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Abstract: In this paper, we propose an EADO-OFDM (Enhanced Asymmetrically Clipped DC Biased

Optical Orthogonal Frequency Division Multiplexing) method for IM/DD (Intensity-Modulated Direct-

Detection) optical systems, in which the AV-DCO-OFDM (Absolute Valued DC Biased Optical OFDM)

symbols on the even subcarriers and ACO-OFDM (Asymmetrically Clipped Optical OFDM) symbols on the

odd subcarriers are combined for simultaneous transmission. Moreover, we discuss the PDF (Probability

Density Function) and electrical SNR (Signal to Noise Ratio) of the symbols, which are utilized to estimate

the BER (Bit Error Ratio) performance and overall performance of EADO-OFDM. The Monte Carlo

simulation results have validated the theoretical analysis and have also confirmed the EADO-OFDM is

attractive considering the following benefits. Firstly, EADO-OFDM is more energy efficient compared to

the power-efficient DCO-OFDM (DC Biased Optical OFDM), since the required DC bias is smaller when

appropriate constellation size combinations are chosen. In addition, EADO-OFDM performs better than the

conventional ADO-OFDM (Asymmetrically Clipped DC Biased Optical OFDM), because the absolute value

operation causes no clipping distortion.
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1 Introduction

IM/DD systems are utilized widely in OWC

(Optical Wireless Communication)[1,2], fiber-optic

communication[3], amplitude modulated RF (Radio

Frequency) wireless communication[4], and broad-

band wireline transmission[5]. In IM/DD OWC sys-

tems, the transmitted electrical signal is modulated

onto the instantaneous power of an optical emitter

such as LED (Light-Emitting Diode) or LD (Laser

Diode). Thus the time-domain signals should be

real-valued and nonnegative[1,2,6].
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OFDM (Orthogonal Frequency Division Multi-

plexing) is not only a popular physical layer scheme

in RF communication systems, but also a promising

candidate for IM/DD OWC systems due to its in-

herent benefits like high spectral efficiency and resis-

tance to frequency-selective channels[7]. Unlike RF

communication, the input OFDM symbols for OWC

should meet the Hermitian symmetry constraint to

make the time-domain signals real-valued[8]. Mean-

while, to make the signals nonnegative, many op-

tical OFDM schemes have been developed, includ-

ing DCO-OFDM and ACO-OFDM. In DCO-OFDM,

a DC bias is added to the bipolar time-domain

signals, and all the remaining negative signals are

clipped at zero. This is easy to implement but re-

sults in clipping distortion and performance degra-

dation. In addition, the DC bias consumes much

power, which reduces the energy efficiency. In ACO-

OFDM, which is proposed for its high energy effi-

ciency, only the odd subcarriers modulate the use-

ful symbols, and the time-domain signals have an-

tisymmetry property. Therefore, the negative parts

can be clipped without losing any information[8,9].

However, ACO-OFDM is spectrally inefficient, since

only half of the subcarriers are employed. ADO-

OFDM has been proposed to overcome the draw-

backs of DCO-OFDM and ACO-OFDM, in which

DCO-OFDM symbols are modulated onto the even

subcarriers while ACO-OFDM symbols are modu-

lated onto the odd subcarriers[10,11]. ADO-OFDM

possesses the advantages of both ACO-OFDM and

DCO-OFDM; however, it is still degraded by the

clipping distortion caused by the DCO-OFDM signal

generating process.

In this paper, we propose an EADO-OFDM

method, in which ACO-OFDM symbols are modu-

lated onto the odd subcarriers and AV-DCO-OFDM

symbols are modulated onto the even subcarriers.

At the receiver, the ACO-OFDM symbols are first

demodulated from the odd subcarriers. Then the

ACO-OFDM time-domain signals are reconstructed

and removed from the received signals. Similar to

Ref. [12], ISEA (Iterative Signs Estimation Algo-

rithm) is utilized to estimate the signs of the AV-

DCO-OFDM time-domain signals. With the aid

of the signs, we could detect the AV-DCO-OFDM

symbols on the even subcarriers. Compared to

the conventional ADO-OFDM, EADO-OFDM could

achieve better BER performance for high SNR, be-

cause the absolute value operation causes no clipping

distortion. Besides, compared to the power-efficient

DCO-OFDM proposed in Ref. [12], EADO-OFDM

is more energy efficient, since the DC bias required

is smaller when appropriate constellation size com-

binations are chosen.

The remainder of this work is organized as fol-

lows. In section 2, the transceiver designs of the

EADO-OFDM are proposed. In section 3, the PDF,

electrical SNR, optical power allocation, and com-

putational complexity analysis are discussed. In sec-

tion 4, the Monte Carlo simulations are presented to

validate the theoretical analysis and are compared

to the conventional ADO-OFDM and the power-

efficient DCO-OFDM. The conclusions are drawn in

section 5.

2 Proposed EADO-OFDM

2.1 EADO-OFDM transmitter

The block diagram of the transmitter for an OWC

system with N subcarriers is shown in Fig. 1. As

depicted in the figure, Hermitian symmetry is im-

posed on the N subcarriers to generate real-valued

time-domain signals, where we have Xk = X∗N−k,

and X0 and XN/2 are set to zero. Thus, the AV-

DCO-OFDM frequency-domain symbol vector X on

the even subcarriers is given by

X =
[
0, 0, X2, 0, · · · , XN/2−2,

0, 0, 0, X∗N/2−2, · · · , X
∗
2 , 0
]
, (1)

where Xk is the complex-valued symbol on the kth

(2 6 k 6 N/2− 2) subcarrier, according to the cho-

sen QAM (Quadrature Amplitude Modulation) con-

stellation. The constellation size is assumed to be

M1.

The time-domain signals {xn}, which are ob-

tained after an IFFT (Inverse Fast Fourier Trans-
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Figure 1 Block diagram of an EADO-OFDM transmitter

form) block, are given by

xn =
1√
N

N−1∑
k=0

Xk exp

(
j
2π

N
nk

)
, 0 6 n 6 N − 1.

(2)

According to Refs. [10,11], the signals {xn} have a

symmetry property.

To ensure that the signals are nonnegative, a DC

bias is added, and we have

xd,n = xn +BDC, (3)

where the bias is given by BDC = µσD and σD is the

standard deviation, given by σD =
√
E{x2n} with

E{·} denoting expectation operation. µ is a propor-

tionality constant. As in Ref. [12], the bias-index is

often defined as β = 10 lg (1 + µ2) dB.

Usually, a DC bias cannot ensure that all the sig-

nals are nonnegative. Therefore, an absolute value

operation is employed and the AV-DCO-OFDM

time-domain signals {xav,n} are obtained. They are

given by

xav,n = |xd,n| = xn +BDC + wa, (4)

where | · | denotes an absolute value operator and wa

is the noise component caused by the absolute value

operation, given by

wa,n =

{
−2(xn +BDC), xn < −BDC,

0, xn > −BDC.
(5)

Due to the symmetry property of {xn}, the signals

{xav,n} are also symmetric, and are given by

xav,n = xav,n+N/2, 0 6 n 6 N/2− 1. (6)

Note that the signs of xd,n could be estimated suc-

cessfully for high SNR using the ISEA algorithm pro-

posed in Ref. [12]; therefore, compared to the con-

ventional DCO-OFDM, no information is lost.

Besides, the ACO-OFDM symbol vector Y mod-

ulated on the odd subcarriers, is also constrained by

Hermitian symmetry, which is given by

Y =
[
0, Y1, 0, Y3, · · · , YN/2−1, 0, Y ∗N/2−1, · · · , Y

∗
1

]
,

(7)

where Yk is a complex-valued symbol on the kth

(1 6 k 6 N/2− 1) subcarrier, according to the cho-

sen QAM constellation with size M2.

Similarly, Y is converted by an N -point IFFT to

yield the time-domain signals {yn}, which have an

antisymmetry property as given by[9]

yn = −yn+N/2, 0 6 n 6 N/2− 1. (8)

Due to the antisymmetry property, the negative

part of {yn} could be clipped without losing any in-

formation, and the time-domain signals {yaco,n} are

obtained as[11]

yaco,n =
1

2
yn + caco,n, 0 6 n 6 N − 1, (9)

where caco,n denotes the clipping distortion given by

caco,n =
1

2
|yn|. (10)
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iŜ

= 1n
0Ŝ
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Figure 2 Block diagram of an EADO-OFDM receiver

Finally, the EADO-OFDM time-domain signals

are obtained by adding yaco,n to xav,n as shown in

Fig. 1, which are given by

ze,n = xav,n + yaco,n, 0 6 n 6 N − 1. (11)

After the P/S (Parallel to Serial) and D/A (Digital

to Analog) conversions, the continuous-time analog

signal ze(t) is utilized to drive the optical emitter.

2.2 EADO-OFDM receiver

The block diagram of an EADO-OFDM receiver is

shown in Fig. 2. At the receiver, a flat channel with

perfect equalization is assumed, and the shot noise

and thermal noise are commonly modeled as AWGN

(Additive White Gaussian Noise)[10,11]. Thus, the

received signals {rn} are given by

rn = ze,n + wg,n

= xav,n +
1

2
yn + caco,n + wg,n, 0 6 n 6 N − 1,

(12)

where wg,n denotes the sample of AWGN with zero

mean and variance of σ2
g .

After S/P (Serial to Parallel) conversion and N -

point FFT (Fast Fourier Transform), the frequency-

domain symbols are generated as

Rk = Ze,k +Wg,k

= Xav,k +
1

2
Yk + Caco,k +Wg,k, 0 6 k 6 N − 1,

(13)

where Ze,k, Xav,k, Caco,k and Wg,k are the Fourier

transforms of ze,n, xav,n, caco,n and wg,n, respec-

tively.

Since {xav,n} have the symmetry property, we

have

Xav,k =
1√
N

N−1∑
n=0

xav,n exp

(
−j

2π

N
nk

)

=
1√
N

N/2−1∑
n=0

xav,n

(
exp

(
−j

2π

N
nk

)
+ exp

(
−j

2π

N
(n+

N

2
)k

))

=
1√
N

N/2−1∑
n=0

xav,n exp

(
−j

2π

N
nk

)
(1 + cos(kπ)) .

(14)

When k is odd, we have Xav,k = 0, which means

that Xav,k comprises the even subcarriers only and

the transmission of ACO-OFDM symbols are not

affected by the AV-DCO-OFDM parts. Note that

Caco,k also comprises only the even subcarriers[8,11].

After N -point FFT and equalization, we could es-

timate the ACO-OFDM symbols on the odd sub-

carriers using ML (Maximum-Likelihood) detection,

given by

Ŷk = arg max
Y ∈ΩY

PY
{
R̂k|ΩY

}
= arg min

Y ∈ΩY

∥∥Y − 2R̂k
∥∥2
F
, k = 1, 3, · · · , N/2− 1,

(15)

where ΩY denotes the constellation set of Yk, R̂k de-

notes the estimation of Rk, and ‖ · ‖F denotes the

Frobenius norm. The multiplication by 2 is to com-

pensate the clipping loss according to Eq. (13).

The ACO-OFDM time-domain signal estimations

{ŷaco,n} are then reconstructed and removed from

the received signals, leading to the estimations of

{x̂av,n}. Since {x̂av,n} are disturbed by the ACO-

OFDM estimation error and a part of the AWGN,



40 Journal of Communications and Information Networks

some parts of {x̂av,n} could be negative, and {x̂cav,n}
could be obtained by clipping the negative parts of

{x̂av,n}.
After that, we could obtain the signs of {xd,n}

by using the ISEA algorithm developed in Ref. [12].

More specifically, in the ith iteration, we have

x̂c,id,n = sinx̂
c
av,n, n = 1, 2, · · · , N − 1, (16)

where sin is the sign estimation of xd,n, which is ini-

tialized to 1 before iteration for the sake of conver-

gence, i.e., s0n = 1.

Then {x̂c,id,n} are transformed by the N -point FFT

leading to { ̂̃Xi

k}. The {X̂i
k} could be estimated by

using the ML detection, which are given by

X̂i
k = arg max

X∈ΩX

PX{ ̂̃Xi

k|ΩX}

= arg min
X∈ΩX

‖X − ̂̃Xi

k‖2F , k = 2, 4, · · · , N/2− 2,

(17)

where ΩX is the constellation set of Xk.

Using {X̂i
k}, we could reconstruct the local esti-

mations {x̂id,n}, and update the sign estimations by

si+1
n = sign{x̂id,n} =

{
−1, x̂id,n < 0,

1, x̂id,n > 0.
(18)

The receiver will go to the (i+ 1)th iteration until

sin = si−1n (i > 0, n = 1, 2, · · · , N − 1) or i strikes

the preset maximum iteration number IM .

3 Signal analysis

3.1 PDF of the time-domain signals

The EADO-OFDM signals can be studied compre-

hensively using their PDF, which is investigated in

this subsection. According to the central limit the-

orem, the bipolar time-domain signals xn and yn

follow a Gaussian distribution with zero mean, es-

pecially for large subcarrier numbers when N >

128[9,13]. We assume that xav(t) denotes the out-

put continuous-time analog signal of D/A for the in-

put xav,n. After absolute value operation, the PDF

of the AV-DCO-OFDM time-domain signals xav(t)

could easily be derived as

fxav(t)(s) =
1√

2πσD
exp

(
−(s−BDC)2

2σ2
D

)
u(s)

+
1√

2πσD
exp

(
−(s+BDC)2

2σ2
D

)
u(s),

(19)

where σD is the standard deviation of the signals xn.

u(s) is a unit step function and u(0) is defined to be

1/2 in this paper.

We can calculate the average optical power and

electrical power of AV-DCO-OFDM as

Po,av = E{xav(t)} =

∫ +∞

0

sfxavo(t)(s)ds = A(µ)σD,

(20)

and

Pe,av = E{x2av(t)} =

∫ +∞

0

s2fxav(t)(s)ds = B(µ)σ2
D,

(21)

where

A(µ) = µ− 2µQ(µ) +
2√
2π

exp

(
−µ

2

2

)
,

B(µ) = 1 + µ2 + 4Q(µ)

and

Q(ξ) =
1√
2π

∫ ∞
ξ

exp

(
−x2

2

)
dx.

Besides, the PDF of yaco,n is given by[11]

fyaco(t)(ν) =
1√

2πσA
exp

(
−ν2

2σ2
A

)
u(ν) +

1

2
δ(ν),

(22)

where σA is the standard deviation of yn, and σA =√
E{y2n}. δ(ν) is the Dirac delta function. In ad-

dition, yaco(t) denotes the output analog signal of

D/A for the input yaco,n. The average optical and

electrical power of ACO-OFDM time-domain signals

are given by Po,aco = σA/
√

2π and Pe,aco = σ2
A/2,

respectively[11].

Theorem 1 The PDF of the EADO-OFDM time-

domain signals can be derived by using convolution,

which is given by

fze(t)(z)

=
1

2
√

2πσD

(
exp

(
−(z −BDC)2

2σ2
D

)
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+ exp

(
−(z +BDC)2

2σ2
D

))
+

1√
2πσ

exp

(
−(z −BDC)2

2σ2

)
×
(
Q(

Φ(z)

σσAσD
)−Q(

∆(z)

σσAσD
)

)
+

1√
2πσ

exp

(
−(z +BDC)2

2σ2

)
×
(
Q(

Θ(z)

σσAσD
)−Q(

Λ(z)

σσAσD
)

)
, z > 0, (23)

where Φ(z) = −zσ2
D−BDCσ

2
A, ∆(z) = zσ2

A−BDCσ
2
A,

Θ(z) = −zσ2
D +BDCσ

2
A, Λ(z) = zσ2

A +BDCσ
2
A, and

σ =
√
σ2
A + σ2

V .

Proof See Appendix A.

Fig. 3 depicts the theoretical and simulated PDF

results of the EADO-OFDM, where the average to-

tal optical power is set to unity and equal optical

power allocation is used between ACO-OFDM and

AV-DCO-OFDM. M1 = 16, M2 = 16, µ = 2.3, and

N is set to 1 024. It is shown that the simulation

results are in good agreement with the theoretical

analysis.
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Figure 3 Theoretical and simulated PDFs of the EADO-

OFDM

Theorem 2 The average optical and electrical

powers of the EADO-OFDM time-domain signals are

respectively given by

Po,eado = A(µ)σD +
σA√
2π
, (24)

and

Pe,eado = σ2
DB(µ) +

σ2
A

2
+

2A(µ)σAσD√
2π

. (25)

Proof See Appendix B.

3.2 Electrical SNR

At the receiver side, the signals after the N -point

FFT could be obtained according to Eqs. (4), (9),

(12), and (13) as

Rk = Xk +BDC,k +Wa,k +
1

2
Yk + Caco,k +Wg,k,

(26)

where BDC,k and Wa,k are the DFTs (Discrete

Fourier Transforms) of BDC and wa,n, respectively.

It can be confirmed that BDC,k comprises only the

0th subcarrier and Wa,k comprises only the even sub-

carriers.

W odd
g,k and W even

g,k stand for the values of Wg,k on

the odd and even subcarriers, respectively. Due to

the AWGN property, W odd
g,k and W even

g,k have the same

average electrical power per symbol as Wg,k, i.e.

E
{
|W odd

g,k |2
}

= E
{
|W even

g,k |2
}

= E
{
|Wg,k|2

}
= σ2

g .

(27)

Besides, following the Parseval theorem, we have

1

N

N−1∑
n=0

|yn|2 =
1

2

(
1

N/2

N/2−1∑
m=0

|Y2m+1|2
)
. (28)

As we know,
1

N

N−1∑
n=0
|yn|2 and

1

N/2

N/2−1∑
m=0

|Y2m+1|2

are the unbiased estimators for E{|yn|2} and

E{|Yk|2}, which are the average electrical energy per

symbol in the time-domain and frequency-domain for

ACO-OFDM, respectively. Thus, we have

E
{
|yn|2

}
=

1

2
E
{
|Yk|2

}
. (29)

Therefore, in EADO-OFDM, the electrical SNR

for ACO-OFDM signals can be derived as

Γaco =
E{| 12Yk|

2}
E{|W odd

g,k |2}
=

1
2E{|yn|

2}
E{|W odd

g,k |2}

=
1

2

σ2
A

σ2
g

. (30)

Similarly, we can derive E
{
|xn|2

}
=

1

2
E
{
|Xk|2

}
for AV-DCO-OFDM. As described in section 2.2,
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before demodulating the AV-DCO-OFDM sym-

bols, ACO-OFDM time-domain signal estimations of

{ŷaco,n} are reconstructed and removed from the re-

ceived signals, and the ISEA algorithm is utilized to

obtain the signal signs. Thus, the estimation errors

of Yk and the signs sin could degrade the performance

of AV-DCO-OFDM. Therefore, the effective SNR for

AV-DCO-OFDM signals in EADO-OFDM is given

by

Γav =
E
{
|Xk|2

}
E
{
|W even

g,k |2
}

+ εe
=

2σ2
D

σ2
g + εe

, (31)

where εe denotes the equivalent degradation caused

by the estimation errors of Yk and the signal signs

sin. Note that when SNR is high, Yk and sin can

be demodulated successfully, causing no degradation

to the AV-DCO-OFDM signals, i.e., εe → 0. Thus

when SNR is high, we have

Γav ≈
2σ2

D

σ2
g

. (32)

3.3 Optical power allocation

The optical power allocation between ACO-OFDM

and AV-DCO-OFDM, for improving the overall per-

formance of the EADO-OFDM, is discussed in this

subsection. We assume that the average total optical

power of EADO-OFDM is set to unity, and that the

average optical power allocated to ACO-OFDM and

AV-DCO-OFDM are α and 1− α, respectively.

Substituting Po,aco = α = σA/
√

2π in Eq. (30)

leads to

Γaco =
πα2

σ2
g

. (33)

Besides, when the SNR is high, we substitute

Po,av = 1−α = A(µ)σD in Eq. (32), which results in

Γav =
2(1− α)2

A2(µ)σ2
g

. (34)

When QAM with gray labeling is used, the BER

performance of ACO-OFDM and AV-DCO-OFDM

in ADO-OFDM can be formulated as[14,15]

Pb,aco ≈
4(
√
M1 − 1)√
M1lbM1

Q

(√
3

M1 − 1
Γaco

)
(35)

and

Pb,av ≈
4(
√
M2 − 1)√
M2lbM2

Q

(√
3

M2 − 1
Γav

)
. (36)

For high SNR and a large subcarrier number N ,

the overall BER performance of EADO-OFDM could

be derived as[15]

Pb,e-ado

≈ 4(
√
M1 − 1)√

M1lb(M1M2)
Q

(
α

√
3π

(M1 − 1)σ2
g

)

+
4(
√
M2 − 1)√

M2lb(M1M2)
Q

(
1− α
A(µ)

√
6

(M2 − 1)σ2
g

)
.

(37)

Pb,e-ado is a convex function of α (0 < α < 1) for

high SNR[15]. Thus, we can calculate the minimum

value of Pb,e-ado by setting its derivative function to

zero,

P ′b,e-ado(α) = 0. (38)

Following (33) in Ref. [15], we can obtain an ap-

proximation of the solution to Eq. (38) for high SNR,

which is given by

αA0

=
1

1 +A(µ)
√

π
2
M2−1
M1−1

=
1

1 +
(
µ− 2Q(µ) + 2√

2π
exp

(
−µ2

2

))√
π
2
M2−1
M1−1

.

(39)

3.4 Computational complexity analysis

At the transmitter, two N -point IFFT blocks should

be used for EADO-OFDM, hence the computational

complexity can be written as 2O(N lbN)[16]. The

power-efficient DCO-OFDM in Ref. [12] and con-

ventional ADO-OFDM require one and two N -point

IFFT blocks, respectively, thus their computational

complexity can be respectively written as O(N lbN)

and 2O(N lbN). At the receiver, we assume that

the factual maximum iteration number is IF , which

is less than or equal to the preset maximum itera-

tion number, i.e., IF 6 IM . According to Fig. 2,
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one IFFT block is utilized to estimate the ACO-

OFDM symbols and another one is required to re-

construct the ACO-OFDM time-domain signals, in

which its computational complexity can be esti-

mated as 2O(N lbN). Besides, two IFFT blocks are

used in each iteration of the ISEA algorithm; there-

fore, its computational complexity can be written as

2IFO(N lbN). Consequently, the overall computa-

tional complexity of the EADO-OFDM receiver can

be estimated as 2(IF + 1)O(N lbN). Similarly, for

the power-efficient DCO-OFDM, the computational

complexity can be estimated as 2IFO(N lbN). In ad-

dition, the computational complexity can be written

as 3O(N lbN) for the conventional ADO-OFDM[15].

4 Numerical results

In this section, the BER performance of EADO-

OFDM is analyzed, and compared to the power-

efficient DCO-OFDM in Ref. [12] and the ADO-

OFDM in Ref. [11], in terms of the overall electri-

cal SNR. The average total optical power is set to

unity. For the sake of simplicity, a flat channel with

AWGN and ideal time synchronization are assumed

at the receiver. In addition, the FFT/IFFT size N

is set to 1 024.

The theoretical and simulative BER performances

of the EADO-OFDM are shown in Fig. 4, where

M1 = M2 = 16, µ = 2.3, and IM = 16 with

αA0 = 0.26 according to Eq. (39) or α = 0.50 are

employed. Firstly, it can be seen that the symbols

modulated by EADO-OFDM could be detected suc-

cessfully by the receiver. The theoretical results ob-

tained using Eqs. (35), (36), and (37) are in good

agreement with results of the simulations, especially

for high SNR, which validates the discussions in sec-

tions 3.2 and 3.4. When the SNR is small, estimation

errors would occur during the demodulation of ACO-

OFDM symbols of Yk and AV-DCO-OFDM signal

signs of sin, which cause degradation in AV-DCO-

OFDM performance. Therefore, εe in Eq. (31) is not

negligible. Besides, EADO-OFDM with αA0 = 0.26

according to Eq. (39) achieves 4.2 dB overall per-

formance gain than that with α = 0.50 at a BER

of 10−5. In addition, ACO-OFDM and AV-DCO-

OFDM in EADO-OFDM with αA0 have similar BER

performance in the high SNR regime, which is de-

sirable for practical optical wireless communication

systems.
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Figure 4 BER performance of the EADO-OFDM (lines

show theoretical error bounds and makers simulation results)

Fig. 5 depicts the overall BER performance ver-

sus different optical power allocation factors. In case

1, 16-QAM for AV-DCO-OFDM is employed on the

even subcarriers and 16-QAM for ACO-OFDM is

employed on the odd subcarriers, with µ = 2.3 and

IM = 16. In addition, the overall electrical SNR is

preset to 27 dB to ensure a good performance. It can

be observed that the overall BER performance of the

theoretical, even-16QAM-odd-16QAM

simulated, even-16QAM-odd-16QAM

theoretical, even-4QAM-odd-16QAM

simulated, even-4QAM-odd-16QAM
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100
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10−3

10−4

α
0.1    0.2    0.3    0.4    0.5    0.6    0.7    0.8    0.9

Figure 5 Overall BER performance versus different optical

power allocation factors
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EADO-OFDM becomes increasingly better when α

increases from 0.1 to αA0 = 0.26, and worsens when α

increases from αA0 to 0.9. Hence, the EADO-OFDM

achieves its best overall BER performance with the

optical power allocation factor αA0 = 0.26. Similarly,

in case 2 where 4-QAM for AV-DCO-OFDM and 16-

QAM for ACO-OFDM are employed with µ = 1.3,

IM = 16, and SNR = 22 dB, EADO-OFDM per-

forms best when αA0 = 0.56.

In Fig. 6, the overall BER performances of the

EADO-OFDM, the conventional ADO-OFDM, and

the power-efficient DCO-OFDM for a spectral ef-

ficiency of R = 3 bit/s·Hz−1 are compared. For

EADO-OFDM, 16-QAM is utilized for ACO-OFDM

and 4-QAM is utilized for AV-DCO-OFDM, with

µ = 1.3 and IM = 16. The optical power allocation

factor α = 0.56 is calculated according to Eq. (39).

For the conventional ADO-OFDM, the same con-

stellations are utilized with µ = 1.5 to ensure good

performance. In addition, the optical power alloca-

tion factor is given by α = 0.53 according to (33)

in Ref. [15]. For the power-efficient DCO-OFDM

proposed in Ref. [12], 8-QAM is used with a DC

bias of µ = 2.0 to ensure good performance. From

Fig. 6, it is evident that EADO-OFDM shows the

best performance, and achieves respectively 1.8 dB

and 2.0 dB performance gains compared to the

conventional ADO-OFDM and the power-efficient

DCO-OFDM at a BER of 10−5. Specifically, when

the SNR is small, EADO-OFDM performs a lit-

tle worse than ADO-OFDM, because if the signal

signs are demodulated incorrectly, its clipping dis-

tortion will be almost two times as that of the DCO-

OFDM in the conventional ADO-OFDM according

to Eq. (5). However, when the SNR is high, the

signal signs could be demodulated successfully with-

out any clipping distortion in EADO-OFDM, which

makes EADO-OFDM perform better than the con-

ventional ADO-OFDM. In addition, the constella-

tion size combinations are more flexible and an ap-

propriate combination can be chosen to achieve the

same spectral efficiency, and the DC bias required

is smaller compared to the power-efficient DCO-

OFDM, which makes EADO-OFDM perform better.

SNR/dB
10 15 20 25

Proposed EADO-OFDM

Conventional ADO-OFDM

Power-efficient DCO-OFDM

B
E

R

100

10−1

10−2

10−3

10−4

Figure 6 Overall BER performance comparison among

EADO-OFDM, conventional ADO-OFDM, and power-

efficient DCO-OFDM with the same spectral efficiency

5 Conclusions

In this paper, EADO-OFDM was proposed for

IM/DD optical systems, in which the AV-DCO-

OFDM symbols on the even subcarriers and ACO-

OFDM symbols on the odd subcarriers are combined

and transmitted simultaneously. Besides, we dis-

cussed the electrical SNR, optical power allocation,

and computational complexity. The simulations vali-

dated the theoretical analysis and confirmed that the

EADO-OFDM is an attractive solution due to its ad-

vantages. Firstly, EADO-OFDM is more energy effi-

cient compared to the power-efficient DCO-OFDM,

since the DC bias required is smaller when appropri-

ate constellation size combinations are chosen. In ad-

dition, EADO-OFDM performs better than the con-

ventional ADO-OFDM, because the absolute value

operation causes no clipping distortion.

Appendix

A) Proof of Theorem 1

The PDF of the EADO-OFDM time-domain sig-

nals can be derived by using convolution, which is

given by

fze(t)(z) =

∫ +∞

−∞
fxaco(t)(z − λ)fyav(t)(λ)dλ
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=

∫ z

0

{
1√

2πσA
exp

(
−(z − λ)2

2σ2
A

)
+

1

2
δ(z − λ)

}
1√

2πσD

{
exp

(
−(λ−BDC)2

2σ2
D

)
+ exp

(
−(λ+BDC)2

2σ2
D

)}
dλ

=
1

2
√

2πσD

(
exp

(
−(z −BDC)2

2σ2
D

)
+ exp

(
−(z +BDC)2

2σ2
D

))
+

1√
2πσ

exp

(
−(z −BDC)2

2σ2

)
×
(
Q

(
Φ(z)

σσAσD

)
−Q

(
∆(z)

σσAσD

))
+

1√
2πσ

exp

(
−(z +BDC)2

2σ2

)
×
(
Q

(
Θ(z)

σσAσD

)
−Q

(
Λ(z)

σσAσD

))
, z > 0, (40)

where we define

Φ(z) = −zσ2
D −BDCσ

2
A,

∆(z) = zσ2
A −BDCσ

2
A,

Θ(z) = −zσ2
D +BDCσ

2
A,

Λ(z) = zσ2
A +BDCσ

2
A,

σ =
√
σ2
A + σ2

V .

B) Proof of Theorem 2

The average optical power of the EADO-OFDM

signals is given by

Po,eado = E{ze(t)}

= E{xavo(t) + yaco(t)}

= A(µ)σD +
σA√
2π
. (41)

Since xavo(t) and yaco(t) are statistically indepen-

dent, the average electrical power of the EADO-

OFDM signals can be derived by

Pe,eado = E{z2e(t)} = E{(xavo(t) + yaco(t))2}

= E{x2avo(t)}+ E{y2aco(t)}

+2E{xavo(t)yaco(t)}

= σ2
DB(µ) +

σ2
A

2
+

2A(µ)σAσD√
2π

. (42)
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