 2 The implementation of odd modulation and HS
of ACO-OFDM

An IFFT (Inverse Fast Fourier Transform) is then
performed on X. Thus, the IFFT output sig-
nal x is an anti-symmetric real time domain signal
(Fig. 3(a)), which is suitable for IM/DD VLC sys-
,xN—1} and N =

4D is the total number of the time domain sam-

tems, where @ = {xg, 21,22, -

ples per OFDM symbol, which is also equal to the
IFFT points. As was already mentioned, this anti-
symmetric characteristic of the ACO-OFDM time
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(a) The ACO-OFDM time domain signal @, (b) the ACO-OFDM time domain signal after the anti-symmetric re-

moval process xa, (c) the encoded negative and positive samples positions be, (d) za following the negative samples inversion
process xc, (e) the encoded ACO-OFDM signal ze, and (f) the combination of ®e with ze. N = 32, M = 256 — QAM and

M, = 256 — QAM

domain signal improves the power efficiency com-
pared with DCO-OFDM. On the other hand, the
redundant anti-symmetric samples in ACO-OFDM
reduce spectral efficiency by a half, compared with
DCO-OFDM.

However, to increase the spectral efficiency of
ACO-OFDM, additional signal processing modules
are included, (Fig. 1, dotted boxes), which are

e Removal of anti-symmetric samples of x—
where the number of samples in the resulting
signal xa (Fig. 3(b)) is now N/2 (ie., xza =
{xamxal, e ,xaN/Q_l}).

e Sampling position encoder—zxa is applied to a
sampling position encoder to encode the position of
its negative and positive samples, i.e., if za; < 0,
then insert “0”, otherwise “1” , where j is the jth
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Figure 4 A block diagram of PE-ACO-OFDM Rx

ACO-OFDM sample after anti-symmetric removal
process (Fig. 3(c)). Therefore, the resulting encoded
binary bits be € {0,1} have N/2 bits.

o ACO-OFDM signal—be is then applied to the
following modules of encoded QAM-mapping, odd
modulation, HS and IFFT, in order to generate the
new ACO-OFDM signal ze (Fig. 3(e)), with 2N/L.
number of samples, where L. = lbM, and M, is the
encoded constellation order of QAM (i.e., 4, 8, 16,
32).

e Inverter—the negative samples of xa are in-
verted (Fig. 3(d)) and combined with ze (Fig. 3(f)).

Finally, as in traditional ACO-OFDM, the result-
ing combined signal xp passes through a P/S (Paral-
lel to Serial) convertor, a CP (Cyclic Prefix) inserter,
a DAC (Digital-to-Analog Convertor), a LPF (Low
Pass Filter) and zero clipping modules prior to being
biased and used for IM of the light source.

2.2 PE-ACO-OFDM Rx

Fig. 4 shows the block diagram of the PE-ACO-
OFDM Rx. Following optical detection, the re-
ceived signal is y(t) = r(t) + w,(t), where r(t) =
Rp(t) ® h(t), R is the responsivity of the photodi-
ode, p(t) is the transmitted optical signal, h(t) is
the impulse response and wy, (t) is the shot and ter-
minal noises that are modeled as an AWGN (Addi-
tive White Gaussian Noise). However, for the sake
of simplicity and without loss of generality, the im-
pulse response and the photodiode responsivity are
assumed to be ideal (i.e., R = h(t) = 1). The signal
y(t) is then passed through the LPF before being fed
to the ADC (Analog-to-Digital Conversion) unit and
CP removal modules. Next, the resulting signal yc

is fed to a separator module to separate the received
inverted data samples ya (i.e., xa with noise) from
the encoded data samples ye (i.e., xe with noise).
Subsequently, ye is fed to the encoded ACO-OFDM
demodulator in order to regenerate the encoded bi-
nary bit stream bc. The inverted negative samples
of ya are then assigned their negative values with

respect to be, with the resultant signal given as

yay, ifbcy =0,
ydy = (3)
—yay, if bey =1,

where J is the Jth sample and Jth bit of yd and be

respectively (i.e., J ={0,1,2,3,--- ,N/2 —1}).
Finally, the transmitted data bit stream is recon-

structed by applying yd to the ACO-OFDM demod-

ulator.

3 PE-ACO-OFDM data rates

Following the removal of anti-symmetric and nega-
tive inversion processes, xc¢ will have N/2 number of
samples (Fig. 3(d)). However, because of the require-
ment for additional encoding processes in this work
(Fig. 1), @c is combined with xe (Fig. 3(f)). Thus,
the total number of samples in PE-ACO-OFDM,
Npg, which are required to transmit the same ACO-
OFDM data symbol, is given by

N 2N  (4+L.)N

Npp = —
PE= ot 2L,

(4)

Tab. 1 lists the Npg required for transmitting the
same ACO-OFDM data symbol, for a range of L.
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Table 1 Required Npg for a range of L¢

Le required Npg
2 1.5 N

4 N

5 0.9 N

6 0.83 N

7 0.78 N

8 0.75 N

9 0.723 N
10 0.7 N

From Eq. (4) and Tab. 1, it can be clearly observed
that:

NPE<NfOI‘Le>4
{ (5)

NpE N for L 4

In general, for ACO-OFDM with no CP, the data

rate is given by[?%

DBL
R{ACO}d _ ~ , (6)

where B is the available bandwidth, L = 1bM, and
M is the data constellation order for OFDM. Subse-
quently, the data rates for PE-ACO-OFDM are given
by

R{PE-ACO}s _ DBL _ 2L. DBL
Npg  44+L. N
2Le  ,1ACO}.
= -_———— . 7
4+ L, R )

From Eq. (7), it can be seen that R{FF-ACO}a
increases with L.. In addition, R{PE-ACOks
R{PE-ACO}a for [, > 4.

The percentage increase in Ry as a function of L,
for the proposed scheme when compared with the
traditional ACO-OFDM is defined by Eq. (8) and
illustrated in Fig. 5.

R{PE ACO}q 2L,

Riincla —
R{PE-ACO}q4 4 + L,

%  (8)

1.6

: ! ! : ! | 1024—QAM
1.4 3 3 3 : : 512 QAM,__——

Le

Figure 5 Percentage increase in the data rate vs. L, for
PE-ACO-OFDM relative to ACO-OFDM

4 PE-ACO-OFDM orthogonality

The orthogonality of the proposed PE-ACO-OFDM
signal is mathematically established by showing how
the ACO-OFDM signal is still orthogonal after re-
moving its second half. Referring to Fig. 1, the out-
put of the IFFT is an ACO-OFDM signal which is
given by

J27‘tzk

1 V=
Tk =3 ZO (9)
where k£ = {0,1,2,3,--- ,N — 1} and ¢ = {0,1,
2,3,4,---,N—1} are the kth ACO-OFDM sample in
the time domain and the ith ACO-OFDM subcarrier
in the frequency domain. Following the removal of
the second part of ACO-OFDM, the resulting signal
is described as

wa = {zag,xar, xas, - ,xa(z_1)}, (10)

where Z = N/2. However, xa is an orthogonal sig-
nal if the integration of the products of its frequency
domain signal (XA) is zero, as given by:

Z—1

j2
Z X exp #, (11)

m=0
where n = {0,1,2,3,4,--- ,Z — 1}. Then, the in-
tegration of the products of XA can be expressed
as

ZXAn - ZZIX Zexp( J2mm>
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1 — exp (—j2mm)

—i9
m=0 1 —exp (‘]Tm)

=0, m=0,1,2,3,-,Z—1. (12)

5 Simulation results

In the simulation, k() and R were both assumed to
be ideal, both the shot and thermal noise sources
were modeled as AWGN, and there were 512 IFFT
points. Because of the HS and the odd modulation
requirements for PE-ACO-OFDM and ACO-OFDM,
only 128 subcarriers were modulated. However, ow-
ing to the same reason and because the bit load-
ing was not implemented in this simulation study,
we only considered 256-QAM (i.e., L. = 8) for
PE-ACO-OFDM. All of the key system parameters
adopted in the simulation are listed in Tab. 2.

Table 2 Simulation parameters

parameter value
LED bandwidth 4 MHz
1st order low pass filter 4 MHz
IFFT points 512
transmitted data symbol 128
data symbol length 8,9, 10
number of frames 1000000

256, 512 and 1024 QAM for
ACO-OFDM and only
256-QAM for PE-ACO-OFDM

256 QAM

modulation type and order

encoded modulation order

channel ideal and AWGN

Fig. 6 shows the BER (Bit Error Rate) as a func-
tion of the SNR over an AWGN channel for PE-
ACO-OFDM and for the traditional ACO-OFDM.
Here, only 256-QAM was considered for PE-ACO-
OFDM while 256-, 512- and 1024-QAM were con-

sidered for ACO-OFDM. The figure shows that for a
BER of 1073 (i.e., the forward error correction limit),
the SNR requirement for the proposed PE-ACO-
OFDM is 30 dB compared with 29 dB, 32 dB, and 35
dB for 256-, 512-, and 1024-QAM ACO-OFDM, re-
spectively. The proposed PE-ACO-OFDM only re-
quires an additional 1 dB of SNR compared with
256-QAM ACO-OFDM. This is because any errors
generated during the negative inversion process at
the PE-ACO-OFDM Rx affect all PE-ACO-OFDM
subcarriers in the frequency domain.

Next we investigated the system throughput,
where only the received corrected bits were divided
by every OFDM symbol duration, for a range of SNR
values. Fig. 7 shows the data throughput against
SNR for 256-QAM PE-ACO-OFDM and 256-, 512-,
and 1024-QAM ACO-OFDM. The figure shows that
the throughput gradually increases with SNR, reach-
ing the saturation level beyond SNR values of ap-
proximately 29, 31, 34, and 30 dB for 256-, 512-, and
1024-QAM ACO-OFDM and 256-QAM-PE-ACO-
OFDM, respectively. Furthermore, the figure also
shows that 256-QAM PE-ACO-OFDM offers an in-
crease in the data throughput of approximately 13.2,
8.2, and, 3.2 Mbit/s compared with 256-, 512-, and
1024-QAM ACO-OFDM, respectively. This is be-
cause the symbol duration of 256-QAM PE-ACO-
OFDM is reduced by 25%. This improvement in
the data throughput compensates for the additional
1 dB SNR requirement in PE-ACO-OFDM com-
pared with 256-QAM-ACO-OFDM.

6 Conclusion

A new PE-ACO-OFDM scheme in IM/DD-based
VLC systems was introduced in this paper to en-
hance the data transmission rate of traditional ACO-
OFDM. This was achieved by reducing the symbol
duration of the ACO-OFDM signal, by removing the
second half of its anti-symmetric time domain signal,
while the negative samples of the first half were in-
verted to meet the requirement for a real and positive
signal in IM/DD VLC systems. Additional encoded
ACO-OFDM samples were implemented and com-
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Figure 7 Throughput against the SNR for 256-, 512- and 1024-QAM ACOO-OFDM and 256-QAM PE-ACO-OFDM

bined with every OFDM symbol, to allow the Rx to
identify the positions of the inverted samples. Simu-
lation results showed that PE-ACO-OFDM offered a
33% increase in the data throughput compared with
256-QAM-ACO-OFDM. However, this was achieved
at the cost of the SNR increasing by 1 dB, compared
with ACO-OFDM.
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