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Abstract—This paper proposes an energy-efficient asymmetri-
cally clipped direct-current (DC) biased optical orthogonal fre-
quency division multiplexing (EEADO-OFDM) scheme, which re-
places the fixed DC bias of DC biased optical OFDM (DCO-OFDM)
branch with a adaptive DC bias for optical wireless communica-
tions. In the EEADO-OFDM, an adaptive DC bias is dynamically
designed according to amplitude of DCO-OFDM signal samples
to enhance the power efficiency. After superimposing the obtained
DC bias on the original DCO-OFDM signal, the resultant DCO-
OFDM signal is non-negative and further ensure that a non-
negative EEADO-OFDM signal is produced by directly combining
DCO-OFDM signal with the clipped asymmetrically clipped optical
OFDM (ACO-OFDM) signal. In particular, the interference caused
by the obtained DC bias is proved to fall on even subcarriers only,
which implies that the interference can be modulated on the partial
odd subcarriers of ACO-OFDM branch. Afterward, we could use
conventional ACO-OFDM receiver to demodulate the adopted odd
subcarriers for the detection of interference. Simulation results
show that, under the equal optical power constraints, the proposed
EEADO-OFDM achieves no error floors of bit error rate compared
with the ADO-OFDM, thus indicating that the clipping noise is
always negligible in EEADO-OFDM.

Index Terms—ADO-OFDM, DCO-OFDM, direct current,
Hermitian symmetry.

I. INTRODUCTION

R ECENTLY, optical wireless communication (OWC) has
received increasing attention in many wireless applica-

tions such as indoor broadcasting, indoor positioning, and out-
door vehicle-to-vehicle communication [1], [2]. Compared with
the radio frequency based transmission, OWC has the superiority
in license-free spectrum, high security and no electromagnetic
interference. For OWC systems, intensity modulation and direct
detection is applied in optical signals indicating that the ampli-
tude of signal has to be the real and non-negative. Moreover,
orthogonal frequency division multiplexing (OFDM) is the most
used modulation scheme, which possess the advantage of single
one-tap equalization and the capability of resisting inter-symbol
interference [3].

Up to now, several different OFDM schemes can be classified
into two major categories, where the first one is non direct
current biased (DC-biased) method [4], [5], [6], [7], [8], [9],
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[10] and the second one is DC-biased method [12], [13], [14],
[15], [16]. Non DC-biased methods mean that no extra DC bias
is required at the transmitter side, such as Filp-OFDM [4], asym-
metrically clipped optical OFDM (ACO-OFDM) [5], clipping-
enhancement polarity-header optical OFDM (CE-PHO-OFDM)
[6], polar OFDM (P-OFDM) [7], U-OFDM [8] and layer ACO-
OFDM (LACO-OFDM) [9], [10], [11]. However, the most non
DC-biased methods are inefficient in terms of spectrum effi-
ciency because only half of the subcarriers are used in ACO-
OFDM and double frame duration are required in Filp-OFDM,
CE-PHO-OFDM, P-OFDM, and U-OFDM. Recently, layered
ACO-OFDM (LACO-OFDM) is proposed in [9], [10], [11] by
combining different layers of ACO-OFDM signals to improve
the spectrum efficiency. However, the receiver of LACO-OFDM
incurs high computational complexity and processing latency
using a large number of layers. Alternatively, DC-biased optical
OFDM (DCO-OFDM) scheme has been proposed to improve
the spectrum efficiency at the cost of power efficiency. In DCO-
OFDM, a fixed DC bias is introduced to superimpose on the
bipolar signals to make the signals non-negative which indicates
that the performance of DCO-OFDM highly depends on the
added DC bias [12], [13], [14], [15]. When the added DC bias
is too large, it makes the DCO-OFDM inefficient in terms of the
optical power. On the other hand, small DC bias will lead to the
introduction of clipping distortion at the transmitter and further
result in bit error rate (BER) graphs plateau [16]. To provide both
spectrum and power efficiency simultaneously, an asymmetrical
clipped DC biased optical OFDM (ADO-OFDM) was proposed
by combining both the ACO-OFDM and the DCO-OFDM con-
cepts [17], [18], [19], [20]. Although the spectrum efficiency
and optical power efficiency of ADO-OFDM is better than
ACO-OFDM and DCO-OFDM, respectively, ADO-OFDM still
suffers from the same drawbacks of aforementioned DC-biased
methods. For example, when the added DC bias is small or
the adopted constellation sizes are large, the clipping noise is
introduced. Raising the DC bias can decrease clipping noise but
at the detriment of power efficiency.

In this paper, an energy-efficient asymmetrically clipped DC
biased optical OFDM (EEADO-OFDM) scheme is conceived
for the OWC systems, where a adaptive DC bias is designed
according to amplitude of DCO-OFDM signal. The obtained
DC bias is superimposed to the original DCO-OFDM signal
to guarantee the non-negativity of DCO-OFDM signal further
resulting in EEADO-OFDM signals have also non-negative
amplitudes. Moreover, we prove that the interference caused
by the introduced DC bias falls on the even subcarriers only,
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indicating that the interference could be mapped and modulated
on the the odd subcarriers of ACO-OFDM branch, which means
the detection of interference can be processed by using a stan-
dard ACO-OFDM receiver. Moreover, the numerical analysis
of spectral efficiency, optical power, BER, and computational
complexity of the EEADO-OFDM is also presented. Simulation
results show that the EEADO-OFDM exhibits no error floors of
BER at the cases of high-order modulation schemes and low dc
bias compared to the conventional ADO-OFDM.

The rest of the paper is organized as follows. Section II gives
the brief introduction for conventional ADO-OFDM. Section III
describes the system model of EEADO-OFDM including trans-
mitter and receiver. In Section IV, we give theoretical analysis
of computational complexity, BER, optical power and spectral
efficiency for the EEADO-OFDM system. We compare the
EEADO-OFDM with ADO-OFDM and the existing DC-biased
optical OFDM systems in terms of BER in Section V. Finally,
Section VI concludes the paper.

II. OVERVIEW OF CONVENTIONAL ADO-OFDM

In this section, the transmitter and receiver of the conventional
ADO-OFDM are briefly demonstrated. For the transmitter of
ADO-OFDM, odd subcarriers are occupied by the ACO-OFDM
symbols while even subcarriers are used by the DCO-OFDM
signals. After applying the Hermitian symmetry on the modu-
lated symbols, the frequency-domain DCO-OFDM signals can
be written as

X=
[
0, 0, X2, 0, . . ., XN

2 −2, 0, 0, 0, X
∗
N
2 −2

, . . ., 0, X∗
2, 0

]
,

(1)
whereXk denotes the kth complex-valued quadrature amplitude
modulation (QAM) modulated symbol with a zero mean and a
variance of σ2

X = E[|Xk|2]. E[·] denotes the expectation oper-
ation. The adopted constellation size in DCO-OFDM branch is
set to be Me. Then, the time-domain DCO-OFDM signals can
be obtained after the operation ofN -point IFFT, which are given
by

xn =
1√
N

N−1∑
k=0

Xke
j 2πkn

N , 0 ≤ n ≤ N − 1 (2)

where xn has a zero mean and a variance of σ2
x = E[|xn|2] =

σ2
X/2. To satisfy the non-negative property, a DC bias is added

to xn and is formulated as BDC,DCO = u
√
E[|xn|2] = uσx,

whereu is a proportional constant. In general, the bias level in dB
is defined as 10 log10(u

2 + 1). Finally, the transmitted signals
of DCO-OFDM branch are obtained by clipping the remaining
negative part of xn +BDC,DCO, which are given by

xn,DCO =

{
xn +BDC,DCO, xn +BDC,DCO ≥ 0
0, xn +BDC,DCO < 0

(3)

In addition, the frequency-domain ACO-OFDM signals can be
written as

Y=
[
0, Y1, 0, Y3, . . ., YN

2 −1, 0, Y
∗
N
2 −1

, . . ., Y ∗
1

]
, (4)

where Yk denotes the kth complex-valued QAM modulated
symbols with a zero mean and a variance of σ2

Y = E[|Yk|2].

Fig. 1. Transmitter of the EEADO-OFDM.

The adopted constellation size in ACO-OFDM branch is set to
be Mo. After the process of N -point IFFT, the time-domain
ACO-OFDM signals can be obtained as

yn =
1√
N

N−1∑
k=0

Yke
j 2πkn

N , 0 ≤ n ≤ N − 1 (5)

where yn has a zero mean and a variance of σ2
y = E[|yn|2] =

σ2
Y /2. Unlike DCO-OFDM branch, the unipolar ACO-OFDM

signals are obtained by clipping the remaining negative part of
yn, which are given by

yn,ACO =

{
yn, yn ≥ 0
0, yn < 0

(6)

Combining ACO-OFDM signals with DCO-OFDM signals, the
transmitted ADO-OFDM signals can be formulated by

tn,ADO = yn,ACO + xn,DCO, 0 ≤ n ≤ N − 1 (7)

Considering the LED nonlinearity, the ADO-OFDM signal can
be expressed as

tclipn,ADO =

⎧⎨
⎩
εupper, tn,ADO > εupper,
tn,ADO, 0 ≤ tn,ADO ≤ εupper,
0, tn,ADO < 0,

(8)

where εupper denotes the maximum permissible voltage.
At the receiver side, the received optical signals are firstly con-

verted into the electrical signals using a photodetector. Then, the
received electrical signals pass through the process of removing
the cyclic prefix and FFT operation. The resultant ACO-OFDM
symbols on odd subcarriers can be estimated by conventional
ACO-OFDM receiver. After that, time-domain ACO-OFDM
signals can be regenerated and subtracted from the received
signals. The DCO-OFDM symbols from even subcarriers could
be estimated after the interference cancellation procedure [17].

III. SYSTEM MODEL OF EEADO-OFDM

A. The Block Diagram of EEADO-OFDM Transmitter

The block diagram of the EEADO-OFDM transmitter is
depicted in Fig. 1. Similar to ADO-OFDM, even subcarriers
are used for the modulation of DCO-OFDM, which means
that time-domain DCO-OFDM signals for EEADO-OFDM can
be obtained by (2). Instead of adding a fixed DC bias to xn,
the DC bias of the EEADO-OFDM system is determined by
flexible bias calculation as follows. Firstly, xn is divided into
I disjoint subblocks, where each subblock contains G = N/I
time-domain samples. It is assumed that both N and I are
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non-negative integer powers of two, indicating that I must be
a divisor of N so that G is an integer. Accordingly, the gth
time-domain sample of ith subblock, xi,g , can be represented as

xi,g = xn, n = g + iG, (9)

where 0 ≤ i ≤ I − 1 and 0 ≤ g ≤ G− 1. Let mg be the mini-
mum values of gth sample among I subblocks, that is,

mg = arg min
0≤i≤I−1

xi,g

= argmin {x0,g, x1,g. . ., xI,g} , 0 ≤ g ≤ G− 1 (10)

On the basis of (10), we could construct a time-domain sequence
s = {sn}N−1

n=0 by concatenating mg with I times as follows

s = {sn}N−1
n=0

=

⎧⎨
⎩m0,m1, . . .,mG−1, . . .,m0,m1, . . .,mG−1︸ ︷︷ ︸

I times

⎫⎬
⎭ (11)

Further from (10), it can be seen that if the gth samples of all
xi,g are positive, the minimum value is positive. If one of the gth
samples of all xi,g is negative, the minimum value is negative.
Based on these observations, we can generate the non-negative
real samples vn,DCO as follows

vn,DCO = xn + sn =

{
xi,g, mg ≥ 0
xi,g −mg, mg < 0

(12)

Equation (12) indicates that if mg ≥ 0, no DC bias is required,
leading to mg = 0. On the other hand, it can be found that the
non-negativity of the gth time-domain sample of ith subblock
could be guaranteed by subtracting the mg from the xi,g when
mg < 0. Obviously, s has the structure of

mg = mg+G = mg+2 G = . . . = mg+(I−1)G, (13)

where 0 ≤ g ≤ G− 1. Performing FFT on s yields

Sk =

⎧⎨
⎩
0, k ∈ odd
0, k = It+ 2l
I√
N

∑G−1
g=0 mge

−j 2πgt
G , k = It

(14)

where 0 ≤ t ≤ N/I − 1 and 1 ≤ l ≤ I/2− 1. The detailed
proof is provided in the Appendix. According to (14), we notice
that the added time-domain sequences s have the frequency-
domain non-zero values only at the 0th, Ith,. . ., (N − I)th
subcarriers, indicating that the number of non-zero values of
S = {Sk}N−1

k=0 are N/I . It also means that the interference
generated by s only imposes on the even subcarriers. Therefore,
we modulate these non-zero values on the partial odd subcarriers
of ACO-OFDM branch and then uses the conventional ACO-
OFDM receiver to estimate the non-zero values. Afterward, the
interference on the even subcarriers caused from s could be
directly removed by subtracting s from the received signals on
even subcarriers.

Excluding the 0th subcarrier and considering the Hermi-
tian symmetry operation, the required number of odd subcar-
riers for modulating of Sk are Nint = N/(2I). Unlike ACO-
OFDM branch of conventional ADO-OFDM, the complex-
valued symbolsZ = {Zk}N−1

k=0 modulated on the odd subcarriers

Fig. 2. Receiver of the EEADO-OFDM.

in EEADO-OFDM system are given by

Zk =

{
Sk, k = 1, 3, . . ., 2Nint − 1
Yk, k = 2Nint + 1, 2Nint + 3, . . ., N/2− 1

(15)

where the Sk comes from the non-zero values derived in (14).
The corresponding time-domain signals after Hermitian sym-
metry and IFFT operations can be represented as

zn =
1√
N

N−1∑
k=0

Zke
j 2πkn

N , 0 ≤ n ≤ N − 1 (16)

where Zk = Z∗
N−k, 0 < k < N/2. The asymmetric clipping of

zn are subsequently performed to obtain the non-negative signal
zn,ACO, which is expressed as

zn,ACO =

{
zn, zn ≥ 0
0, zn < 0

(17)

Finally, the EEADO-OFDM obtain a superposition signal by
imposing the clipped signal of ACO-OFDM zn,ACO and DCO-
OFDM signal vn,DCO as follows

tn,EEADO = zn,ACO + vn,DCO, 0 ≤ n ≤ N − 1 (18)

Similar to (8), the EEADO-OFDM signal with the LED nonlin-
earity can be expressed as

tclipn,EEADO =

⎧⎨
⎩
εupper, tn,EEADO > εupper,
tn,EEADO, 0 ≤ tn,EEADO ≤ εupper,
0, tn,EEADO < 0,

(19)

B. The Block Diagram of EEADO-OFDM Receiver

The EEADO-OFDM receiver block diagram is illustrated
in Fig. 2. The proposed receiver is nearly identical to that of
the conventional ADO-OFDM system, differing only in the
interference cancellation process specific to the DCO-OFDM
branch. The electrical signal rn from the photodiode passes
through the process of removing the cyclic prefix, where perfect
synchronization is assumed. After the operation ofN -point FFT,
the frequency-domain signal Rk is given by.

Rk =
1√
N

N−1∑
n=0

rne
−j 2πkn

N , 0 ≤ k ≤ N − 1 (20)

According to [5], it is established that the noise introduced dur-
ing the clipping operation in conventional ACO-OFDM systems
does not interfere with the original transmitted signal. Because
the proposed EEADO-OFDM has the same ACO-OFDM branch
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as that of ADO-OFDM, the ACO-OFDM symbols allocated
on the odd subcarriers in EEADO-OFDM can be estimated as
follows [20]

Ỹk = arg min
Yk∈Mo

∥∥∥∥2Rk

Hk
− Yk

∥∥∥∥2 , (21)

where k = 2Nint + 1, 2Nint + 3, . . ., N/2− 1, Mo is the con-
stellation sizes of the ACO-OFDM symbols allocated to odd sub-
carriers and the estimation of the channel frequency responseHk

is perfectly known at the receiver. Moreover, the multiplication
by 2 is used to compensate the clipping effect. The interference
transmitted on the odd subcarriers can be directly obtained from
Rk as follows [20]

S̃k = 2Rk/Hk, (22)

where k = 1, 3, . . ., 2Nint − 1. The time-domain regenerated
signal z̃n,ACO can be obtained by Ỹk and S̃k with the sequential
operations of FFT and asymmetric clipping, which are given by
(16) and (17), respectively. After subtracting z̃n,ACO from the
received time-domain signal, DCO-OFDM signals are obtained
as

ṽn,DCO = rn − z̃n,ACO = xn + sn + en + wn, (23)

where en = zn,ACO − z̃n,ACO is the estimation error from the
ACO-OFDM symbol estimation and wn is the AWGN noise.
Then, the frequency-domain DCO-OFDM signals on the even
subcarriers can be obtained by applying the N -point FFT oper-
ation on (23) as follows

Ṽk,DCO = Xk + Sk + Ek +Wk, k ∈ even (24)

where Ek is the frequency-domain component of en. At high
SNR, indicating Ek ≈ 0 and S̃k = Sk, the estimated interfer-
ence S̃k will be subtracted from Ṽk,DCO to successfully estimate
the DCO-OFDM symbols as follows

X̃k = arg min
Xk∈Me

‖Ṽk,DCO − S̃k −Xk‖2, k ∈ even (25)

whereMe is the constellation sizes of the DCO-OFDM symbols
allocated to even subcarriers.

IV. THE PROPERTIES ANALYSIS OF THE EEADO-OFDM
SYSTEMS

In this section, the numerical analysis of computational com-
plexity, bit error error, optical power and spectral efficiency for
the EEADO-OFDM systems are presented.

A. Computational Complexity

As can be seen in Fig. 1, the transmitter of the EEADO-OFDM
systems require twoN -point IFFT and oneN -point FFT blocks,
indicating that the computational complexity of transmitter can
be calculated by 3O(N logN). Similarly, the receiver of the
EEADO-OFDM systems require two N -point FFT and one
N -point IFFT operations, indicating that the receiver has the
computational complexity of 3O(N logN). For ADO-OFDM
systems [17], the transmitter requires two N -point FFT oper-
ations and the receiver requires two N -point FFT and two N -
point IFFT operations. Thus, the computational complexity of

transmitter and receiver can be calculated by 2O(N logN) and
4O(N logN), respectively. Evidently, the analysis shows that
EEADO-OFDM and ADO-OFDM have the same computational
complexity of the required IFFT and FFT blocks. Although the
total computational complexity of EEADO-OFDM is slightly
higher than ADO-OFDM due to the extra operations of bias
calculations and interference cancellation, it is acceptable con-
sidering the improvement of BER.

B. BER

Since the introduced bias sn does not interfere with the ACO-
OFDM symbols at odd subcarriers, the BER of ACO-OFDM in
EEADO-OFDM is equal to that of ACO-OFDM in conventional
ADO-OFDM, which can be formulated as follows [21]:

Pb,ACO =
2(
√
Mo − 1)√

Mo log2(Mo)
erfc

[√
3

2
· SNR

Mo − 1

]
(26)

where erfc[x] = 2√
π

∫∞
x e−t2dt represents the complementary

error function and SNR is the abbreviation of the signal-to-noise
ratio which is defined as SNR = Es/N0.Es andN0 denote the
electrical energy per symbol and the power spectral density of
the noise, respectively.

Then, the BER performance of the DCO-OFDM in EEADO-
OFDM is derived as follows:

Pb,DCO = Pb,ACO · Pb,F + (1− Pb,ACO) · Pb,D

= Pb,D + Pb,ACO(Pb,F − Pb,D) (27)

where Pb,F denotes the BER of the DCO-OFDM given that the
ACO-OFDM symbols are not decoded correctly and Pb,D is the
BER of DCO-OFDM when ACO-OFDM symbols are decoded
correctly. At high SNR, indicating that Pb,ACO ≈ 0, (27) can be
further derived as follows

Pb,DCO 
 Pb,D

=
2(
√
Me − 1)√

Me log2(Me)
erfc

[√
3

2
· SNR

Me − 1

]
(28)

Notice that (26) and (28) are only suitable for square QAM. The
overall average BER performance is derived as

Pb,EEADO

=
(N4 −Nint) log2Mo · Pb,ACO+(N4 − 1) log2Me · Pb,DCO

(N4 −Nint) log2Mo+(N4 − 1) log2Me

(29)

C. Optical Power

In conventional ADO-OFDM, a constant DC bias BDC,DCO

is added to DCO-OFDM branch in ADO-OFDM, indicating that
the average optical power of ADO-OFDM signal is calculated
by

Po,ADO = E[tn,ADO]

= E[yn,ACO] + E[xn,DCO]

=
σY
2
√
π
+BDC,DCO (30)
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Fig. 3. Required optical power to obtain the unipolar signals for the EEADO-
OFDM and ADO-OFDM.

where the first term of last equal sign comes from the fact that the
average optical power of ACO-OFDM branch derived in [5] and
the second term of last equal sign because xn has a zero mean.
As given in (18), the average optical power of EEADO-OFDM
signal is calculated by

Po,EEADO = E[tn,EEADO]

= E[zn,ACO] + E[vn,DCO]

= E[zn,ACO] + E[xn] + E[sn]

=
σZ
2
√
π
+

1

G

G−1∑
g=0

E[mg]

︸ ︷︷ ︸
def
=BDC,EEADO

(31)

where the second term of last equal sign because the sn has
the period of G and σZ =

√
E[|Zk|2] is the standard deviation

of Zk. From (31), it can be seen that the introduced bias in
EEADO-OFDM can be calculated by 1

GΣG−1
g=0E[mg], which

highly depends on the values of mg . As we know, the con-
ventional ADO-OFDM transmission signals are given by (7).
Because yn,ACO ≥ 0, tn,ADO may not be the unipolar signals
when the addedBDC,DCO is too small. In order to guarantee that
ADO-OFDM signals have the unipolarity, theBDC,DCO is con-
sidered to be identical to absolute value of maximum negative
peak of xn. On the other hand, the proposed EEADO-OFDM
signals always have the unipolarity due to the introduction of a
time-domain sequence. As derived in (31), it can be seen that the
required power level of EEADO-OFDM highly depends on the
values of I . To guarantee that ADO-OFDM and EEADO-OFDM
signals have the unipolarity, the required average optical power
levels are provided in Fig. 3. In Fig. 3, 16-QAM for ACO-OFDM
branch and 16-QAM for DCO-OFDM branch are adopted in
both ADO-OFDM and EEADO-OFDM schemes. The size of
IFFT is set to 64, 128, 256 and 512.

TABLE I
REQUIRED OPTICAL POWER TO ACHIEVE Po,EEADO ≈ Po,ADO FOR

ADO-OFDM AND EEADO-OFDM

It can be observed that the required average optical power
of EEADO-OFDM is much lower than that of ADO-OFDM
in any case, which means that EEADO-OFDM has the higher
power efficiency. Another observation is that the required aver-
age optical power of ADO-OFDM slightly increases with the
number of subcarrier while the required average optical power
of EEADO-OFDM are almost identical for anyN . Nevertheless,
the required average optical power of EEADO-OFDM increases
proportionally with the number of subblocks I . Finally, the
simulation results provided in Fig. 3 are also consistent with the
theoretical analysis defined by (30) and (31) for ADO-OFDM
and EEADO-OFDM, respectively.

Generally, the average illumination level of LED output is de-
fined as the average optical power in OWC systems. To achieve
the same average illumination level for both ADO-OFDM and
EEADO-OFDM systems, we further study the required average
optical power to achieve Po,EEADO ≈ Po,ADO. Because the
optical power of EEADO-OFDM highly depends on the number
of subblocks I , we firstly obtained the Po,EEADO for different
subblocks I and the simulation results are provided in the third
column of Table I, where the number of subblocks I for the
case I, case II, case III and case IV is equal to 4, 8, 16, and
32, respectively. On the other hand, the required BDC,DCO of
ADO-OFDM to achieve Po,EEADO ≈ Po,ADO are also sim-
ulated and provided in the last column of Table I. It can be
seen that the required BDC,DCO in (30) are 0.25 dB, 3.10 dB,
4.95 dB, 6.32 dB for case I, case II, case III, and case IV of
EEADO-OFDM, respectively.

D. Spectral Efficiency

For EEADO-OFDM systems, there are N/4−Nint and
N/4− 1 effective subcarriers for ACO-OFDM branch and
DCO-OFDM branch, respectively. Considering the length of
cyclic prefix Ncp, the spectral efficiency for EEADO-OFDM
is given by

ΦEEADO =
(N4 −Nint) log2Mo

N +Ncp
+

(N4 − 1) log2Me

N +Ncp
(32)

where Me and Mo represent two constellation sizes used in
even and odd subcarriers of EEADO-OFDM systems. Obvi-
ously, when N is much larger than Ncp and the same constel-
lation alphabets are adopted on odd and even subcarriers (i.e.
Mo =Me =M ), the corresponding approximation of spectrum
efficiency for EEADO-OFDM is calculated as

ΦEEADO ≈ 1

2
log2M − 1

2I
log2M (33)
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TABLE II
SPECTRAL EFFICIENCY COMPARISON BETWEEN EEADO-OFDM

AND ADO-OFDM

Similarly, the spectral efficiency for ADO-OFDM is given by

ΦADO =
N(log2Mo + log2Me)

4(N +Ncp)
− log2Me

N +Ncp

≈ 1

2
log2M (34)

As derived in (33) and (34), the spectrum efficiency of ADO-
OFDM is only associated with the adopted constellation sizes
while the spectrum efficiency of EEADO-OFDM is associated
with the adopted constellation sizes and the number of subblocks
I . To assure that parameters consistency, the four cases defined
in Table II are identical to that of Table I, which means that the
number of subblocks I for the case I, case II, case III and case IV
is equal to 4, 8, 16, and 32, respectively. Upon observing Table II,
the spectrum efficiency of EEADO-OFDM for each case is lower
than that of ADO-OFDM with the same constellation sizes due
to the some odd carriers are preserved for the transmissions of
the interference caused from the sn. However, when I increases,
the spectrum efficiency of EEADO-OFDM approaches to that
of ADO-OFDM for different combination of constellation sizes.
Moreover, we can also see from the results of Table II, the spec-
trum efficiency of EEADO-OFDM for smaller I approximates
to that of ADO-OFDM by increasing the modulation order.

For example, at the case I, EEADO-OFDM with the combina-
tion of 256 QAM and 256 QAM has the approximate spectrum
efficiency to that of ADO-OFDM with the combination of 64
QAM and 64 QAM. For the case II, EEADO-OFDM with the
combination of 256 QAM and 256 QAM has the approximate
spectrum efficiency to that of ADO-OFDM with the combination
of 128 QAM and 128 QAM. Although the spectrum efficiency of
EEADO-OFDM for smaller I is lower than that of ADO-OFDM,
it is acceptable considering the improvement of BER, which is
provided in the following section.

V. SIMULATION RESULTS

With the same receiver architecture for ACO-OFDM branch,
it is evident that BER of ACO-OFDM branch for both systems
are identical. We only evaluate the overall average BER perfor-
mances of EEADO-OFDM and ADO-OFDM systems through
simulations in this work. Three scenarios are considered, each
with the same average illumination level, spectrum efficiency,
and non-linear LED transmission. The simulation involves a
total of 106 OFDM symbols, a cyclic prefix length of 16, and an
IFFT size ofN = 128. Additionally, both systems assume equal
optical power allocation between the ACO-OFDM branch and
the DCO-OFDM branch.

The line-of-sight (LoS) channel adopted in this paper is
expressed as follows [22]

hLoS =
(m+ 1)A

2πd2
cosm(φ)cos(ψ) (35)

where φ and ψ denote the irradiance angle of the LED and
the incidence angle of the photodiode, respectively; m =
− ln(2)/ ln(cos(φ1/2)) denotes the Lambert order with half-
power semi-angle of LED φ1/2; A is the detection area of
the photodiode; and d is the Euclidean distance between the
transmitter and the receiver. The parameters mentioned above
are identical to those in [22]. In addition, perfect channel equal-
ization is assumed and the constraints related to bandwidth in
OWC systems were not discussed in this work due to our work
focus on the single-user scenario and the need for brevity.

A. The Same Average Illumination Level

The BER performance comparisons between the ADO-
OFDM and EEADO-OFDM systems under the condition of the
same average illumination level are firstly considered. As dis-
cussed in Section IV-C, the requiredBDC,DCO of ADO-OFDM
to achieve same average illumination level as EEADO-OFDM
with four cases have been provided in Table I. With these
configuration parameters, the corresponding BER performance
comparisons between the ADO-OFDM and EEADO-OFDM
with four cases are given from Figs. 4 to 7. It is clearly observed
from Figs. 4 to 6 that ADO-OFDM systems with different
constellation groups always exhibit the BER error floors even
increasing the SNR. Moreover, one can clearly observe from
Fig. 7 that the BER error floor of ADO-OFDM with 16-QAM
modulation no longer exhibits. However, ADO-OFDM still
exhibits the BER error floors for higher constellation groups
such as 64-QAM, 128-QAM, and 256-QAM observing from
Fig. 7. As can be seen from Figs. 4 to 7, it is evident that the
EEADO-OFDM exhibits no error floors of BER at the cases of
higher constellation groups. This is because clipping noise is not
introduced in the DCO-OFDM branch of the EEADO-OFDM
system.

B. The Same Spectrum Efficiency

The BER performance comparisons between the ADO-
OFDM and EEADO-OFDM systems under the condition of
the same spectrum efficiency are further considered in this
subsection. As shown in Table II, the same spectrum efficiency
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Fig. 4. Comparison of BER performance between the EEADO-OFDM and
ADO-OFDM under the condition of the same average illumination level
(Case I).

Fig. 5. Comparison of BER performance between the EEADO-OFDM and
ADO-OFDM under the condition of the same average illumination level
(Case II).

can be achieved through two possibilities. The first possibility
occurs when the spectrum efficiency is 3, and the other possi-
bility occurs when the spectrum efficiency is 3.5. For a spec-
trum efficiency of 3, the ADO-OFDM system utilizes 64-QAM
constellation sizes, while the EEADO-OFDM system employs
256-QAM constellation sizes under configuration of case I.
When the spectrum efficiency is 3.5, the ADO-OFDM system
switches to 128-QAM constellation sizes, and the EEADO-
OFDM system continues to use 256-QAM constellation sizes
under configuration of case II. Using the parameters mentioned
above, Fig. 8 illustrates a comparison of BER performance
between EEADO-OFDM and ADO-OFDM systems operating
at the same spectrum efficiency. The graph clearly shows that

Fig. 6. Comparison of BER performance between the EEADO-OFDM and
ADO-OFDM under the condition of the same average illumination level
(Case III).

Fig. 7. Comparison of BER performance between the EEADO-OFDM and
ADO-OFDM under the condition of the same average illumination level
(Case IV).

EEADO-OFDM outperforms ADO-OFDM by significantly re-
ducing BER. This suggests that EEADO-OFDM has a superior
capability to resist clipping noise at same spectrum efficiency
levels when compared to ADO-OFDM.

C. Non-Linear LED Transmission

In order to meet the actual LED transmission, two upper clip-
ping level εupper = 4 and εupper = 4.5 for EEADO-OFDM and
ADO-OFDM systems are considered to determine the effects of
LED nonlinearity on average BER performance as illustrated in
Figs. 9 and 10. In both figures, the adopted constellation sizes
for 16-QAM modulations. We observe the BER performance
of EEADO-OFDM is still superior to ADO-OFDM under the
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Fig. 8. Comparison of BER performance between the EEADO-OFDM and
ADO-OFDM under the same spectrum efficiency.

Fig. 9. Comparison of BER performance between EEADO-OFDM and ADO-
OFDM under the condition of non-ideal LED transmission(εupper = 4.5).

Fig. 10. Comparison of BER performance between EEADO-OFDM and
ADO-OFDM under the condition of non-ideal LED transmission(εupper = 4).

non-linear LED transmission. This is because EEADO-OFDM
has the lower optical power level to obtain the unipolar signals.
Moreover, the BER performance of EEADO-OFDM becomes
worse with the increase of I . This is because the required average
optical power of EEADO-OFDM increases proportionally with
the number of subblocks I as demonstrated in Fig. 3.

VI. CONCLUSION

This paper introduces an EEADO-OFDM scheme, where
the fixed DC bias of the DCO-OFDM branch is replaced with
an adaptive DC bias. Compared to conventional ADO-OFDM,
EEADO-OFDM significantly enhances the BER performance,
especially in scenarios with low DC bias or higher modulation
schemes. Additionally, it is demonstrated that EEADO-OFDM
requires a substantially lower average optical power to maintain
non-negative signals compared to ADO-OFDM in any situa-
tion. This indicates that EEADO-OFDM achieves higher power
efficiency.

APPENDIX

PROOF OF Sk

By applying N -point FFT operation on (11), the k-th
frequency-domain element is given by

Sk =
1√
N

N−1∑
n=0

sne
−j 2πkn

N , 0 ≤ k ≤ N − 1 (36)

With the property of (13), (36) is further expressed as

Sk =
1√
N

G−1∑
g=0

[
mge

−j 2πgk
N +mg+Ge

−j
2π(g+G)k

N

+mg+2 Ge
−j

2π(g+2 G)k
N +· · ·+mg+(I−1)Ge

−j
2π[g+(I−1)G]k

N

]

=
1√
N

G−1∑
g=0

mge
−j 2πgk

N

(
1 + e−j 2πGk

N +· · ·+e−j
2π(I−1)Gk

N

)

=
1√
N

G−1∑
g=0

mge
−j 2πgk

N

(
1 + e−j 2πk

I + · · ·+ e−j
2π(I−1)k

I

)

=
1√
N

G−1∑
g=0

mge
−j 2πgk

N
1−e−j2πk

1−e−j 2πk
I

(37)

where the last equal sign is generated from the sum of geometric
sequence. When k is odd, where e−j2πk = 1, we have Sk = 0
for odd k. On the other hand, if k is even value which satisfies
with k = I · t for 0 ≤ t ≤ N/I − 1, (36) is expressed as

Sk =
1√
N

G−1∑
g=0

mge
−j 2πgIt

N

(
1 + e−j2πt + · · ·+ e−j2π(I−1)t

)

=
I√
N

G−1∑
g=0

mge
−j 2πgIt

G , k = I · t (38)
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If k is even value which satisfies with k = It+ 2l for 1 ≤ l ≤
I/2− 1, substituting k = It+ 2l into (36) yields the Sk as

Sk =
1√
N

G−1∑
g=0

mge
−j

2πg(It+2 l)
N

1− e−j2π2 l

1− e−j 2π2 l
I

= 0 (39)
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