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Abstract—Orthogonal frequency division multiplexing (OFD-
M) is attracting increasing attention in optical communication
systems thanks to the inherent benefits such as high spectral
efficiency and resistance to frequency-selective channels. In this
paper, a novel energy and spectrally efficient scheme called
asymmetrically clipped absolute value optical OFDM (AAO-
OFDM) is proposed for intensity-modulated direct-detection
(IM/DD) systems. In AAO-OFDM, absolute value optical OFDM
(AVO-OFDM) signals on the even subcarriers and asymmetri-
cally clipped optical OFDM (ACO-OFDM) signals on the odd
subcarriers are combined for simultaneous transmission, which
employs all the subcarriers requiring no DC biases. For AVO-
OFDM scheme, the frequency symbols are firstly modulated on
the even subcarriers, which are then fed into an inverse fast
Fourier transform block. Afterwards, the absolute values of the
bipolar time-domain signals are taken to guarantee nonnegativity,
while their signs are mapped to the complex-valued symbols and
modulated on the odd subcarriers. Since there remain unused
odd subcarriers, other useful symbols can be modulated on
them, which leads to the conventional ACO-OFDM scheme. At
the receiver, the ACO-OFDM symbols on the odd subcarriers
are demodulated firstly, which are reconstructed and removed
from the received signals. Afterwards, the remaining signals are
utilized to detect the AVO-OFDM symbols with the aid of the
demodulated sign symbols on the odd subcarriers. Theoretical
analysis and simulation results show that AAO-OFDM has
lower peak-to-average power ratio than other optical OFDM
schemes, which makes it less sensitive to the nonlinearity of the
optical devices. Furthermore, it achieves better bit error rate
performance compared to its counterparts for the same spectral
efficiency.

Index Terms—Intensity modulation with direct detection, or-
thogonal frequency division multiplexing, energy efficiency, spec-
tral efficiency.
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I. INTRODUCTION

Intensity-modulated direct-detection (IM/DD) systems are
widely employed in optical wireless communication (OWC)
[1]-[3], fiber-optic communication [4], amplitude modulated
radio frequency (RF) wireless communication [5], and broad-
band wireline transmission [6]. For a general IM/DD system,
the instantaneous output optical power is proportional to the
input electrical current and the data information is modulated
onto the input current intensity. The input electrical current
signal has to be real-valued and nonnegative [1]-[8]. At the
receiver, to convert the optical signal to electrical signal, direct
detection is employed, in which a photo-diode (PD) is used to
produce a current proportional to the received instantaneous
optical power. In this paper, an equivalent linear time-invariant
(LTT) channel is assumed, and the optical channel nonlinearity
is not considered since several techniques have been proposed
to mitigate the nonlinearity effect [9]-[11]. In general, this
paper relates to the digital domain signals only.

Orthogonal frequency division multiplexing (OFDM) is one
of the popular physical layer schemes utilized in a wide
range of RF communications, and it is also considered as
a candidate for IM/DD optical systems, since OFDM has
inherent benefits such as high spectral efficiency, resistance to
frequency-selective channels and simple one-tap equalization
[12]-[14]. Hermitian symmetry is commonly imposed on the
input data of the OFDM block to generate real-valued time-
domain output signals [14]. Some optical OFDM schemes are
proposed to make the bipolar output signals nonnegative, such
as DC biased optical OFDM (DCO-OFDM) and asymmetri-
cally clipped optical OFDM (ACO-OFDM). In DCO-OFDM,
a DC bias is added to the bipolar real-valued time-domain
signals, and all the remaining negative signals are clipped at
zero. The clipping operation will cause clipping distortion,
which limits its performance. An appropriate DC bias should
vary with the constellation sizes to ensure good performance,
which makes the transmitter complex. In addition, the DC bias
consumes high power and reduces the energy efficiency of
DCO-OFDM. To improve the energy efficiency, ACO-OFDM
is proposed, where only the odd subcarriers are utilized and the
time-domain signals have antisymmetry property [15]-[17].
Hence the negative parts can be clipped without losing any
information and its clipping distortion only falls on the even
subcarriers. However, since only half of the subcarriers are
employed, ACO-OFDM is spectrally inefficient.

Other optical OFDM schemes have been proposed to over-



come the drawbacks of DCO-OFDM and ACO-OFDM, such
as asymmetrically clipped DC-biased optical OFDM (ADO-
OFDM) [18], [19], hybrid asymmetrically clipped optical
OFDM (HACO-OFDM) [14], asymmetrically and symmet-
rically clipped optical OFDM (ASCO-OFDM) [20], etc. In
ADO-OFDM, ACO-OFDM symbols are modulated on the odd
subcarriers while DCO-OFDM symbols are modulated on the
even subcarriers. The spectral efficiency of ADO-OFDM is
improved compared to ACO-OFDM, and the required DC
bias is also reduced compared to DCO-OFDM when the
constellation sizes are chosen appropriately. However, the
DC bias is still required. In HACO-OFDM, ACO-OFDM
symbols are modulated on the odd subcarriers and pulse
amplitude modulated discrete multitone (PAM-DMT) symbols
are modulated on the imaginary part of the even subcarriers,
where the bipolar PAM-DMT time-domain signals are clipped
at zero and the clipping distortion falls on the real part of the
corresponding subcarriers [14], [21]. Note that the real part of
the even subcarriers is wasted. As for ASCO-OFDM, ACO-
OFDM symbols are modulated on the odd subcarriers while
symmetrically clipping optical OFDM (SCO-OFDM) symbols
are modulated on the even subcarriers of two adjacent SCO-
OFDM blocks [20]. Since the information carried by the two
adjacent SCO-OFDM blocks is from the same OFDM block,
the half of the even subcarriers are wasted. Therefore, both
HACO-OFDM and ASCO-OFDM are not spectrally efficient.
To further enhance the energy and spectral efficiency,
asymmetrically clipped absolute value optical OFDM (AAO-
OFDM) is proposed in this paper. In AAO-OFDM, abso-
lute value optical OFDM (AVO-OFDM) signals on the even
subcarriers and ACO-OFDM signals on the odd subcarrier-
s are transmitted together. AVO-OFDM symbols are firstly
modulated on the even subcarriers, then fed into an inverse
fast Fourier transform (IFFT) block, after that the absolute
values of the bipolar output signals are taken to make the
signals nonnegative, and their signs are mapped to complex-
valued symbols which are modulated on the odd subcarriers.
Note that some odd subcarriers remains unused, which can be
employed to modulate other useful symbols. The odd subcar-
riers modulating the sign symbols and other useful symbols
employ conventional ACO-OFDM scheme. At the receiver, the
ACO-OFDM symbols on the odd subcarriers are demodulated
firstly, which are reconstructed and removed from the received
signals. We prove that the Fourier transform of the AVO-
OFDM time-domain signals are zeros on the odd subcarriers,
thus the performance of ACO-OFDM is not degraded by AVO-
OFDM. Since the clipping distortion of ACO-OFDM also
falls on the even subcarriers only, we can recover the ACO-
OFDM symbols by demodulating the odd subcarriers using
conventional ACO-OFDM receiver. Afterwards, we can regen-
erate local estimation of ACO-OFDM time-domain clipping
distortion, which is removed from the received signals. After
that, the remaining signals are used to detect the AVO-OFDM
symbols with the aid of the demodulated sign symbols.
Compared to the conventional optical OFDM schemes,
AAO-OFDM has various advantages. Firstly, no DC bias is
required at the transmitter, hence it is more energy efficient
than DCO-OFDM and ADO-OFDM. In addition, since both

the real and imaginary parts of the even and odd subcarriers
are utilized, AAO-OFDM is more spectrally efficient than
ACO-OFDM, HACO-OFDM and ASCO-OFDM. Moreover,
ACO-OFDM and AVO-OFDM in AAO-OFDM have similar
performance when the signal to noise ratio (SNR) is relatively
high and the same constellation sizes are used, which is
preferred in practical communication systems. Furthermore,
the peak-to-average power ratio (PAPR) of AAO-OFDM is
lower than that of ACO-OFDM, ASCO-OFDM and HACO-
OFDM, which makes it less sensitive to the nonlinearity of the
optical devices. Therefore, AAO-OFDM is a more attractive
modulation scheme for IM/DD optical systems compared to
other optical OFDM schemes.

The remainder of this paper is organized as follows. In
Section II, the overview of optical OFDM is presented, while
in Section III, the proposed AAO-OFDM and its transceiver
are developed. In Section IV, the probability density function
(PDF) and the PAPR of AAO-OFDM time-domain signals are
analyzed, and the spectral efficiency, optical power allocation
and computational complexity analysis are provided. In Sec-
tion V, the bit error ratio (BER) performance of AAO-OFDM
is simulated and compared to other optical OFDM schemes,
while the conclusions are drawn in Section VI.

II. OVERVIEW OF OPTICAL OFDM

In this section, the conventional optical OFDM schemes
including ACO-OFDM, DCO-OFDM and ADO-OFDM are
briefly summarized.

A. DCO-OFDM

In a DCO-OFDM based IM/DD system with IV subcarriers,
where N is typically a large even number, all the subcarriers
carry useful symbols except that X and X/, are set to zeros,
and thus the complex-valued frequency-domain symbols are
given by

X = [0, X1, X, Xoja 1,0, Xiyjaoy -+ X3, X5
)
where Hermitian symmetry is constrained to make the time-
domain signals real-valued, and we have X = X3_,, 1 <
kE<N/2-1.
After an IFFT block, the time-domain signals {x,} are
obtained, which are given by

N-1
1 2T
Ty = —— X} ex i—nk ), 0<n<N-1. (2
\/ﬁkzzo K P(JN ) (2)

After that, a DC bias is added and all the remaining
negative peaks are clipped, leading to nonnegative DCO-
OFDM time-domain signals {Z4co, }. The DC bias level can
be set according to the standard deviation o, = \/FE{z2},
which is given by [19], [22]

Bpc = ko, (3)
where k is a non-negative proportionality constant. As in [22],
the bias-index can be defined as 8 = 10log;, (1 + k2)[dB],

which expresses the power ratio between the DC-biased sig-
nal to the non-DC-biased signal. A small DC bias causes



severe clipping distortion and a high DC bias causes energy
inefficiency. Thus, an appropriate DC bias, which balances
the clipping distortion and the energy inefficiency, is studied
to enhance the DCO-OFDM performance in some literatures
[23]-[25].

B. ACO-OFDM

In an ACO-OFDM based IM/DD system, only the odd sub-
carriers carry useful symbols, while all the even subcarriers are
set to zeros. To guarantee that the time-domain signals are real-
valued, Hermitian symmetry is imposed on the N subcarriers.
Therefore, the frequency-domain symbols of ACO-OFDM are
given by [15]-[17]

Y = OaY1507Y37"' aYN/271707YJ;k/'/2—17"' aY1*:| . (4)

After the process of IFFT, the time-domain signals {y,, } are
obtained, which have an antisymmetry property as [15]-[17]

Yn = —Yninj2, 0SS N/2-1 (5)

Therefore, we can clip the negative part of the time-domain
signals without losing any information as

1
Yaco,n = E(yn + Caco,n)a 0<n<N-1, (6)

where ¢y, denotes the clipping distortion of ACO-OFDM,
which is given by
Caco,n = |yn| s @)

where | - | denotes an absolute value operator.

Since the Fourier transform of the clipping distortion only
falls on the even subcarriers [15]-[17], the ACO-OFDM
symbols can be directly detected on the odd subcarriers after
the received signals are fed to an N-point FFT block at the
receiver.

C. ADO-OFDM

ADO-OFDM is developed in [18], [19], in which ACO-
OFDM symbols are modulated on the odd subcarriers while
DCO-OFDM symbols are modulated on the even subcarriers.
All the negative values generated by ACO-OFDM and DCO-
OFDM are clipped separately. After that, the sum of the
remaining nonnegative signals are transmitted together.

For a typical IM/DD system using ADO-OFDM with N
subcarriers, the complex-valued symbols on the even subcar-
riers are given by

X = [0,0,X2,0,+, Xn22,0,0,0, Xy o+, X3,0]
®)
where Hermitian symmetry is employed on the N subcarriers.
X symbol vector is converted by an N-point IFFT to
generate the time-domain signals {x,,}. After that, a DC bias
is added and all the remaining negative peaks are clipped,
leading to nonnegative signals {Zgco.n}. The DC bias can be
set according to (3).
In addition, the symbols on the odd subcarriers are given
as (4). Similarly, Y symbol vector is converted by an N-
point IFFT to yield the time-domain signals {y,, }, which have

antisymmetry property as (5). Thus ACO-OFDM time-domain
signals {yaco,r, } are obtained through clipping the negative part
of {y,} without losing any information.

At the receiver, the thermal noise and shot noise are modeled
as additive white Gaussian noise (AWGN) [16]. Therefore, the
received signals are given by

Tado,n = hn & (xdco,n + yaco,n) + Wy, 0 § n § N — 13 (9)

where h,, and w,, are the sample of channel state information
and AWGN, respectively, and ® denotes the convolution
operator. The symbols on the odd subcarriers are demodulated
by conventional ACO-OFDM receiver and the symbols on the
even subcarriers are demodulated after interference cancelation
process [19].

III. PROPOSED AAO-OFDM

In this section, we present the transceiver design of the
AAO-OFDM. In AAO-OFDM, AVO-OFDM signals on the
even subcarriers and ACO-OFDM signals on the odd subcar-
riers are transmitted together. The AVO-OFDM scheme is also
proposed in this paper, where the optical OFDM symbols are
firstly modulated on the even subcarriers, then fed into an IFFT
block leading to bipolar time-domain signals. After parallel to
serial (P/S) converter, ideal digital to analog (D/A) converter
and low pass filter (LPF), the absolute values of the bipolar
time-domain signals are taken to guarantee the nonnegativity,
while their sign information is mapped to the complex-valued
symbols and modulated on the odd subcarriers. Since there
remain unused odd subcarriers, other useful symbols can be
modulated on them, which leads to the conventional ACO-
OFDM scheme.

A. AAO-OFDM Transmitter

For an AAO-OFDM based IM/DD system with N subcar-
riers, the block diagram of the transmitter is shown in Fig.
1. To generate real-valued time-domain signals, Hermitian
symmetry is imposed on the N subcarriers, where we have
Xk = X§_j- Xo and X5 are set to zero. Then AVO-OFDM
frequency-domain symbol vector X is given by

X = [O,O,XQ,O,~~ X n/a-2:0,0,0, X3 /gy, X35,0]
(10)
where X (2 <k < % — 2 ) is the complex-valued symbol
on the kth subcarrier, according to the chosen constellations,
such as pulse amplitude modulation (PAM), phase shift keying
(PSK), and quadrature amplitude modulation (QAM), etc.
Without loss of generality, the QAM constellation is assumed
for AVO-OFDM symbols and its size is set to be M.
According to (2), X symbol vector is converted by an N-
point IFFT block to yield the time-domain signal vector X,
which has a symmetry property, as [18], [19]

Tn = Tppny2 0<n < NJ2 - 1. (11)

Then the signal vector x is converted from parallel to serial,
and the resulting signal is D/A converted and low-pass filtered,
after which the absolute operation is employed to obtain
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Fig. 1. The block diagram of AAO-OFDM transmitter.

Zavo(t) as in Fig. 1. In this paper, ideal digital to analog
converter (DAC) and ideal low pass filter (LPF) are assumed.

According to (11), only N/2 signs of {x,} are effective,
and the effective signs of {x,, } are taken and mapped to {s,},

given by
_ Ov
Sp = 1

where 0 <n < N/2 — 1.

After that, {s,} are mapped to complex-valued symbols
{S;} according to the chosen constellation. Without loss of
generality, the QAM constellation is assumed and its size is
set t0 Mign. The number of the sign symbols Sy, is assumed
to be Nggn, which is given by

Tn < 0;

z, >0, a2

N/2 ] , (13)

Neoo = | —1=
Ve ’VlogQ Mign

where [(] denotes the function that maps the smallest integer
greater than or equal to (. There are only N/4 effective
complex-valued symbols on the odd subcarriers in one frame,
hence Njgn < N /4 should be satisfied, and further, Mgn > 4
is required.

In addition, the remaining odd subcarriers can be utilized to
modulate other useful complex-valued symbols U} according
to the chosen constellation, which is assumed to be QAM and
its size is set to Ms. The number of these useful symbols is
assumed to be N,,, which is given by

Naco :N/4_Nsign- (14)

Thus, after Hermitian symmetry is imposed, the complex-
valued symbol vector Y modulated on the odd subcarriers is
given by

Y= [O,H,O,Yg,"' 7YN/27170aY]:;/2—17"' a}/l*}y (15)
where
Y, = Sk7 k:173u"'72NSign_1;
7\ Uk, k=2Nggm+1,2Nggn +3,--- ,N/2 — 1.

(16)

Similarly, Y symbol vector is converted by an N-point
IFFT to yield the time-domain signal vector y, which has an
antisymmetry property given by [16], [17]

Yn = —Yniny2, 0 <n < N/2 -1 a7

Thus we can clip the negative part of {y,} without losing
any information and discrete time-domain signals {Yaco,n } are
obtained, which are given by [19]

1
Yaco,n = 5 (yn + Caco,n) ,0<n <N -1, (18)

where c¢,co,, denotes the clipping distortion as in (7). After the
P/S, D/A, LPF and zero clipping, the continuous time-domain
analog signal y,.0(t) is obtained.

As shown in Fig. 1, the AAO-OFDM time-domain signal is
obtained by adding y,co(t) to Tayo(t), which is given by

Zaao(t) = mavo(t) + yaco(t)'

Finally, the continuous time-domain analog signal 2z, (t) is
used to modulate an optical emitter. In this paper, an ideal
optical emitter is assumed so that the intensity of the output
optical signal is proportional to the input electrical current.
The optical signal is also assumed to be transmitted across a
flat channel [18], [19].

19)

B. AAO-OFDM Receiver

The block diagram of the receiver of AAO-OFDM is shown
in Fig. 2. At the receiver, the shot noise and thermal noise
are commonly modeled as additive white Gaussian noise
(AWGN) [18], [19]. The received signal is first converted
from an optical signal to an electrical signal by an optical
electrical converter, such as the photo-diode (PD), then after
the processing of LPF, analog to digital (A/D), and serial to
parallel (S/P), the discrete time-domain received signal r,, is
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Fig. 2. The block diagram of AAO-OFDM receiver.

obtained, which is given by
Tn = hn & Zaao,n + wn,

=h,® ZTavo,n + %hn X (yn + Caco,n) +w,, 0<n <N -1,

(20)

where h,, and w, denote the samples of channel state infor-
mation and of AWGN, respectively.

The received signals {r,,} are fed to the N-point FFT block
and the frequency-domain symbols are generated as

Ry = Hy Zyao .. + Wi

= Hanvo,k + %Hk(yk + Caco,k) + Wk> 0 < k < N — ]-7
(21)
where Hy, Zaok, Xavok> Caco,r; and Wj, are the discrete
Fourier transforms (DFTSs) of hy,, Zaao,n> Tavo,ns Caco,n and Wy,
respectively. Since Wy, 0 < k < N — 1, is the summation
of N independent AWGN samples {w,}, it is also complex
Gaussian [17].

Considering that {za, ,} have a symmetry property, we
have

1= o
Xavo,k = —== Z Lavo,n €XP (_]nk)
\/N n=0 N
N/2-1

1 2mnk
:ﬁ Z xavo,n{exp <] N )

n=0

m(n+ &
+ exp (—j2 ( ;2)k>}

N/2—1

1 2
=— Tavon €Xp | —j—nk | {1 + exp(—jkm)}.
\/an:% avo, P(JN >{ p(—jkm)}
(22)
Thus, if k is odd, then 1 4 exp(—jk7m) = 0 and Xyor = 0,
which means that X,,, », comprises the even subcarriers only
and the performance of ACO-OFDM is not degraded by AVO-

OFDM. Note that Cy, ; only comprises the even subcarriers
as well [15], [18], [19].

After N-point FFT and the equalizer, we could estimate the
ACO-OFDM symbols on the odd subcarriers using maximum-

likelihood (ML) detection, which are given by [16], [26]

?k = arg max Pr{§k|Hk,Qy}
YeQy

2 (23)

L k=1,3,--- ,N/2—1,

HY — 21%4

= arg min
YeQy
where )y denotes the constellation set of ACO-OFDM,
Pr{A|B} denotes the conditional probability of event A
given event B, Ry denotes the estimation of Rj after an
equalizer as in Fig. 2, and || - || denotes the Frobenius norm.
The multiplication by 2 is to compensate the clipping loss
according to (21).

_After that, we can obtain the estimations of the sign symbols
{S)} and of the useful symbols {U}} according to (16), which
are given by

S =Yi, k=1,3,-++ ,2Nggm — 1, 24)
and

Up = Yi, k= 2Nggn + 1,2Ngjgn +3,--- , N/2— 1. (25)

Before demodulating the AVO-OFDM symbols, we should
subtract the interference caused by ACO-OFDM. As shown in
Fig. 2, {Y},} are utilized to generate local estimation of ACO-
OFDM time-domain signals {%aco»}, Which are subtracted
from the received signals. After that, we can estimate the AVO-
OFDM time-domain symbols {Zayo,» }, whose sign estimations
{8, } could be obtained by demapping from {§k} According
to (11), {z,} have symmetry property, hence the N signs
are symmetrical and the later N/2 signs are equal to {5,}
correspondingly. Thus the sign estimations of the {Z,,} at the
receiver are given by

P~ ]-7 /S\n = 17
Sn = g‘:LJrN/Q = {1’ é\n — 0’ (26)

where 0 <n < N/2 — 1.
Thus, we can obtain the estimations of {z,}, which are
given by

Tn :/S\‘:lfv\avo,nv n= 071727"' 7N_ L (27)

After an N-point FFT block, we could obtain the estima-
tions of {X%} on the even subcarriers using ML detection,



which are given by

X, = arg nax Pr{)?ﬂHk,QX}
XeQ (28)

= arg mm HHkX Xk s k=24,--- /N/2 -2

V&A/here Q)x denotes the constellation set of AVO-OFDM and
X}, denotes the DFT of T, at the receiver.

IV. SIGNAL ANALYSIS OF AAO-OFDM

In this section, the PDF and PAPR of AAO-OFDM time-
domain signals, the analysis of spectral efficiency, optical pow-
er allocation and computational complexity of AAO-OFDM
are presented.

A. The PDF of AAO-OFDM Time-Domain Signals

We could analyze the AAO-OFDM signals more compre-
hensively under the help of their PDF. Thus, the PDF is
investigated in this subsection. Using the central limit theorem,
it can be shown that the bipolar time-domain signals z(t) and
y(t) follow a Gaussian distribution with zero mean [17], [27],
[28], in which z(t) and y(t) are the output signals of the D/A
for the input z,, and y,, respectively. This holds for large
subcarrier numbers especially when N > 128 [17], [27].

Hence, after absolute value operation, the PDF of AVO-
OFDM time-domain signals .y, (t) is a truncated Gaussian
distribution, which is given by

f (w) 2 . (—wz) (w)
. w) = X u(w),
mo(?) V2o, P 202

where o, is the standard deviation of the signals x,, before
the absolute value operation, and o, = E{x?}. u(w) is a unit
step function and «(0) is set to 1/2 in this paper.

Since the optical emitter is assumed to be ideal and the
intensity of the output optical signal is proportional to the
input electrical current, we can calculate the optical power of
AVO-OFDM, which is given by

20,

+oo
Poavo = E{Zavwo(t)} = z, dw = .
o = Blaaal)} = [ wfiy (= 2

Meanwhile, the electrical power of AVO-OFDM is given by

(29)

(30)

+oo
Pe avo — E{xavo( )} = / w2f$uvo(t)(w)dw = 012;' (31)
0

Similarly, we can obtain the PDF of ACO-OFDM time-
domain signals y,e(t), which is given by [19]
2

1 - 1
i) = ——exp (5 ) ) + a0 32)

where o, is the standard deviation of the unclipped signal
Yn, and o, = /E{y2} [19]. 6(v) is a unit impulse function.
The optical and electrical power of ACO-OFDM time-domain
signals are given by P, .o = 04/V21 and P. o = 02/2,
respectively [19].
Theorem 1: When N is large, a(t) and y.eo(t) are ap-
proximately statistically independent.
Proof: See Appendix A. ]

Theoretical
+  Simulation

Fig. 3. The theoretical and simulated PDF of AAO-OFDM.

Therefore, the PDF of AAO-OFDM time-domain signal can
be derived, which is given by

Pt = [ o= Vi)
I e ”2)

(ma o0 (5z) 72! )
7o () e+ e (5)
o) (i‘féi)}“(z)’

+oo 2
where Q(z) = \/#27/ exp (—g;) dx, and o is defined

/52 2
as \/oz+ o5,

The theoretical and simulated PDF of AAO-OFDM are
shown in Fig. 3, where the average total optical power is
set to unit and equal optical power allocation is used for
AVO-OFDM and ACO-OFDM. In addition, the number of
subcarriers IV is set to 1024. It is shown that simulation results
are aligned with the theoretical analysis according to (33) quite
well.

(33)

The average optical power of AAO-OFDM time-domain
signal is given by
Po,aao =F {Zaao(t)}

=F {‘Tavo(t) + yaco(t)}
_200+0a

V2r

(34)

As discussed in Theorem 1, 4,(t) and yaco(t) are statistical
independent when N is large, we can estimate the average
electrical power of AAO-OFDM time-domain signals, which



is given by

Pe,aao =F {Zazao(t)}
=F {(mavo(t) + yaco(t))2}

:E {‘re?vo(t)} + E {yz?co(t)} + 2E {xavo(t)yaco(t)}
2
=07 + % +

20,0,

(35)

B. The PAPR of AAO-OFDM Time-Domain Signals

The implementation of optical OFDM is significantly influ-
enced by the nonlinear transfer characteristics of the optical
devices, such as LEDs, and it becomes more significant with
larger PAPR. Thus the PAPR of AAO-OFDM time-domain
signal z,,,(t) is analyzed, which can be defined as [29]

ma 2 (t
te[O,);] Zaao( )

E{z3 (1)}
where T' is the symbol period. Although, the PAPR of the
continuous time signal cannot be obtained precisely using
the Nyquist rate sampling, an oversampling factor of four
can provide sufficiently accurate results [29]. For simplicity,
we investigate the PAPR of the discrete time signal 20,5, to
estimate the performance of PAPR_qy, as [27]

PAPR on = (36)

2
max Z3
0<n<N—1 aao,n

Pe,aao

Thus the cumulative distribution function (CDF) of PAPR
is given by

PAPR = (37

max

Pr{PAPR < =P
r{ = r {0931\/-1

z§a07n S fPe,aao} bl (38)

where Pr{Il} denotes the probability of the event II.
Usually, we are interested in the probability of PAPR

exceeding a certain level, thus the complementary cumulative

distribution function (CCDF) of PAPR in AAO-OFDM is

calculated, which is given by
CCDF(§) =1 —Pr{PAPR < ¢}, (39)

Theorem 2: When N is large, the CCDF of the PAPR could
be approximated as

N/2
CCDF(¢) =1 — {1 - 2@(7V£P6"“‘“’) - 2A} , (40)

Oy

where A =

2 mexp (_’\2) Q (m/\> d\.

270, 0 F% Oa
Proof: See Appendix B.

The CCDFs of the PAPR in AAO-OFDM and other optical
OFDM schemes are shown in Fig. 4, where N is set to
1024. The CCDF of the PAPR in DCO-OFDM is calculated
according to (11) in [27] and B is set to 7.16 dB [19].
The CCDF of PAPR in ACO-OFDM is calculated according
o (16) in [27]. For ADO-OFDM, the CCDF of its PAPR
is given by simulation, where DCO-OFDM using 16QAM
with § = 7.16 dB [19] and ACO-OFDM using 16QAM are
employed. For ASCO-OFDM, ACO-OFDM using 16QAM

10°

10-1 L

CCDF
=
[S)
o

—+— ACO-OFDM
—&— DCO-OFDM
ASCO-OFDM
103 ¢ = X=+HACO-OFDM
—— ADO-OFDM
B> AAO (simulation)
AAO (theoretical)

10—4 L 1 1 L |
8 10 12 14 16 18
PAPR(dB)

Fig. 4. CCDFs of PAPR in AAO-OFDM and its counterparts (the average
total optical power of each optical OFDM scheme is set to unity and N =
1024).

and SCO-OFDM using 16QAM are employed. For HACO-
OFDM, ACO-OFDM using 16QAM and PAM-DMT using
16PAM are utilized. And the CCDF of PAPR in AAO-OFDM
is given via both simulation and theoretical analysis according
to (39). In addition, the total average optical power of each
OFDM scheme above is set to unit as in [19]. Compared to
other optical OFDM schemes, ACO-OFDM has a higher PAPR
due to the same peak power but lower average power caused
by half of the time-domain signals been clipped at zeros [30].
For AAO-OFDM, the simulation results are aligned with the
theoretical analysis as depicted in Fig. 4. When the CCDF
approaches 10—, the PAPR of AAO-OFDM is about 15.1 dB,
which is similar to ADO-OFDM and is 2.1 dB, 0.9 dB and
0.7 dB lower compared to ACO-OFDM, ASCO-OFDM and
HACO-OFDM, respectively. This indicates that AAO-OFDM
is less sensitive to the nonlinearity of the OWC devices.
Although the PAPR of DCO-OFDM is lower compared to
AAO-OFDM, DCO-OFDM is less attractive, since the DC bias
is required.

C. Spectral Efficiency Analysis

For AAO-OFDM, there are (4 — 1) effective complex
symbols before Hermitian symmetry for AVO-OFDM, and
(& — Niign) useful complex symbols with Ny, sign symbols
for ACO-OFDM. The data structures of X and Y with N = 16
are shown in Fig. 5 for example.

Thus the spectral efficiency of AAO-OFDM is denoted by

T ano, given by
(4 —1)logy My + (% - [710;:5;%“}) logy My
N
1
:Z(logg M +logy Ma) — [

Tano =

N/2 —‘ log, My

logy Miign N
1
N log, M7 bit/s/Hz. 41)

When N is large and the same constellation size is utilized



TABLE I
THE SPECTRAL EFFICIENCY COMPARISON BETWEEN AAO-OFDM AND ITS COUNTERPARTS.

Constellation size groups TaApjg(r) TangE) TaAp]l))ro TaApSp(r:O TACO TAAO TDCO TADO TASCO
A (odd 4QAM & even 4QAM) 0.500 1.000 1.000 0.750 0.500 0.498 0.998 0.998 0.748
B (odd 8QAM & even 8QAM) 1.000 1.500 1.500 1.125 0.750 0.996 1.497 1.497 1.122
C (odd 16QAM & even 16QAM) 1.500 2.000 2.000 1.500 1.000 1.496 1.996 1.996 1.496
D (odd 32QAM & even 32QAM) 2.000 2.500 2500 1.875 1.250 1.992 2495 2495 1.870
E (odd 64QAM & even 64QAM) 2.500 3.000 3.000 2350 1.500 2.490 2.994 2994 2.244
F (odd 128QAM & even 128QAM)  3.000 3.500 3.500 2.625 1.750 2987 3493 3493 2618
G (odd 256QAM & even 256QAM)  3.500 4.000 4.000 3.000 2.000 3.492 3992 3992 2992
H (odd 512QAM & even 512QAM) 4.000 4.500 4.500 3375 2250 3990 4.491 4491 3.366
I (odd 1024QAM & even 1024QAM) 4.500 5.000 5.000 3.750 2500 4.482 4990 4.990 3.740
l
5 ‘ ‘ ‘ ‘ ‘ y
S O O Ol 0 0 D = g
| - ADO Pas
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Fig. 5. Data structures of important data vectors X and Y with N = 16 for 17
example. 0.5
A 8 ¢ o e F o
Constellation size groups
on the odd subcarriers, i.e. Mg, = M>, an approximation of
YTano is given by Fig. 6. The spectral efficiency comparison between AAO-OFDM and its

appr
TAAO ~

1 1

Z(log2 My + log, Ms) — 3 bit/s/Hz. (42)
Similarly, we could calculate the spectral efficiency of other

optical OFDM schemes. When constellation sizes M7 and

M, are utilized in the even and odd subcarriers, the spectral

efficiency of ADO-OFDM, DCO-OFDM, ASCO-OFDM and

ACO-OFDM are given by
1 1
Y apo = Z(Ing M +log, Ms) — i log, M bit/s/Hz, (43)

L

1
YTpco = 1 log, My + logy Ms) — N log, M bit/s/Hz, (44)

Tasco = i(% logy M +logy Mp) — %logQ M, bit/s/Hz,
(45)
and )
Taco = z(logg M) bit/s/Hz. (46)

Note that, when N is large, the last term in (43), (44) and
(45) are so small that can be negligible, which lead to the
corresponding approximations as

0~

1
Z(log2 M + log, M) bit/s/Hz, 47

counterparts (‘A’ ~ ‘I’ denote the constellation groups defined in Table I).

~
~

1
Ti ~ 5 (logy M + log, My) bit/s/Hz, — (48)

and
. 1.1
Teo ~ 4 (5 logs M + logy Ma) bits/Hz.  (49)

The spectral efficiency comparison between AAO-OFDM
and its counterparts is shown in Table I and Fig. 6, where N =
1024 is assumed in (41), (43), (44) and (45). In AAO-OFDM,
Miion is assumed to equal to M, for simplicity. As shown in
Fig. 6, for each optical OFDM scheme, the difference between
the spectral efficiency and its approximation value is so small
that can be negligible. In addition, it indicates that Yaao is
about 0.5 bits/s/Hz less compared to Yapo and Ypco with
the same constellation sizes. However, no DC bias is required
for AAO-OFDM, which is energy efficient. In addition, Y a0
is (% logy My — 3) bits/s/Hz larger compared to Y asco, and
(i logy Mo — %) bits/s/Hz larger compared to T aco with the
same constellation sizes.

D. Optical Power Allocation Discussion

The ACO-OFDM symbols are only distorted by the noise
falling on the odd subcarriers, hence they are directly detected



TABLE 11
THE COMPUTATIONAL COMPLEXITY ANALYSIS OF AAO-OFDM AND ITS

COUNTERPARTS.

OFDM schemes Transmitter Receiver
DCO-OFDM O(Nlogs N)  O(Nlogy, N)
ACO-OFDM O(Nlogy N)  O(Nlogy, N)
ADO-OFDM  20(Nlogy N) 4O(Nlogy N)

HACO-OFDM  20(Nlogy, N) 30O(Nlog, N)
ASCO-OFDM  20(Nlogy, N) 3O(Nlog, N)
AAO-OFDM 20(Nlog, N) 40O(N log, N)

at the receiver. While the AVO-OFDM symbols are recovered
after the local estimation of ACO-OFDM signals are removed,
using the signs estimators, {Sy }, which are estimated from the
ACO-OFDM part. Thus, the performance of AVO-OFDM is
degraded by the noise, the estimation error of the ACO-OFDM
negative clipping distortion and the estimation error of {Sj}.
Fortunately, when the SNAR increases, the estimation of the
clipping distortion and {Sj} become more accurate, which
cause smaller performance degradation to the AVO-OFDM
part. In addition, numerical results under equal optical power
allocation are desirable, and the performance of AVO-OFDM
part is similar to ACO-OFDM in the high SNR regime, which
is preferable in a practical system. Therefore, the equal optical
power allocation between AVO-OFDM and ACO-OFDM is
considered in this paper.

E. Computational Complexity Analysis

At the transmitter of AAO-OFDM, two N-point IFFT
blocks are utilized as shown in Fig. 1, thus its computational
complexity can be written as 20(N log, N) [31]. While at
the receiver, two IN-point FFT blocks with two N-point IFFT
blocks are required as shown in Fig. 2, and the multipliers
can be replaced by shifting 7 phases, since the sign is either
‘1> or ‘—1’. Hence the computational complexity of the
receiver can be written as 4O(N log, N). For ADO-OFDM,
two N-point IFFT blocks are employed in the transmitter
and two N-point FFT blocks with two N-point IFFT blocks
at the receiver [18], [19], thus the computational complexity
can be estimated by 20(N log, N) for its transmitter and
40O(N log, N) for its receiver. Similarly, for DCO-OFDM and
ACO-OFDM, one N-point IFFT block and one N-point FFT
block are employed at the transceiver for both of the schemes.
Hence the computational complexity can be estimated by
O(Nlogy N) for both the transmitter and the receiver. For
HACO-OFDM and ASCO-OFDM, two N-point IFFT blocks
are utilized for the transmitter and two NN-point FFT blocks
plus one N-point IFFT block are used at the receiver, whose
computational complexity can be written as 20(N log, N)
for the transmitter and 3O(N log, N) for the receiver. The
computational complexity analysis of the six optical OFDM
schemes are presented in Table II. Evidently, the computational
complexity of AAO-OFDM is similar to that of ADO-OFDM,
which is slightly higher than its counterparts but acceptable
considering its benefits such as DC bias elimination, higher
energy and spectral efficiency and lower PAPR.
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Fig. 7. The BER performance of AAO-OFDM with different spectral
efficiencies.

V. NUMERICAL RESULTS

The BER performance of AAO-OFDM is analyzed and
compared to other optical OFDM schemes in terms of elec-
trical bit energy to noise power ratio E,/Ny. The average
total optical power of each OFDM scheme is normalized to
unity [19]. Meanwhile, equal optical power allocation between
AVO-OFDM and ACO-OFDM is employed according the
analysis in Section IV-D. For simplicity, the same constellation
size is used for the odd subcarriers, i.e. Mo, = M. In this
paper, a flat AWGN channel with perfect equalization and ideal
time synchronization is assumed [18], [19]. In addition, the
FFT/IFFT size is set to be 1024, i.e. N = 1024.

The BER performance of AAO-OFDM with different spec-
tral efficiencies is shown in Fig. 7, where M, = My = 16 for
spectral efficiency T = 1.5 bit/s/Hz and M; = My = 32
for T = 2.0 bit/s/Hz are utilized, respectively. Based on
the analysis in Section IV-D, equal optical power allocation
between AVO-OFDM and ACO-OFDM is utilized. Firstly, it
can be seen that the symbols modulated in AAO-OFDM could
be detected successfully with the receiver. When Ej/Nj is
small, the BER of AVO-OFDM is higher compared to that of
ACO-OFDM, since the symbols in AVO-OFDM are not only
distorted by noise but also by the estimation errors of ACO-
OFDM clipping distortion and sign symbols {Sj}. However,
when FE}/Np increases, the estimation accuracy of ACO-
OFDM symbols improves with the reduction of the BER, and
the signs of AVO-OFDM could be estimated more accurately,
resulting in improvement of AVO-OFDM BER performance.
In addition, when Ej, /Ny is high, the performances of AVO-
OFDM and ACO-OFDM are similar at a BER of 107°.
The results are desirable since the information transmitted
by AVO-OFDM and ACO-OFDM is preferred to have similar
performance in practical communication systems.

Although the spectral efficiencies of different OFDM
schemes are different with the same constellation sizes, we
can utilize different constellation combinations to achieve the
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Fig. 8. BER performance comparison between AAO-OFDM and its coun-
terparts with the same spectral efficiency (the average total optical power of
each OFDM scheme is normalized to unity).

same spectral efficiency as shown in Table I and Fig. 6.
Without loss of generality, the BER performance of AAO-
OFDM and its counterparts with T = 3 bit/s/Hz are compared
in Fig. 8. For DCO-OFDM with 64QAM, the DC bias-index
B is set to 8.99 dB [19]. For ACO-OFDM, 4096QAM is
employed. For AAO-OFDM, 128QAM is used in both the
even and odd subcarriers, and equal optical power allocation
is imposed. To enhance readability, « is defined to denote
the optical power allocation factor for the subsystem used
in odd subcarriers in each scheme, and for AAO-OFDM,
a = 0.5. For ASCO-OFDM, 256QAM is utilized in both
the even and odd subcarriers with the power allocation factor
a = 0.5. For ADO-OFDM, four constellation combinations
with different DC biases and different optimal power alloca-
tion factors are used to find its best performance. Specifical-
ly, even-64QAM-0dd-64QAM, even-32QAM-o0dd-128QAM,
even-16QAM-0dd-256QAM, and even-S8QAM-odd-512QAM
are employed with /5 equal to 8.99 dB [19], 8.00 dB, 7.16 dB
and 6.80 dB, respectively. In addition, « are correspondingly
set to 0.18, 0.33, 0.53 and 0.71, calculated according to (33) in
[32]. Among these four constellation combinations, the sim-
ulation results show that ADO-OFDM using even-16QAM-
0dd-256QAM with 5 = 7.16 dB and o = 0.53 has the best
performance at a BER of 1072, Similarly, for HACO-OFDM,
four constellation combinations with different optimal power
allocation factors are also used to find the best performance.
More specifically, even-64PAM-o0dd-64QAM, even-32PAM-
0dd-128QAM, even-16PAM-o0dd-256QAM, and even-8PAM-
0dd-512QAM are employed, and « equaling 0.16, 0.34, 0.59
and 0.80, respectively, calculated according to (22) in [16].
The simulation results show that HACO-OFDM employing
even-16PAM-o0dd-256QAM with 8 = 6.46 dB and a = 0.59
has the best BER performance when BER approaches to 10~°
among these four constellation combinations.

Figure 8 indicates that AAO-OFDM with equal optical
power allocation achieves the best BER performance among

these optical OFDM schemes when the BER is less than
10~°. More specifically, AAO-OFDM achieves 4.9 dB and
2.7 dB performance gains than DCO-OFDM with 8 = 8.99
dB and ADO-OFDM using even-16QAM-o0dd-256QAM with
B = 7.16 dB and o = 0.53 at a BER of 107, respectively.
Since no DC bias is required for AAO-OFDM, and its spectral
efficiency is only 0.5 bit/s/Hz less than DCO-OFDM and
ADO-OFDM according to Fig. 6, so that its constellation
size is only slightly larger to achieve the same data rate.
In addition, AAO-OFDM uses both the real and imaginary
parts of even and odd subcarriers and is more spectrally
efficient, its constellation size is much smaller than ACO-
OFDM, ASCO-OFDM and HACO-OFDM given the same
spectral efficiency. Therefore, AAO-OFDM achieves 11.3 dB,
3.5 dB and 2.5 dB performance gains than ACO-OFDM,
ASCO-OFDM, and HACO-OFDM using even-16PAM-odd-
256QAM with o = 0.59 at a BER of 1072, respectively.

VI. CONCLUSIONS

In this paper, we propose a novel energy- and spectrum-
efficient scheme called AAO-OFDM for IM/DD based OWC
systems, where AVO-OFDM signals on the even subcarriers
and ACO-OFDM signals on the odd subcarriers are combined
for simultaneous transmission. AAO-OFDM could employ all
the subcarriers like DCO-OFDM while requiring no DC biases
like ACO-OFDM at the same time. Simulation results validate
the theoretical analysis and indicate that AAO-OFDM has
better energy efficiency than DCO-OFDM and ADO-OFDM,
and better spectrum efficiency than ACO-OFDM, ASCO-
OFDM and HACO-OFDM. Meanwhile, it has lower PAPR and
performs better compared to those conventional methodologies
given the same spectral efficiency in the high SNR region.

In this paper, we only concentrate on the transceiver design
of the proposed AAO-OFDM and analyze its corresponding
performance. In the future, we plan to find the optimal opti-
cal power allocation between AVO-OFDM and ACO-OFDM
signals, investigate the effects of chromatic dispersion and
the nonlinearity of the LEDs in order to futher improve the
performance in practical IM/DD systems.

APPENDIX A
PROOF OF THEOREM 1

Firstly, we assume a continuous random variable X with ze-
ro mean and the symmetric PDF fx (x),ie. fx(z) = fx(—x).

We assume Y = | X, and its PDF can be derived easily as
fy () = 2fx(y)u(y), where u(y) is a unit step function with
u(0) = 1. Thus we can calculate the probability of Pr{Y <
y}, which is given by

Pr{Y <y} =Pr{| X [< y}
=Pr{—y < X <y}
=2Pr{0 < X < y}.

(50)

We also assume a variable S’ denoting the sign of X, which
X >0

is given by
L,
5= {0, X <0.

It is easy to derive that Pr{S =1} = Pr{S =0} = 0.5.

(G



Based on the former assumptions, we have

Pr{S=1Y <y} =Pr{z > 0,[ = [< y}

=Pr{0 <z <y} (52)
=Pr{S = 1}Pr{Y <y},
and
Pr{S=0,Y <y} =Pr{z <0,| z |[<y}
=Pr{—y <z < 0} (53)

=Pr{S = 0}Pr{Y < y}.

Thus, Y and S are statistically independent.

As discussed in Section IV-A, the bipolar time-domain
signals x(t) follows a Gaussian distribution with zero mean,
which has a symmetric PDF [17], [27], [28]. This holds
for large subcarrier numbers especially when N > 128
[17], [27]. Thus, the absolute value of z(¢) and its sign are
approximately statistically independent. Therefore, although
Yaco(t) consists of the signs related to z:(t), Zayo(t) and yaco (%)
are approximately statistically independent when N is large.

APPENDIX B
PROOF OF THEOREM 2

Since {z,} have the symmetry property, ie. z, =
Tpyny2, 0 < m < N/2 -1, 2, and x,, n/o are pairwise
correlated. In addition, using the central limit theorem, the
bipolar time-domain signal x,, follows a Gaussian distribution
with zero mean. Besides, the correlation among {z,,n =
0,1,...,N/2 — 1} tends to zero for large N [33]. Thus,
{Zn,m = 0,1,...,N/2 — 1} can be treated as independent
for large N. Based on the analysis above, we can conclude
that {Zaon,n = 0,1,...,N/2 — 1} are independent for
large N, where %, 1S assumed to be the sample of signal
Tayo(t), and Tayo,r and Tayo n4 /2 are pairwise correlated. So
do {Yacon,n=10,1,...,N/2 —1}.

We assume that 20, is the sample of 240 (), and zauo, =
Zavo,n T Yaco,n- According to Theorem 1, Tayor, and Yaco,n are
statistically independent when N is large. Thus, based on the
analysis above, we can conclude that 2.0, and Zya0,n+n/2 are
also pairwise correlated and {za0n,n = 0,1,...,N/2 — 1}
are independent when N is large.

Hence, the CDF of the AAO-OFDM PAPR is given by

Pr(PAPR < ¢) — P 2 _ep
(PAPR < ©) = Pr{ | | < €Ps

=Pr {Zaao,n < \V gPe,aao, n=0,1,---,N— 1}
:Pr{zaao,n < vV gpe,aam Zaao,nJr% < \ gpe,aaov

n:O,l,---7N/2—1}

N/2-1
= H Pr{zaao,n < vV §Pe,aa07zaao,n+% < vV gpre,aao}~
n=0

(54)

It follows that

Pr{ 2o < V/EPeom 2oty < VEProm
:H{%mn+%mn§ Sﬂmmyn>0}

+ Pr{ T + Yoty < VEPror yn <0}

(a)
;2Pr{xa\lo7n + Yaco,n < §Pe,aa07 Yn > 0}7

(55)

where (a) is because y, > 0 and y, < 0 have the same
distribution, i.e. Pr{y, > 0} = Pr{y,, <0} =0.5.
According to the analysis in Section IV-A, we have

Pr{xavo,n + Yaco,n < gPe,aam Yn > 0}

TE NV (2 1 (2= N
— d d\
/0 Z/o ﬁavexp(203>v2muexp< 207 >
T

T _\2 T —
:0.5—@(;})— 7\/%0 /0 exp <;>Q< Ua)\) d,

(56)
where T = /P a0, and P, 55, is given by (35).
Hence, the CDF of the PAPR for AAO-OFDM is derived
as

Pr(PAPR < ¢)
N/2
{2Pr{zavo,n + Yaco,n < gPe,aaOa Yn > 0}} (57)

Vo> B N/2
:{1 —~ 2Q(7£P‘i"“”) - zA} ,

v

vV Pcaao — IDee.u\o_A
whereA:\/%% 0 S exp(ﬁ\;)Q gT dA.

Therefore, the CCDF of the PAPR for AAO-OFDM is given
by

CCDF(¢) =1 — Pr(PAPR < ¢€)

=1-41- 2Q(7V£P6’”°) — 24

v

N/2 (58)

)

which leads to Theorem 2.
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