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Abstract

In this paper, we propose a novel scheme of orthogonal frequency division multiplexing (OFDM) for intensity
modulation direct detection (IM/DD) optical systems. By using this novel scheme of an OFDM optical system, not only
odd subcarriers but also even subcarriers can be modulated to transmit a clipping optical signal. A conventional
asymmetrically clipping optical (ACO)-OFDM is applied to modulate odd subcarriers while even subcarriers are
modulated by a novel technique called a symmetrically clipping optical (SCO)-OFDM. Although both the
asymmetrically clipping noise caused by ACO-OFDM and the symmetrically clipping noise caused by SCO-OFDM fall
onto the even subcarriers, the former interference can be estimated and removed at the receiver. Thus, SCO-OFDM
symbols carried on the even subcarriers can be recovered by subtracting the estimated ACO-OFDM clipping noise
from the received signal. Then the SCO-OFDM clipping noise can be removed by subtraction due to its special
transmission format. Note that no DC bias added on all subcarriers makes this novel scheme achieve better
performance in terms of both power efficiency and symbol error rate (SER).
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1 Introduction

Optical wireless systems with intensity modulation direct
detection (IM/DD) have been extensively studied in
recent decades [1-3]. They can be effective alternatives
to radio frequency (RF) wireless systems for indoor
high-speed data transmission. Compared to RF commu-
nication, optical wireless communication (OWC) offers
unlimited transmission bandwidth and efficient spatial
diversity achieved with short carrier wavelengths and a
large area detector [4]. Multipath distortion, especially
in an indoor environment, caused by reflection from
walls or furniture, severely affects the transmission qual-
ity of an optical signal. Orthogonal frequency division
multiplexing (OFDM) [5] is a promising modulation tech-
nique and has been widely used to combat inter-symbol-
interference (ISI) resulting from multipath propagation in
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RF communication. The technique of OFDM has been
successfully applied in IM/DD optical wireless systems,
such as a DC-biased optical OFDM (DCO-OFDM) [6]
and an asymmetrically clipped optical OFDM (ACO-
OFDM) [7,8]. Combining the techniques of the previous
two schemes, an asymmetrically clipped DC-biased opti-
cal OFDM (ADO-OFDM) [9] has been developed, and it
is more efficient in terms of bandwidth and optical power.
Also, there are some other full spectrally efficient opti-
cal OFDM systems, such as hybrid ACO-OFDM [10] and
polar-OFDM [11].

In IM/DD optical wireless systems, the information data
stream is modulated into the intensity of optical carri-
ers. Thus, only real and non-negative values can be used
to realize the intensity modulation. In order to obtain a
real signal, we apply an inverse fast Fourier transform
(IFFT) to convert blocks of Hermitian symmetry com-
plex symbols. For the non-negative requirement of the
transmitted optical signals, two mainstream approaches
are extensively adopted, adding a DC bias and clipping.
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In DCO-OFDM, a DC bias is added to eliminate the
negative values in the transmitted signal. However, the
performance of DCO-OFDM strongly depends on the
DC bias level [12]. If the added DC bias cannot exceed
the negative peak, the remaining negative values must be
clipped to zero, then all subcarriers will be affected by
the clipping noise. If the DC bias is larger than the neg-
ative peak, it makes the DCO-OFDM inefficient in terms
of optical power. The advantage of DCO-OFDM is band-
width efficiency because both odd and even subcarriers
are used to carry data. In ACO-OFDM, all the negative
values are clipped to zero, leaving the positives. In [13],
we found that the clipping approach reduces the ampli-
tude of the original symbols by half, and the clipping noise
falls onto the even subcarriers without distorting the data
on the odd subcarriers. Thus, only odd subcarriers are
used to carry data in ACO-OFDM. Compared to DCO-
OFDM, ACO-OFDM is more optical power efficient, but
its bandwidth is as twice that of DCO-OFDM.

In order to maintain the advantages and avoid the draw-
backs of the previous two optical systems, a combination
scheme called ADO-OFDM has been designed. ACO-
OFDM symbols modulate odd subcarriers while DCO-
OFDM symbols modulate even subcarriers. The negative
values generated by ACO-OFDM and DCO-OFDM are
separately clipped to zero. Then, the sum of the remain-
ing two non-negative signals is transmitted by a light
emitting diode (LED) [14,15]. ACO-OFDM symbols can
be easily recovered by detecting the data carried on the
odd subcarriers. The ACO-OFDM clipping noise can
be estimated from the received ACO-OFDM signals. By
adding a moderate DC bias at the transmitter, the clip-
ping noise caused by DCO-OFDM is negligible compared
to the wanted signal. Finally, DCO-OFDM symbols are
successfully recovered by subtracting the estimated ACO-
OFDM clipping noise from the received DCO-OFDM
signals.

Adding a DC bias is a simple and direct approach, but
it leads to a large waste of optical power. A full spectrally
efficient optical system, hybrid ACO-OFDM, is proposed
by Bilal Ranjha and Mohsen Kavehrad. Without using the
DC bias, it is more power efficient than ADO-OFDM. The
ideas for the system design of the hybrid ACO-OFDM and
our proposed system are similar. For both, the odd sub-
carriers are used to carry ACO-OFDM symbols, which
are drawn from quadrature amplitude modulation (QAM)
constellations. The differences are that the hybrid ACO-
OFDM uses the imaginary parts of the even subcarriers to
carry PAM-DMT symbols, while we still map the QAM
symbols onto the even subcarriers. We believe that our
proposed system will be better than the hybrid ACO-
OFDM because the average power of QAM symbols is
much smaller than that of PAM symbols in the same level
of constellation case.
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So far, the Hermitian symmetry constraint is usually
enforced on the signal vector for obtaining real signals.
However, Hany Elgala and Thomas D. C. Little provided
another scheme, polar-OFDM (P-OFDM), to generate real
unipolar signals without this constraint. The QAM sym-
bols are only mapped onto the even subcarriers. After
taken by IFFT, the complex signal vector satisfies the
half-wave even symmetry. Then, the authors applied the
cartesian-to-polar operation to convert the complex form
into the exponential form. The amplitude and the phase
values of different samples are transmitted. At the receiver,
Hany Elgala and Thomas D. C. Little used the reverse
operation to recover the original complex symbols. The
designing ideas of P-OFDM and our proposed system are
quite different. The main difference depends on the use of
the Hermitian symmetry constraint.

In this paper, we propose a novel scheme, called
an asymmetrically and symmetrically clipping optical
(ASCO)-OFDM, to simultaneously transmit ACO-OFDM
symbols on the odd subcarriers and symmetrically clip-
ping optical (SCO)-OFDM symbols on the even subcar-
riers. If the length of an ACO-OFDM signal is 2N, an
ACO-OFDM symbol that consists of only odd subcarriers
has the property of x(n) = —x(n+N) [13,16]. However, an
OFDM symbol converted from only even subcarriers sat-
isfies the property that x(n) = x(n 4+ N), which is proved
in Appendix 1. After clipping, the same negative values are
removed in the first and in the second half. It is the rea-
son that the non-negative signals are called SCO-OFDM
signals. Fortunately, the SCO-OFDM clipping noise does
not affect ACO-OFDM symbols because it falls onto the
even subcarriers. We prove this claim in Appendix 2. By
using the same operation in ADO-OFDM, we can recover
ACO-OFDM symbols by extracting the data on the odd
subcarriers. Also, the ACO-OFDM clipping noise can be
accurately estimated from the recovered ACO-OFDM sig-
nals. The data on the even subcarriers are distorted by
the ACO-OFDM clipping noise, the SCO-OFDM clipping
noise, and all other noises. The details of reconstructing
SCO-OFDM are discussed in Section 2.2. Since no DC
bias is added to all subcarriers, this novel scheme exhibits
better performances in terms of optical power and symbol
error rate (SER) than ADO-OFDM does. Moreover, the
existing technique [17] can be applied to improve the SER
performance [18].

The rest of the paper is organized as follows: In
Section 2.1, the structure of ADO-OFDM is briefly
reviewed. In Section 2.2, we present the ASCO-OFDM
system in detail. The probability density function (PDF)
of the ASCO-OFDM signals is derived; the analysis of the
average bit rate/normalized bandwidth and power/bit for
both the ADO-OFDM and the ASCO-OFDM is presented
in Section 3. Simulation results and performance compar-
isons between ADO-OFDM and ASCO-OFDM are given
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in Section 4. Finally, the conclusion of the paper is given
in Section 5.

2 System model
2.1 Review of asymmetrically clipped DC-biased optical
(ADO)-OFDM

Figure 1 shows the block diagram of ADO-OFDM. The
input of the ADO-OFDM system is a block of (N — 1) x 1
complex data symbols § =[Sy, S1,"-- ,Sn—2]T mapped
from constellations such as 4-QAM, 16-QAM, or 64-
QAM. In order to obtain a real signal, this block of com-
plex data symbols is combined with its conjugate sequence

§* =[S§, 87, ,S}“V_Z]T in reverse order to form a 2(N —
1) x 1 signal vector that has Hermitian symmetry as
follows, [ S, S1,- -+, SN—2,Sh_9s - ,ST,SZ;]T. Two zeroes

are, respectively, inserted at the first and at the middle of
this signal vector, which is shown as:

X = [O;SOISI)"' ISN—Z‘!OIS;[_Z".-- 1ST)SE’)<]T (1)

Then X is divided into two 2N x 1 signal vectors, Xo4q and
Xeven, that consist of the odd components and the even
components of X, which are shown as:

Xodd = [01 SO: O; 527 ] 01 SN—Z’ 01 SK[72: 0; ] S;y 0; SS]T
2)

Xeven = [0,0,51,0- -+, 5x-3,0,0,0,8%_5,-- - ,0,5,0]"
(3)

Both Xod4q and Xeyen are converted by a 2N-point IFFT
to yield two real bipolar signal vectors, xodd and Xeven,
respectively. In an ACO-OFDM clipping block, the nega-
tive values in x,4q are clipped to zero to produce a signal,
xACO, consisting of non-negative values. Another signal,
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xpCo, is obtained by adding a DC bias to Xeyen and set-
ting the remaining negative values to zero. In order to
avoid the DCO-OFDM clipping noise, a large DC bias
should be added which makes the transmitted optical
signal inefficient in terms of optical power. Thus, the
performance of DCO-OFDM depends on the bias level.
Generally, Xeyen is modeled as a block of Gaussian random
variables with mean zero and variance E{x2,,,}. The DC
bias is denoted by Bpc, which can be defined as follows:
Bpc = uy/E{x2 ¢y} 10log;o (1% + 1)dB is the decibel form
of Bpc, where  is a proportionality constant. The trans-
mitted signal xopo is the sum of xpco and xpco with the
cyclic prefix (CP) attached.

An indoor optical wireless channel can be modeled
as a multipath propagation channel [19]. The impulse
response of this optical channel is given by h(n) =
[1(0), h(1),--- ,h(])], where [ is the number of channel
coefficients which determines the length of CP. At the
receiver, a photodiode is employed to detect the intensity
of the received optical signal:

yapo(n) = xapo(n) ® h(n) + w(n) (4)

which is the convolution of the incident optical sig-
nal and the optical channel plus noise. w(#n) represents
the combination of shot noise and thermal noise, which
can be approximated as additive white Gaussian noise.
We assume that channel state information (CSI) is well-
known at the receiver. The output of a 2N-point fast
Fourier transform (FFT), Yapo (k), is operated by a single-
tap equalizer in the frequency domain. X,4q can be recov-
ered by extracting the odd components of Y followed by
a hard or soft detection. By transforming Y,qq into the
time domain, an ACO-OFDM clipping noise estimation
block reconstructs a reference signal ysco. Finally, ypco
is obtained by subtracting ysco from the reference signal

ACO-
X cdd(k ) 2N-Point | ¥odz (1) OFDM -’CAco(”)
IFFT Clipping
Hermitian Add DA |~
S(k) §/p Si“;netry e e |y & X 5o (1)
eros & EO
Insertion Add DC- P/S LED
2N-Point | Xeven (H) bias
X (k) IFFT & Xpen (71 Optical
Yoah’ (;C) even Clipping beo Channel
~
Frequency Remove O/E
4;.‘30'-01“'13¥ 2N-Point ngamd WPoint || cp | | PD
Clipping noise IFFT A ) FFT & & ~
Estimation yma(ﬂ) Ym‘d (’1‘) Equalizer YADO (k) s/p AD yADo(”)
Yaco (”)lﬁ
2N-Point 2N-Point
< FFT Q\_/\ IFFT
Yoper () Ve y(n) Y (k)
Figure 1 ADO-OFDM transmitter and receiver configuration.
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y, and it is transformed into the frequency domain to yield

Yeven .

2.2 Novel scheme - asymmetrically and symmetrically
clipping optical (ASCO)-OFDM

The block diagram of ASCO-OFDM is shown in Figure 2.
Since the ASCO-OFDM system uses a novel transmis-
sion scheme, the input block of complex symbols is first
separated into three parts, which have two (N /2) x 1 sig-
nal vectors and one (N/2 — 1) x 1 signal vector. Thus,
the length of the input block is 3N /2 — 1. Similarly, in
order to obtain a real signal, we have to make the input of
IFFT have the Hermitian symmetry. Two (N/2) x 1 signal
vectors are, respectively, combined with their conjugate
sequences and are inserted by zeroes into the even sub-
carriers to form two 2N x 1 signal vectors, X (’) 4q and X{) ad’
which are given by:

ix % r
1 10’50]

(5)

Xga = [0,55,0,8%, -+ ,0,54,0,0,8%,2,0,-
4 A J j )% Jj* ok
Xpga = [0:5,0,8, 1 0,8)0,0,8%,2,0,- -, 57, 0,8}]

(6)

The (N/2 — 1) x 1 signal vector is defined in a similar
way with zeroes inserted into the odd subcarriers to form
a signal vector as follows:

Xeven = [0; O; SO: 0; S]; o ;SN/Z—I’ 07 Or 0; SK{/2_1y )

k k r
5.0, so,o]
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All three signal vectors X(’; ad’ X{) qd» and Xeven are con-
strained to the Hermitian symmetry. They are taken by a

2N-point IFFT to produce real bipolar signal vectors x; 4,

x’o 4> and Xeven, respectively. To ensure the non-negative
requirement of the transmitted signals, all negative values

in ¢ .. and &, are clipped to zero to generate x*, and
odd odd PP g odd
x4 Which are given by:

(o]

xgild = 0.5 (%)qq + [%0aa]) (8)

(o]

Haa =05 (¥gq +

Thad D (©)

As each sample in Xeyep is converted from even subcarri-
ers, it has the relation that xeyen () = Xeven(n + N). By
clipping the negative values, half of the information car-
ried in Xeven is lost. Thus, two signal vectors, ¥, and
Xk, are generated for transmitting the information in
Xeven. ¥onen Tepresents that all negative values of Xeyen are
clipped to zero. xden represents that all positive values of
Xeven are clipped to zero and the remaining negative values
are turned to positive. They are respectively given by:

xg:q/en = 0.5 (Xeven + [Xeven|)

(10)

xgen = 0.5 (—Xeven + [Xeven|) (11)

Then, we construct a transmitted signal that consists of

two consecutive sub-blocks, xixsco and xJASCO, which are
given by:

i ic cn
X =X +x
ASCO odd even (12)

i i
7) =05 (xodd + }xodd‘ + Xeven + |xeven|)
) Xodd (H) Clip Neg.
X (k)| 2xpoint Signal
IFFT Clip Neg.
re h — Vv
Sk Hermitian % (1) Signal Add DA |~
(4 sp ) Symmetry g e o L Ccp N & |Yisco (”)
' & Zeros e T Xoren & E/O
Insertion Yo () Clip Neg. l P/is LED
2N-Point Signal
s IFFT .
yf,j & Aa'e»:(k Clip Pos. Optical
m( ) Signal Channel
Remove O/E
Bt 2N-Point T e 2N-Point cp D
Clipping — FFT ’_I L Domain - FFT e Py et s -
R B o : 7i.J - vl
Signal ¥ aa'd(”) )m&i (k)| Equalizer j.-lSCO (k) o/p AD J"ASC'O(”)
()e 2N-Point
Voar (1) FFT s
K ods r{.5)e 1
}add (k)
< = -
onep [ 1 ANTA
}e\'e:: (A‘) } i UL)
Figure 2 ASCO-OFDM transmitter and receiver configuration.
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j 4 cp
"/Asco = "/odd + Xeven

=05 (#gq +

x{:\dd‘ — Xeven + |xeven|) (13)

The transmitted signals, xi\'sco and x/ASCO, with the
cyclic prefix are denoted by ¥), ¢ and &/ASCO. They are

transmitted through an optical channel by an LED. The
received signals are given by:

y;sco(”) = ki\sco(”l) ® h(n) + Wi(”l) (14)

Fasco) = Fysco (1) @ h(m) +w (n) (15)
where the impulse response of optical channel %(n) is
modeled as h(n) =[h(0),h(1),------ ,h(D)], and the sum
of all noise, w'(n) or w/(n), is approximately modeled as
additive white Gaussian noise. After removing the cyclic
prefix, the arrival signals, ¥\ ¢ and ¥\, are, respec-
tively, transformed by a2N —point FFT into the frequency
domain to yield Y¢-q and Y ASCO Then, a frequency
domain equalizer with the knowledge of channel state

information is applied to Y’ sco and Y’ SCO to yield:
Yi=(A"A+ (Ol/SNR)IZN)_ MY g0 (16)
Y/ = (A"A + (@/SNR)bw) ' AMY g (17)

where A is a 2N x 2N diagonal matrix whose diagonal is
the 2N-point FFT of h(n), and A* indicates the Hermi-
tian matrix of A. The frequency domain equalizer can be
a MMSE equalizer (@ = 1) or a ZF equalizer (@ = 0).
Y’ and Y7 can also be shown in the frequency domain as
follows:

Yl = X5+ X

even

= 0.5 (X! gq + [ X} ad| + Xeven + [Xeven|) (18)
Yj == X],fld + Xeczeen
=05 (X g + [Xaa| = Xeven + Xevenl)  (19)

where ,Xédd and |X<i3dd| are the 2N-point FFT of xf)dd
and |« ,,|. The other corresponding terms in Equations
12, 13, 18, 19 are similarly defined. Note that the sym-
bols of 0'5X<i>dd and 0.5Xf)dd fall onto the odd subcar-
riers of Y and Y/, and the other symbols that consist
of the remaining terms, 0.5 (|X” 4| + Xeven + |Xeven|) and

05 (|x]

ers of Y* and Yf, respectively. Thus, the complex symbols

od d‘ Xeven + | Xeven| ), fall onto the even subcarri-

of Xi qq and X’ dd can be easily recovered by extracting
the symbols of Y 4q and Yodd’ which are the odd compo-
nents of Y and Y/ because the clipping noises resulting

from x” dd and x/ qq only affect the even components of
Yi and V7. In order to accurately estimate the clipping
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noise, Y? L qq and Y 4q are transformed into the time domain
to yield two blocks of real bipolar signals yodd and j/odd,
respectively. y, and )/02 4 are two blocks of clipping refer-
ence signals which are generated in the same way as x,7,
and x/mci W respectively; then, they are transformed back
into the frequency domain to yield Y d and Y74 4 Tespec-
tively. Compared to Y! tiq and Y, dd’ Yyl and Y(/) ’s 4 have
the same symbol on the odd subcarriers, but the clipping

noise appears on the even subcarriers. Therefore, Y.

and Ygfen’ are obtained by subtracting Y he <4 and Y2, from
Y" and Y/, respectively, which are given by
Yec\};len - Yi - Yéﬁd
= 0.5 (Xeven + |Xeven|) (20)
Yebon = Y — Y),
= 0.5 (—Xeven + |Xeven|) (21)

cn

cp .
en — Xeven; hence, Ye,., can be

We note that xeven = X
estimated by the form:

cn cp
Yeven = Y, even Yeven

(22)

3 Signal analysis of ADO-OFDM and ASCO-OFDM
In this section, we first review the PDF of ADO-OFDM
signals. Then, the theoretical PDF of ASCO-OFDM sig-
nals is derived, and two simulated PDF results are com-
pared with the theoretical PDF in Figure 3. Moreover,
we analyze the average bit rate/normalized bandwidth of
ASCO-OFDM and ADO-OFDM. Through calculating the
total optical power and the information bit of the trans-
mitted signal, we obtain the optical power per bit for both
schemes.

3.1 The PDF of ADO-OFDM

The PDF of ADO-OFDM signals is the convolution of the
PDF of ACO-OFDM signals and the PDF of DCO-OFDM
signals, which is given by Eq. (28) in [9] because they have
the relation that xapo(n) = xaco(n) + xpco(n). The
PDFs of ACO-OFDM signals and DCO-OFDM signals are
respectively given by [19-21]:

XZ

1 507 1
ﬂAco(t)(X)Zme Au0 + 5800 (23)
1 _(X*B%c)
JSrpco®(X) = Nor? e ¥ u(x)+Q( )8( )
D
(24)

where u() is the unit step function and §() is the Dirac
delta function. o4 is the standard deviation of unclipped
signals in ACO-OFDM, which is given by 04 = E {x(z)dd}.
op is the standard deviation of DCO-OFDM signals,
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Figure 3 Theoretical and simulated PDF of ASCO-OFDM.

which is given by op = E{x2,,,}. The PDF of ACO-OFDM
signals is called the clipped Gaussian distribution, and it is
only determined by 04. However, the PDF of DCO-OFDM
signals is affected by op and Bpc. Thus, the performance
of ADO-OFDM partially depends on the DC bias level,

Bpc.

3.2 The PDF of ASCO-OFDM '

In the ASCO-OFDM modulation scheme, x75,, x’(;dd,

%1, and Xeyen are all real clipped signals. ngl qand g,

are asymmetrically clipped (ACO-OFDM signals) while
xS, and xP.. are symmetrically clipped (SCO-OFDM
signals). We assume that they all follow a clipped Gaussian

distribution, which is given by:

_ 1
e 202 u(x) + ES(x)

fx) = (25)

1
V2o
where o is the standard deviation of the unclipped sig-
nal, such as xf)dd, xlodd’ Or Xeven. Here, we consider that
xédd’ xlodd’ and Xeven are modulated by the same constel-
lation, so they have the same standard deviation o. By
using the clipped Gaussian distribution, we can obtain the
PDF of ASCO-OFDM signals. Assuming o € x.q, and
B € xdl., (@, = 0), x = «a + B is the random variable

f x . The PDF of x' is th luti £fic
of ¥} gco- The of x, ¢ is the convolution o fded (@)
and fyen (B), which is given by:

FG0 =fe (@) @ fig, (B) (26)
where:
. @)= e R @) + 25@
Sig, @) = =€ i ule) + S0
and:

e (B) = ﬂi e*z%u(ﬁ)%a(ﬂ)

o

Thus, the PDF ofxiASCO is given by:

[l (L) e 1
f(x)—[zﬁoe eff(20)+mge ]u(x)+48(x)

(27)

with mean 20/+/27 and variance (7 — 1)o2/x. erf(x) is
the error function of x and the PDF curve is shown in
Figure 3. The calculation steps of Equation 27 are shown
in Appendix 3.

The theoretical and simulated PDFs of ASCO-OFDM
signals have been shown and compared in Figure 3. The
theoretical result is given by Equation 27, which is the
solid curve in the figure. Since the real bipolar signals
at the output of an IFFT has a Gaussian distribution, we
model xf}dd, x’o qa» and Xeven as Gaussian signals to gener-
ate the transmitted ASCO-OFDM signals. This simulated
result is given by the plus solid curve. In order to obtain
the PDF of signals generated by the ASCO-OFDM mod-
ulation scheme, we use a Monte Carlo experiment to get
the statistical ASCO-OFDM signals. This simulated PDF
is shown as a cross solid curve. Comparing these three
curves, they closely match each other.

3.3 Average bit rate/normalized bandwidth

For both ADO-OFDM and ASCO-OFDM, 2N — 2 com-
plex symbols are modulated onto the spectrum with
length 2N; hence, the normalized bandwidths for both are
given by N/(N — 1). In ADO-OFDM, symbols carried
on the odd and even subcarriers are drawn from differ-
ent constellations because odd subcarriers are modulated
by ACO-OFDM while even subcarriers are modulated by
DCO-OFDM. The average bit rate of ADO-OFDM can be
calculated by:

Ry ap0-0rpM = (logy,Caco + log,Cpco) /2 (28)

where Caco and Cpco are the constellation sizes
of ACO-OFDM symbols and DCO-OFDM symbols,
respectively. Therefore, the average bit rate/normalized
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bandwidth of ADO-OFDM is given by ((log,Caco+
logZCDCO) /2) /(N/(N — 1)). In order to improve the
power efficiency of ADO-OFDM, DCO-OFDM symbols
usually are drawn from small constellations to reduce the
DC bias level. For ASCO-OFDM, all information carried
in the even subcarriers is separated into two consecutive
sub-blocks, xi\SCO and x’ASCO. Thus, half of the informa-
tion in Xeyen is transmitted by the even components of one
sub-block, xixsco or ‘ssco- Therefore, the average bit rate
of ASCO-OFDM for one sub-block can be obtained by:

Rp,asco-orpm = (log,Caco + 0.5l0g,Csco) /2 (29)

and the average bit rate/normalized bandwidth is given
by ((IOgZCACO + 0.510g2C5C()) /2) J/(N/(N — 1)), where
Caco and Csco are similarly defined. By applying dif-
ferent constellations to the odd and even subcarri-
ers of ADO-OFDM and ASCO-OFDM, the average bit
rate/normalized bandwidths for both are compared in
Table 1.

3.4 Optical power/bit

In order to find out the accurate optical power per bit,
Popt /bit, for both ADO-OFDM and ASCO-OFDM, we
sum each value in the transmitted optical signal without
adding the cyclic prefix. The total optical power of the
transmitted ADO-OFDM signal is computed by:

2N-1
Popt,ap0 = Z xAD0 (1)
n=0
The DC bias added in DCO-OFDM comes from Table 2.
For ASCO-OFDM, the transmitted optical signal has two
consecutive sub-blocks, xf«sco and x/;\sco. Therefore, the

(30)

Table 1 Average bit rate/normalized bandwidths of
ADO-OFDM and ASCO-OFDM with different constellation
combinations

ADO-OFDM ASCO-OFDM

ACO 4-QAM 2 ACO 4-QAM 1.5
DCO 4-QAM SCO 4-0AM
ACO 16-QAM 3 ACO 16-QAM 25
DCO 4-QAM SCO 4-QAM
ACO 64-QAM 4 ACO 64-QAM 35
DCO 4-QAM SCO 4-QAM
ACO 16-QAM 4 ACO 16-QAM 3
DCO 16-QAM SCO 16-QAM
ACO 64-QAM 5 ACO 64-QAM 4
DCO 16-QAM SCO 16-QAM

ACO 64-QAM 4.5

SCO 64-QAM
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Table 2 The list of ADO-OFDM constellation modified from
reference [9] is used in Figures 4 and 5

Symbol ADO-OFDM constellation size DC bias level
A ACO-OFDM 4-QAM, DCO-OFDM 4-QAM 55dB
B ACO-OFDM 16-QAM, DCO-OFDM 4-QAM 5.1dB
C ACO-OFDM 64-QAM, DCO-OFDM 4-QAM 43dB
D ACO-OFDM 16-QAM, DCO-OFDM 16-QAM 73dB
E ACO-OFDM 64-QAM, DCO-OFDM 16-QAM 6.6 dB

total optical power of the transmitted ASCO-OFDM sig-
nal is given by:
2N-1 ’
Poptasco = ) hsco(n) + Hysco ()
n=0
Considering the input of ADO-OFDM, a block of (N —
1) x 1 complex symbols is divided into two parts for
ACO-OFDM and DCO-OFDM modulation. The N/2
complex symbols are modulated onto the odd subcarri-
ers by ACO-OFDM while the N/2 — 1 complex symbols
are applied into the even subcarriers for generating DCO-
OFDM signals. Therefore, the total transmitted bits for
ADO-OFDM are given by:

(31)

Tpap0-0rDM = (N/2)log,Caco + (N/2 — Dlog,Cpco
(32)

For ASCO-OFDM, the input block consisting of 3N /2 — 1
complex symbols is separated into three parts. Two blocks
of N/2 complex symbols are modulated by ACO-OFDM

to generate ngid and x](;fid' One block of N/2 — 1 complex
symbols is modulated by SCO-OFDM to generate xZ7.,

and x%en. Therefore, the total transmitted bits for ASCO-
OFDM are given by:

Tp,asco-orpM = 2(N/2)log, Caco + (N /2 —1)log, Csco
(33)

4 Simulation results

The results of optical power per bit for ADO-OFDM
and ASCO-OFDM are compared in Figure 4. Five con-
stellation combinations denoted by A to E, which are
listed in Table 2, are applied to odd subcarriers (ACO-
OFDM) and even subcarriers (DCO- or SCO-OFDM) of
two schemes. ADO-OFDM is represented by squares, and
ASCO-OFDM is represented by stars. Star F represents
ASCO-OFDM with 64-QAM symbols on all subcarriers.
If two systems are modulated by the same constella-
tion combination, the bit rate/normalized bandwidth of
ASCO-OFDM is less than that of ADO-OFDM. How-
ever, ASCO-OFDM requires much less optical power
for each bit than ADO-OFDM does due to no DC
bias added in the SCO-OFDM modulation. Although
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6r ) A ODD 4QAM
EVEN 4QAM
5.5+ o
B ODD 16QAM
sk E EVEN 4QAM
n C ODD 64QAM
45- EVEN 4QAM
= A D ODD 16QAM
E%i a4k [u] EVEN 16QAM
a’ E ODD 64QAM
3.5+ B c F EVEN 16QAM
31 o a hd F ODD 64QAM
E EVEN 64QAM
c *
2.5 D »
A B *
2 * 1 &* 1 | | 1 | ! )
1 15 2 25 3 35 4 4.5 5 5.5 6
Bit Rate/Normalized Bandwidth
Figure 4 Optical power/bit versus bit rate/normalized bandwidth is shown for ADO-OFDM and ASCO-OFDM with different constellation
combinations.

the bit rate/normalized bandwidth of ASCO-OFDM is
lower, we can use larger constellation combinations to
achieve the same bit rate with that of ADO-OFDM. When
the same bit rate/normalized bandwidth is achieved, for
example square B vs. star D and squares C and D vs.
star E, the ASCO-OFDM exhibits more optical power
efficiency than ADO-OFDM does. Therefore, ASCO-
OFDM is more optical power efficient compared to ADO-
OFDM. Moreover, if the required optical power per bit
of ASCO-OFDM is close to that of ADO-OFDM, the bit
rate/normalized bandwidth of ASCO-OFDM improves,
which is shown as squares B and C vs. star F.

Figure 5 shows the SER of ADO-OFDM and ASCO-
OFDM applied with different constellation combinations.
We use the same marker to represent the same constella-
tion combination. A solid curve represents ASCO-OFDM
while a dashed curve represents ADO-OFDM. In the
figure, it is obvious that ASCO-OFDM has better SER
performance than ADO-OFDM does in the same con-
stellation combination case. Also, some specific compar-
ison pairs should be clarified. Comparing the solid circle
curve to the dashed plus curve, ASCO-OFDM with 16-
4QAM has almost the same SER performance as 4-4QAM

ADO-OFDM, but ASCO-OFDM requires much less opti-
cal power and has a higher bit rate as shown in Figure 4.
When achieving the same bit rate/normalized bandwidth,
ASCO-OFDM outperforms ADO-OFDM in terms of the
SER performance as well as optical power efficiency,
which is shown as a solid square curve (ASCO-OFDM
with 16-16) and a dashed circle curve (ADO-OFDM with
16-4). The solid cross curve (ASCO-OFDM with 64-16)
and the dashed down-triangle curve (ADO-OFDM with
64-4) have the same performance in terms of SER and bit
rate/normalized bandwidth, but the optical power per bit
required by ASCO-OFDM is much less than that of ADO-
OFDM. Finally, we point out that ASCO-OFDM (solid
hexagon) is better than ADO-OFDM (dashed square) in
all aspects because it has lower optical power per bit,
higher bit rate/normalized bandwidth, and better SER
performance.

5 Conclusions

In this paper, we propose a novel OFDM scheme
called ASCO-OFDM for IM/DD optical wireless sys-
tems. A conventional ACO-OFDM is applied to modu-
late odd subcarriers, and the novel modulation scheme,

—+-ASCO 4-4
L|~ADO 4-4
1075 ASCO 16-4
= ADO 16-4
U 4| FFASCO 64-4
SFADO 64-4
£ ASCO 16-16
4|3 ADO 16-16
ASCO 64-16
ADO 64-16
5| BE ASCO 64-64 , ,

0 5 10 15

20
SNR(dB)

25 30 35 40

Figure 5 Comparison of SER (Symbol error rate) versus SNR for ADO-OFDM and ASCO-OFDM with different constellation combinations.
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SCO-OFDM, is used to modulate even subcarriers. For
SCO-OFDM, we successfully adopt two consecutive sub-
blocks to transmit the symbols on the even subcarriers
without adding DC bias. Since the odd components and
the even components of two systems can be separately
detected, different constellation combinations are taken
into account for modulation. Compared to ADO-OFDM,
our novel optical system exhibits better SER performance
and requires lower optical power per bit. For these rea-
sons, we believe that ASCO-OFDM is the most attractive
choice for IM/DD optical wireless systems.

Appendix 1
The IDFT of a length 2N frequency domain sequence
X (k) is defined by:

2N—-1

x(n) = i Z X(kyexp (’27;\’;/()

(34)

In order to present Equation 34 by the sum of the odd sub-
carriers and the even subcarriers, we use a new index /
instead of k,

N-1
1 2w n2l
= — X
x(n) N I_EO 2Dexp ( IN )
_Nil (35)
1 R2rn2l+1)
+ N Z_EO 21+ 1)exp ( N )

If the odd subcarriers of X (k) are set to zero, then the
second term of Equation 35 is zero. Thus, x(#) is given by:

Z X(2hex (1271 n2l>

x(n) = (36)

Then, we calculate x(n + N). Substituting index n + N
into Equation 36, we have:

x(n+N) = Z X(2l)ex (WW)

N

n2l j2r N2l
ZX(ZZ) xp( N )exp( N )

(37)

Note that the second exponential term can be simpli-
fied to exp(j2m/), which is equal to one. Therefore, we
prove that an OFDM symbol converted from only even
subcarriers satisfies the property that x(n) = x(n + N).
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Appendix 2
Supposing x(n) is an SCO-OFDM signal of length 2N,
then the DFT of x(n) is given by:

N1 —j2wnk
X(k) = Zx(n)exp( N )

n=0

_ AS (m)ex (—j2nnk>
-~ P\ 7N

x(n7>0

(38)

+ x(n+ N)exp <_j 2 (Z'“NJ“ N)k)]

N-1

+ 2

n=0
x(n)<0

—j2mnk
[x(n)exp( N )

+ x(n + N)exp <—j2n(n ks N)k)]

2N

—j2m (n+N)k

The exponential term exp( 5N ) is equal to

exp< JZnnk) exp(—jmk), and the value of exp(—jrk) is
given by:

1, k is even

39
—1, kisodd (39)

exp(—jmk) = {

By using the property of x(n) = x(n + N) and sub-
stituting Equation 39 into Equation 38, we obtain that:

Nzt —j2mnk
2
Z x(n)exp( N )
x(n7>0
X (k) = N-1 ik
+2 Z x(n)exp <]2;\T[n<> kiseven
n=0
x(n)<0
0 kisodd

(40)
After clipping, the SCO-OFDM symbols on the odd and

even subcarriers are, respectively, shown as:

N-1

—j2nnk
2 E x(n)exp( ]2]7:[”) kiseven
XS k) = =0

x(n)>0

0 kisodd
(41)

We notice that the symbols on the odd subcarriers are
always equal to zero, and the symbols on the even sub-
carriers lose the second summation in Equation 40. Thus,
we prove that the SCO-OFDM clipping noise only affects
even subcarriers without distorting the data on the odd
subcarriers.
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Appendix 3
The derivation of the PDF of ASCO-OFDM signals is
shown as:

500 = [ foe @i, (x - )

=/_oo|:\/21706_;72u(a)+%8(a)i|
[ e+ 330w
mae u(x —e) + 58(x — @) | da

o0 _ 0?2 x—w?
=/ € 262e 22 y(a)u(y —a)do
oo 2O

oo 1 a2
+ ———e 222 y(a)d(x — a)da
/;oo 24/2mo (@5 )

S 1 _x—e?
+/ ——e 22 §(a)u(y —a)da
—00 24/2m0

+ /OO i&(a)é(x — a)da

—00

1 2 X 1 2 1
—[ —e erf( )+mge 2 ]M(XH-ES(X)
(42)
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