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ABSTRACT In this paper, a novel modulation scheme called enhanced asymmetrically clipped DC-biased
optical OFDM (eADO-OFDM) is proposed to accommodate different demands of multi-users in downlink
multiple access for visible light communication systems. Meanwhile, to satisfy various dimming levels,
enhanced negative ADO-OFDM (eNADO-OFDM) is investigated and combined with eADO-OFDM for
multiplexing transmission. By adjusting the proportion of these two signals, the dimming control scheme
can be achieved, while the entire dynamic range of light-emitting diodes is exploited. In order to achieve
superior transmission performance, the optimal power allocation under the desired dimming level is studied
to minimize the overall bit error rate (BER). Moreover, to obtain more accurate estimation, an iterative
receiver with interference cancellation, in which the pairwise averaging and pairwise clipping are exploited,
is proposed. The simulation results show that the proposed scheme can effectively carry out the dimming
control with wide dimming range for illumination and achieve superior BER performance at the same signal-
to-noise ratio compared to the conventional counterparts, while only a few iterations are required.

INDEX TERMS Visible light communications (VLC), enhanced asymmetrically clipped DC biased optical
OFDM (eADO-OFDM), interference cancellation, power allocation, dimming control.

I. INTRODUCTION
Owing to the advantages of supporting modulation and
lighting at the same time [1], light-emitting diode (LED)
has been gradually popularized in recent years, resulting in
a lot of attention for visible light communication (VLC)
systems, which are green, low-carbon, low-cost, and have
broad license-free bandwidth [2]. Theoretically, in an optical
wireless communication system, as long as there is light,
the information transmission with high speed can be realized.
VLC can effectively avoid the weaknesses of signal leak-
age, and quickly establish a safe information space for anti-
jamming and anti-interception [3].

In recent years, orthogonal frequency division multiplex-
ing (OFDM) has been widely applied in VLC systems due
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to its high spectral efficiency and the capability of resist-
ing inter-symbol interference (ISI) [4]. Intensity modula-
tion and direct detection (IM/DD) is usually adopted in the
OFDM-based optical wireless communication systems [5].
For an OFDM-based system with IM/DD, the transmitted
signal is modulated onto the intensity of light, which means
the transmitted signal should be real and non-negative [6].
The real values can be ensured by imposing the Hermitian
symmetry to the symbols in the frequency domain [7]. And
the non-negative values can be realized by several different
optical OFDM methods, such as direct current biased optical
OFDM (DCO-OFDM) which is inefficient in optical power
because of the DC bias [7], asymmetrically clipped optical
OFDM (ACO-OFDM) which is inefficient in the aspect of
spectral efficiency due to the non-utilization of even subcar-
riers [8], and pulse-amplitude-modulated discrete multitone
(PAM-DMT) which is also inefficient in the terms of spectral
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efficiency since the lack of real part of the signal [9]. Based
on the conventional schemes, several novel hybrid modu-
lation schemes are further proposed. In [10], asymmetri-
cally clipped DC biased optical OFDM (ADO-OFDM) is
addressed, where the odd subcarriers and even subcarriers
adopt ACO-OFDM and DCO-OFDM, respectively. Hybrid
ACO-OFDM (HACO-OFDM) is investigated in [11], where
the odd subcarriers utilize ACO-OFDM, and the even sub-
carriers apply PAM-DMT. Recently, a new technology called
layered ACO-OFDM is proposed by combining different
layers of ACO-OFDM signals [12].

However, the number of subcarriers allocated to one type
of modulation scheme is fixed, regardless of the conventional
modulation scheme or the novel hybrid modulation scheme,
which makes the system less flexible to accommodate the
various access conditions in downlink multiple access. Thus,
in this paper, an enhanced ADO-OFDM (eADO-OFDM)
scheme is proposed for the first time, in which the numbers of
subcarriers occupied by ACO-OFDM and DCO-OFDM can
be adaptively adjusted according to the access conditions of
services in downlink multiple access. To improve the overall
performance of the proposed eADO-OFDM scheme, the fol-
lowing core technologies are investigated.
• In order to achieve the dimming control scheme for
the proposed scheme, the enhanced negative ADO-
OFDM (eNADO-OFDM) scheme is further introduced
based on eADO-OFDM, which is a combination of
negative ACO-OFDM (NACO-OFDM) and negative
DCO-OFDM (NDCO-OFDM) signals. In eNADO-
OFDM, the positive part of the bipolar ACO-OFDM
signal is clipped, and the DC bias is subtracted from the
bipolar DCO-OFDM signal instead of being added to
generate the NDCO-OFDM signal. Then the resulting
signal is added to a substantial bias so that the whole
signal is still positive and the dynamic range can be fully
utilized. Various dimming levels can be achieved by
mixing the eADO-OFDM and eNADO-OFDM signals
in different appropriate proportions.

• In order to reduce the overall bit error rate (BER),
the optimal power allocation under different desired
dimming levels is investigated. The BERs of
ACO-OFDM and DCO-OFDM are analyzed first. Then,
the BER of eADO-OFDM is formulated and the optimal
power allocation for eADO-OFDM can be obtained.

• In order to mitigate the impact of the noise and inter-
ference during the demodulation process, an itera-
tive receiver with interference cancellation is proposed,
in which more accurate estimation of the ACO-OFDM
signal can be obtained and the system performance can
be improved. Simulation results show that the proposed
iterative receiver can achieve superior BER performance
compared to the conventional counterparts at the same
signal to noise ratio (SNR), while only a few iterations
are required for convergence.

The rest of this paper is organized as follows. In Section II,
the conventional ADO-OFDM scheme is briefly reviewed.

In Section III, the eADO-OFDM scheme with subcarrier
assignment is proposed. Then, the transmitting side of eADO-
OFDM is illustrated in Section IV, including the dimming
control and optimal power allocation schemes. In Section V,
the receiving side of eADO-OFDM is investigated, where an
iterative receiver with interference cancellation is proposed to
reduce the overall BER performance. The simulation results
are presented and analyzed in Section VI. Finally, the conclu-
sions are drawn in Section VII.

II. SYSTEM MODEL
In this section, the conventional ADO-OFDM schemes at
both transmitting and receiving sides are briefly reviewed.
It has been demonstrated that the spectral efficiency of
ADO-OFDM is larger than ACO-OFDM, while the overall
optical power efficiency is higher than DCO-OFDM [6].

A. THE TRANSMITTING SIDE OF ADO-OFDM
For the ADO-OFDM scheme, odd subcarriers are utilized by
the ACO-OFDM signal, while even subcarriers are occupied
by the DCO-OFDM signal [10]. Suppose Sk

(
0 ≤ k < N

/
2
)

is the symbol modulated on the k-th subcarrier.
For ACO-OFDM, after imposing the Hermitian symmetry

to ensure the real values in the time domain, the frequency-
domain signal can be written as

X=
[
0,S1, 0,S3,· · ·, SN/2−1, 0, S∗N/2−1,· · ·, S

∗

3 , 0, S
∗

1

]
, (1)

where (·)∗ denotes the operation of conjugation, and N is the
number of subcarriers. Then, the bipolar ACO-OFDM signal
xn can be obtained after the operation of N -point inverse fast
transform (IFFT), i.e.,

xn =
1
√
N

N−1∑
k=0

Xk exp
(
j
2π
N
nk
)
, 0 ≤ n < N , (2)

where Xk denotes the k-th component of X. It has been
demonstrated that xn has antisymmetry property [13], i.e.,

xn = −xn+N/2, 0 ≤ n < N/2. (3)

Thus, the negative portion of xn can be clipped to zero with-
out any information loss, to leave the non-negative excursions
unchanged. Then the unipolar ACO-OFDM signal xaco,n can
be given as

xaco,n = xn + naco, 0 ≤ n < N , (4)

where naco is the clipping noise of ACO-OFDM signal and
can be given by

naco =

{
−xn, xn ≤ 0
0, xn > 0.

(5)

It has been proved that the clipping noise of ACO-OFDM
signal will only fall on the even subcarriers, which will
not interfere the detection operation of the symbols on the
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odd subcarriers. After clipping, the frequency-domain signal
of ACO-OFDM on the odd subcarriers can be denoted as

Xaco,k =
Xk
2
, k is odd. (6)

For DCO-OFDM, the signal in the frequency domain can
be written as

Y=
[
0,0,S2,0,· · ·,SN/2−2, 0, 0, 0, S∗N/2−2,· · ·,0, S

∗

2 ,0
]
. (7)

Then, the bipolar DCO-OFDM signal yn can be obtained
after the operation of N -point IFFT, i.e.,

yn =
1
√
N

N−1∑
k=0

Yk exp
(
j
2π
N
nk
)
, 0 ≤ n < N , (8)

where Yk denotes the k-th component of Y. To obtain the
non-negative DCO-OFDM signal, a DC bias should be added

to yn and can be formulated as BDC = µ

√
E
(
y2n
)
= µσD,

where µ is a proportional constant and σD denotes the stan-
dard deviation of the time-domain DCO-OFDM signal, while
the metric of BDC and σD are Ampere. Like in [14], the bias-
index β is defined as β = 10log10

(
µ2
+ 1

)
dB. After that,

all the remaining negative signals are clipped to zero, leading
to the clipping noise ndco, which depends on BDC. Then,
the time-domain DCO-OFDM signal ydco,n can be given as

ydco,n = yn + BDC + ndco, 0 ≤ n < N , (9)

where ndco is the clipping noise of DCO-OFDM signal and
can be given by

ndco =

{
− (yn + BDC), (yn + BDC) ≤ 0
0, (yn + BDC) > 0.,

(10)

which is negligible compared to naco.

B. THE RECEIVING SIDE OF ADO-OFDM
The transmitted and received ADO-OFDM signals can be
formulated by

zado,n = xaco,n + ydco,n, 0 ≤ n < N , (11)

and

rado,n = zado,n + wn, 0 ≤ n < N , (12)

respectively, where wn denotes the thermal noise and shot
noise and is modeled as addictive white Gaussian noise
(AWGN) in this paper with mean of zero and power spectral
density (PSD) of N0.
The received signal Rk in the frequency domain can be

obtained after the process of N -point fast Fourier transform
(FFT) based on rado,n, i.e.,

Rk =
1
N

N−1∑
n=0

rado,n exp
(
−j

2π
N
nk
)
, 0 ≤ k < N . (13)

As the clipping operation of ACO-OFDM only affects
the data on the even subcarriers, the estimation of

ACO-OFDM symbols modulated on the odd subcarriers
could be firstly derived as

X̂k = argmin
X∈�X

‖X − 2Rk‖2 , k is odd, (14)

where �X is the constellation symbol set of ACO-OFDM
and ‖·‖ represents the Frobenius norm. The estimation of the
transmitted ACO-OFDM signal x̂aco,n could be regenerated
by X̂k . Then the estimation of the transmitted DCO-OFDM
signal could be denoted by

ŷdco,n = rado,n − x̂aco,n. (15)

After that, the DC bias is removed and N -point FFT is
performed to generate Ŷdco,k , thus the estimation of the
DCO-OFDM symbols in the frequency domain could be
obtained through

Ŷk = argmin
Y∈�Y

||Y − Ŷdco,k ||2, k is even. (16)

where �Y is the constellation symbol set of DCO-OFDM.
The two parts of the demodulation results X̂k and Ŷk are com-
bined to obtain the original transmitted symbols. Until now,
all the symbols transmitted on the subcarriers are estimated
and regenerated.

III. THE EADO-OFDM WITH SUBCARRIER ASSIGNMENT
Since the 0-th and N/2-th subcarriers do not transmit signals,
ACO-OFDMandDCO-OFDM in conventional ADO-OFDM
occupy fixed N/2 and N/2 − 2 subcarriers, respec-
tively. A novel modulation scheme with subcarrier assign-
ment for optical wireless communication system, called
eADO-OFDM, which can be regarded as an enhanced
scheme for conventional ADO-OFDM, is proposed in this
section. Compared with the conventional ADO-OFDM
scheme, the numbers of subcarriers allocated to ACO-OFDM
and DCO-OFDM (including both the information symbols
and their corresponding Hermitian symmetries), denoted as
NA and ND, are not fixed to N/2 and N/2 − 2 anymore for
eADO-OFDM. Specifically, NA can be adaptively taken any
even number from 0 to N/2, while DCO-OFDM occupies the
remaining ND subcarriers, i.e.,

NA + ND = N − 2,

s.t. 0 ≤ NA ≤ N/2,

N/2− 2 ≤ ND ≤ N − 2. (17)

One of the advantages for eADO-OFDM is that the
numbers of subcarriers allocated to ACO-OFDM and
DCO-OFDM can be adaptively adjusted according to differ-
ent optimization objectives. For example, on the perspective
of the access conditions of services in downlink multiple
access, services with low complexity and/or low latency
could adopt ACO-OFDM for transmission so that they can
be preferentially demodulated, while DCO-OFDM could be
allocated to the rest services which are with low requirement
for complexity and latency.
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For eADO-OFDM, the transmitted signal can be obtained
in the same manner as that of the conventional ADO-OFDM.
Because the ACO-OFDM signal in eADO-OFDM still
only occupies the odd subcarriers, the ACO-OFDM and
DCO-OFDM signals can be detected in the same way as the
conventional ADO-OFDM scheme.

Moreover, to effectively achieve the dimming control
scheme, eNADO-OFDM is firstly imposed in this paper
to the best of our knowledge, which is a combina-
tion of NACO-OFDM and NDCO-OFDM signals. For
NACO-OFDM, the operations are the same as those in
ACO-OFDM before asymmetrical clipping, while the posi-
tive part of xn is clippedwithout loss of information according
to (3) to leave the non-positive excursions unchanged. Then
the NACO-OFDM signal xnaco,n in time domain can be rep-
resented as

xnaco,n = xn + nnaco, 0 ≤ n < N , (18)

where nnaco is the clipping noise of NACO-OFDM signal in
eNADO-OFDM, which is given by

nnaco =

{
0, xn < 0
−xn, xn ≥ 0.

(19)

For NDCO-OFDM, the DC bias is subtracted from
yn instead of being added. After that, all the remaining
positive signals are clipped to zero, leading to the clipping
noise nndco i.e.,

yndco,n = yn − BDC + nndco, (20)

and

nndco =

{
0, (yn − BDC) ≤ 0
− (yn − BDC), (yn − BDC) > 0.

(21)

Thus, the transmitted and received eNADO-OFDM signals
can be formulated by

znado,n = xnaco,n + yndco, 0 ≤ n < N , (22)

and

rnado,n = znado,n + wn, 0 ≤ n < N , (23)

respectively. It can be observed that the bipolar ACO-OFDM
signal xn is divided into two unipolar signals xaco,n and
xnaco,n after different kinds of clippings, resulting in two
kinds of signals in the frequency domain. Thus, the original
ACO-OFDM signal in the frequency domain can be com-
bined with these two kinds of signals, i.e.,

Xk = Xaco,k + Xnaco,k . (24)

From (6) and (24), it is easy to be derived that

Xnaco,k =
Xk
2
, k is odd. (25)

Hence, at the receiver of eNADO-OFDM, the
NACO-OFDM signal and NDCO-OFDM signal can be
detected in the same manner as the ACO-OFDM signal and

DCO-OFDM signal in the eADO-OFDM scheme, respec-
tively, except that the positive part of bipolar ACO-OFDM
signal is clipped in the regeneration process, and the DC bias
should be added instead of being subtracting to obtain the
estimated bipolar DCO-OFDM.

Like eADO-OFDM, in the eNADO-OFDM scheme,
the number of subcarriers allocated to NACO-OFDM and
NDCO-OFDM can be also flexibly adjusted according to dif-
ferent optimization objectives, thereby improving the system
adaptability.

IV. THE TRANSMITTING SIDE OF EADO-OFDM
In this section, dimming control schemes for eADO-OFDM
is investigated to support different dimming levels. After that,
the power allocation scheme under a desired dimming level
is proposed to reduce the overall BER.

A. DIMMING CONTROL FOR THE PROPOSED
EADO-OFDM SYSTEM
Communication capabilities of VLC systems under dimmable
illumination should be taken into consideration to accommo-
date different illuminance demands [15]. Dimming control is
essential to support different dimming levels in VLC system,
and has been studied by many researchers. For DCO-OFDM
systems, different dimming levels are achieved by adding
different DC bias to adjust the average amplitude of the trans-
mitted signal, so that the luminance of LEDs can be changed.
However, when the desired dimming level is very high or low,
the system performance will be sacrificed because of the
restricted dynamic range of the LEDs [16]. Thus, a piece-
wise function is imposed to solve this problem [17].
In [18], an asymmetric hybrid optical OFDM (AHO-OFDM)
system is investigated, where ACO-OFDM and reverse
PAM-DMT are applied for odd subcarriers and even sub-
carriers, respectively, while a DC bias is used to support
various dimming targets. Nevertheless, the demodulation
operation is sensitive to the DC bias due to that the scaling
factors of both ACO-OFDM and PAM-DMT depend on the
dimming level. Various dimming levels can be achieved by
adjusting the appropriate ratio of the negative HACO-OFDM
(NHACO-OFDM) and HACO-OFDM signals in [19]. How-
ever, only the imaginary part of the subcarrier is utilized
in PAM-DMT, resulting in the degradation of the spectral
efficiency.

In this paper, the eADO-OFDM signal is applied when a
low dimming level is requested, while the eNADO-OFDM
signal is utilized when a high dimming level is required. And
the intermediate dimming levels are achieved by adjusting
the proportion of the eADO-OFDM and eNADO-OFDM
signals. Because of the nonlinear transfer characteristic
of LEDs, the transmitted signal should be restricted in a lim-
ited dynamic range to ensure the communication quality [4].
Assume the limited dynamic range of LEDs is between IL
and IH , where IL and IH represent the minimum and max-
imum allowed current values to ensure the approximately
linear transfer characteristic, respectively, resulting in the
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FIGURE 1. The structure diagram of the proposed dimmable eADO-OFDM transmitter.

LED dynamic range of IH − IL , during which the transfer
characteristic of LEDs can be regarded as linear.

The transmitter structure of the proposed VLC systemwith
dimming control is shown in Fig. 1. First, the subcarriers
occupied by ACO-OFDM and DCO-OFDM is determined
by the subcarrier allocation unit. Then, after performing
the constellation mapping, serial-to-parallel (S/P), Hemitian
symmetry imposing, IFFT, and parallel-to-serial (P/S) oper-
ations, the bipolar xn and yn are obtained. Then the nega-
tive or positive part of xn is clipped and multiplied by scaling
factors λaco and λnaco, respectively, which is determined by
the dimming control unit. At the same time, the DC bias is
added or subtracted from yn to generate unipolar ydco and
yndco. Similarly, ydco and yndco are also multiplied by scaling
factors λdco and λndco, respectively. Note the scaling factors
are imposed to achieve the demanded dimming level, while
the entire dynamic range of LEDs can be exploited. Then the
eADO-OFDM signal zado or eNADO-OFDM signal znado can
be obtained with a specific proportion, which is adaptively
decided by the dimming control unit. Next, DC bias IL and IH
are added to the eADO-OFDM and eNADO-OFDM signals,
respectively, to make sure that the transmitted signal is non-
negative. The eADO-OFDM and eNADO-OFDM signals
with DC bias are mixed and passed through a digital to analog
(D/A) converter and then modulates the optical intensity
for transmission. At the receiver, the corresponding reverse
operations are performed based on the received signal.

Without loss of generality, assume that λaco = λnaco =

λdco = λndco = λ. Thus, the eADO-OFDM and
eNADO-OFDM signals can be given by

IP = IL + zado,n = IL + λ
(
xaco,n + ydco,n

)
, (26)

and

IN = IH + znado,n = IH + λ
(
xnaco,n + yndco,n

)
, (27)

respectively.
The probability density functions (PDFs) of ACO-OFDM

and DCO-OFDM have been investigated in [6], which can be

formulated as

fxaco (ω) =
1

√
2πσA

exp

(
−ω2

2σ 2
A

)
u (ω)+

1
2
δ (ω), (28)

and

fydco (ω)

=
1

√
2πσD

exp

(
−(ω − BDC)2

2σ 2
D

)
u (ω)+ Q

(
BDC
σD

)
δ (ω),

(29)

respectively, where σ 2
A is the variance of the unclipped

ACO-OFDM signal in the time domain, Q (x) = 1/
√
2π ·∫

∝

x exp
(
−u2/2

)
du, and u (·) and δ (·) denote the unit-step and

Dirac delta functions, respectively.
Through the PDFs, the optical power of ACO-OFDM and

DCO-OFDM in conventional ADO-OFDM can be repre-
sented as

PACO,o =
σA
√
2π
, (30)

and

PDCO,o=σD

{
µ [1−Q (µ)]+

1
√
2π

exp
(
−
µ2

2

)}
, (31)

respectively [20].
Thus, in the proposed eADO-OFDM, the expectations of

ACO-OFDM and DCO-OFDM signals can be calculated
through (30) to (31) and can be formulated as

PeACO,o = E (xaco) =

√
NA
N
·
δA
√
2π
, (32)

and

PeDCO,o = E (ydco) =

√
ND
N
· DδD, (33)

respectively, according to the Parseval’s theorem [21], where
δ2A and δ2D represent the electrical energy per subcar-
rier for ACO-OFDM and DCO-OFDM, respectively, and
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D = µ (1− Q (µ))+ 1/
√
2π · exp

(
−µ2/2

)
. Then, the aver-

age amplitudes of IP and IN can be calculated as

AP = IL + λ

(√
NA
N
·
δA
√
2π
+

√
ND
N
· DδD

)
, (34)

and

AN = IH − λ

(√
NA
N
·
δA
√
2π
+

√
ND
N
· DδD

)
, (35)

respectively. In order to verify the dimming performance of
the proposed system, a parameter η called the dimming level
is defined as

η =
A− IL
IH − IL

. (36)

where A denotes the average amplitude of transmitted signal.
The IN signal is used when a high η is desired, while

the IP signal is utilized for a low η. Under these two cir-
cumstances, dimming control is achieved by adjusting the
power allocation for ACO-OFDM and DCO-OFDM. When
an intermediate η is desired, the transmitted signal is an
algebraic sum of the IN and IP signals. That means, the IN and
IP signals are combined with a proper proportion. Suppose
the ratio of IP signal is α, thus the average amplitude A of the
combined signal is denoted as

A = αAP + (1− α)AN . (37)

In this case, the dimming control scheme can be achieved by
adaptively adjusting α to the required A, while the dynamic
range of LEDs can be fully exploited, thus high power effi-
ciency can be ensured under this circumstance.

B. POWER ALLOCATION SCHEME FOR THE PROPOSED
EADO-OFDM SYSTEM
Several power allocation schemes for OFDM-based opti-
cal wireless communication systems have been investigated.
For example, in [22], an optimal power allocation scheme
with optical power constraints based on the principle of
effective signal to noise ratio optimum is investigated to
reduce the nonlinear clipping distortion of ACO-OFDM.
For DCO-OFDM system, the information-carrying power
and DC-offset power are jointly analyzed and optimized to
take a tradeoff of the power consumption and clipping dis-
tortion [23]. The optimal power allocation factor for both
ACO-OFDM and DCO-OFDM signals in ADO-OFDM
under the normalized total optical power is investigated
in [24]. However, both subcarrier assignment and dimming
control are not considered in all the above power allocation
schemes to the best of our knowledge.

Thus a power allocation scheme for the proposed
eADO-OFDM scheme with subcarrier assignment to reduce
the overall BER is investigated under a desired dimming
level in this section. Without loss of generality, quadra-
ture amplitude modulation (QAM) is assumed for both
ACO-OFDM and DCO-OFDM, while the constellation
orders are MA and MD, respectively. When Gray labeling is

applied, the BER performance of ACO-OFDM with scaling
factor λ in the eADO-OFDM can be given as [25]

Be,ACO =
4
(√

MA − 1
)

√
MAlog2MA

Q

√ 3
MA − 1

λ2δ2A

4N0

. (38)

Then, the BER performance of DCO-OFDM in the
eADO-OFDM can be derived as

Be,DCO = Be,ACOBe,DCO|ACO +
(
1− Be,ACO

)
Be,DCO|ACO

=Be,DCO|ACO+Be,ACO
(
Be,DCO|ACO−Be,DCO|ACO

)
,

(39)

where Be,DCO|ACO and Be,DCO|ACO denote the conditional
probability of error given that the ACO-OFDM signal
has been demodulated wrongly and successfully, respec-
tively. Generally, under high SNR, Be,ACO, Be,DCO|ACO and
Be,DCO|ACO could be small, thus the second term in (39)
is much smaller than Be,DCO|ACO and could be neglected.
Hence, equation (39) is approximately estimated as

Be,DCO = Be,DCO|ACO

=
4
(√

MD − 1
)

√
MDlog2MD

Q

√ 3
MD − 1

λ2δ2D

N0

. (40)

Therefore, the overall BER performance of eADO-OFDM
can be derived as

Be,ADO =
NAlog2MABe,ACO + NDlog2MDBe,DCO

NAlog2MA + NDlog2MD

=

4NA
(√

MA − 1
)
Q
(
λδA
2

√
3

(MA−1)N0

)
√
MA

(
NAlog2MA + NDlog2MD

)
+

4ND
(√

MD − 1
)
Q
(
λδD

√
3

(MD−1)N0

)
√
MD

(
NAlog2MA + NDlog2MD

) . (41)

The pure eADO-OFDM signal is applied when the dim-
ming level is low, denoted as ηl . Thus the optimization objec-
tive when low dimming level is desired can be given as

min
λδA,λδD

Be,ADO

s.t. η = ηl . (42)

According to (34) and (36), it can be derived that√
NA
2πN

λδA +

√
ND
N
· DλδD = ηl (IH − IL), (43)

where the left two terms are the optical power of ACO-OFDM
and DCO-OFDM in the eADO-OFDM scheme, respectively,
as described by (32) and (33). And the right term of (43) rep-
resents the total optical power Po,ADO of the eADO-OFDM
scheme. Thus, if the ratio of the optical power for ACO-
OFDM to the total optical power is ρ ∈ (0, 1), the optical
power of ACO-OFDM and DCO-OFDM can be denoted as
ρηl(IH − IL) and (1− ρ)ηl(IH − IL), which can be derived as√

NA
2πN

λδA = ρηl (IH − IL), (44)
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and √
ND
N
· DλδD = (1− ρ) ηl (IH − IL). (45)

respectively. After inserting (44) and (45) into (41),
the derivative of (41) can be derived as

B′e,ADO

=
4NA

(√
MA − 1

)
ηl (IH − IL)

√
MA

(
NAlog2MA + NDlog2MD

) ×√ 3πN
2N0NA(MA−1)

×Q′
(
ρηl (IH−IL)

√
3πN

2N0NA(MA−1)

)

−
4ND

(√
MD − 1

)
ηl (IH − IL)

√
MD

(
NAlog2MA+NDlog2MD

)
D

√
3N

N0ND(MD−1)

×Q′
(
(1− ρ) ηl (IH − IL)

D

√
3N

N0ND (MD − 1)

)
, (46)

where Q′ (x) = −1/
√
2π exp

(
−x2/2

)
, and the second

derivative of (41) can be derived as

B′′e,ADO=
6πNη2l (IH − IL)

2 (√MA − 1
)

N0 (MA−1)
√
MA
(
NAlog2MA+NDlog2MD

)
×Q′′

(
ρηl (IH−IL)

√
3πN

2N0NA (MA − 1)

)

+
12Nη2l (IH−IL)

2 (√MD−1
)

N0 (MD−1)
√
MD

(
NAlog2MA+NDlog2MD

)
D2

×Q′′
(
(1−ρ) ηl (IH−IL)

D

√
3N

N0ND (MD−1)

)
,

(47)

where Q′′ (x) = x/
√
2π exp

(
−x2/2

)
> 0 for x > 0. Thus,

for 0 < ρ < 1, it can be derived that B′′e,ADO > 0, which
indicates that Be,ADO is a convex function of ρ. Hence, the ρ0
to minimize Be,ADO can be calculated ba setting B′e,ADO = 0,
which can be represented as

ρ0 (ηl)

=

−
N
ND
+

√
πN 2D2(MD−1)
2NAND(MA−1)

+

[
πND2(MD−1)
2NA(MA−1)

−
N
ND

]
G (ηl)

πND2(MD−1)
2NA(MA−1)

−
N
ND

,

(48)

where G is given by

G (ηl)

=
2D2N0 (MD−1)

3η2l (IH−IL)
2 ln

D√πNA (√MA−1
)√

M2
D−MD

√
2ND

(√
MD−1

)√
M2
A−MA

.
(49)

Then, the optimal power allocation can be calculated
as

δAo (ηl) =
ρ0 (ηl) ηl (IH − IL)

λ

√
2πN
NA

, (50)

and

δDo (ηl) =
(1− ρ0 (ηl)) ηl (IH − IL)

λD

√
N
ND
, (51)

according to (44) and (45). It is worth noting that
the BER performance of ACO-OFDM and NACO-
OFDM is quite the same according to (3). Moreover,
the BER of DCO-OFDM is equal to that of NDCO-
OFDM because that the DC component will not impact
the BER performance. Hence, the BERs of eADO-OFDM
and eNADO-OFDM are also the same, i.e., Be,NADO =
Be,ADO.

Similarly, the pure eNADO-OFDM signal is applied when
the dimming level is high, denoted as ηh. Thus the optimiza-
tion objective when high dimming level is desired can be
given as

min
λδA,λδD

Be,NADO

s.t. η = ηh. (52)

The optimal power allocation under a high dimming
level can be obtained by the same mathematic means as
that under a low dimming level, and can be formulated
as

δAo (ηh) =
ρ0 (1− ηh)(1− ηh) (IH − IL)

λ

√
2πN
NA

,

(53)

and

δDo (ηh)=
(1−ρ0 (1− ηh)) (1− ηh) (IH−IL)

λD

√
N
ND
.

(54)

For the intermediate dimming level which is a combina-
tion of eADO-OFDM an eNADO-OFDM signals, the overall
BER can be formulated as

Be,m = αBe,ADO + (1− α)Be,NADO = Be,ADO. (55)

Because the intermediate dimming levels are achieved
by adjusting the proportion α, the optimization con-
straint under this circumstance is the clipping ratio instead
of the dimming level anymore, which is formulated
as

min
λδA,λδD

Be,m

s.t.
∫ IH−IL

0
fzado (ω)dω ≥ 1− ε, (56)
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FIGURE 2. The structure diagram of the proposed dimmable eADO-OFDM receiver.

where ε is the desired clipping ratio and fzado (ω) is the
PDF of eADO-OFDM with scaling factor λ and can be
given by

fzado (ω)

=

√
N exp

(
−N (ω−BDC)2

2λ2
(
NDδ2D+NAδ

2
A

))
λ

√
2π
(
NDδ2D + NAδ

2
A

)
×

Q
 −√N (ωNDδ2D + BDCNAδ2A)
λδAδD

√
NAND

(
NDδ2D + NAδ

2
A

)


−Q

 √
N
(
ωNAδ2A − BDCNAδ

2
A

)
λδAδD

√
NAND

(
NDδ2D + NAδ

2
A

)
+

√
N

λ
√
2π

×

[
1

δA
√
NA

exp

(
−Nω2

2NAλ2δ2A

)
Q

(
BDC
√
N

λδD
√
ND

)
+

1

2δD
√
ND

× exp

(
−N (ω − BDC)2

2NDλ2δ2D

)]
u(ω)+

Q
( √

NBDC√
NDλδD

)
δ(ω)

2
,

(57)

where ⊗ represents the operation of convolution.

V. THE RECEIVING SIDE OF EADO-OFDM
Some demodulation schemes for OFDM-based VLC systems
have been proposed. For DCO-OFDM, an iterative detection
algorithm is proposed with a power-efficient symbol recov-
ery scheme [14]. In [26], a pairwise maximum likelihood
(ML) detector which exploits the anti-symmetry of time-
domain ACO-OFDM samples is proposed to improve the
optical power efficiency. Based on this, an iterative receiver to
reduce the effect of noise and estimation error is investigated
in [24]. In [27], a receiver for HACO-OFDM systems is intro-
duced by utilizing the characteristic of both ACO-OFDM and
PAM-DMT signals in the time domain to reduce the clipping
noise of ACO-OFDM and avoid the error propagation.

In this section, a novel iterative receiver for the proposed
eADO-OFDM scheme to mitigate the impact of noise and
interference is investigated. Specifically, the receiver struc-
ture of the proposed dimmable eADO-OFDM receiver is
illustrated in Fig. 2. After receiving a frame, it is necessary
to distinguish whether eADO-OFDM or eNADO-OFDM is
adopted. It can be seen from Fig. 3 that there is a gap between
the average amplitudes AP and AN , thus the two modulation

FIGURE 3. Waveform of the mixed transmitted signal at α = 0.4.

schemes can be distinguished by the average amplitude,
where the threshold is given by

Ad =
AP + AN

2
=
IL + IH

2
. (58)

When the average amplitude of the received frame is greater
than Ad , it is regarded as a frame of eNADO-OFDM, oth-
erwise, it is judged to be a frame of eADO-OFDM. There
are also some other distinction methods, for example, one of
the occupied subcarriers can be utilized to indicate whether
eADO-OFDM or eNADO-OFDM is applied.

Suppose the indexes of the occupied subcarriers by
ACO-OFDM and DCO-OFDM, denoted as ζ aco and ζ aco,
are known at the receiver. For eADO-OFDM, since
ACO-OFDM signal only occupies the odd subcarriers,
the clipping noise of ACO-OFDM signal will still only
fall on the even subcarriers. Thus, the ACO-OFDM and
DCO-OFDM signals can be demodulated in the same way
as the conventional ADO-OFDM.

Based on this, an iterative receiver with interference can-
cellation, in which the pairwise averaging and pairwise clip-
ping are exploited, is proposed in this paper to furthermitigate
the impact of noise and interference. In essence, the demod-
ulation processes for eADO-OFDM and eNADO-OFDM
are the same, except the clipping and DC-removing opera-
tions. Thus, this section takes eADO-OFDM as an example
to describe the proposed iterative interference cancellation
scheme, which is shown in Fig. 4.

To decrease the effect of noise, the pairwise averaging
is imposed first, which utilizes the Hermitian symmetry of
the transmitted frequency-domain signal. For k < N/2 and
k ∈ ζ aco, the combined frequency-domain signal can be
formulated as

Rak = Re
(
Rk + RN−k

2

)
+ jIm

(
Rk − RN−k

2

)
, (59)
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FIGURE 4. The structure diagram of the proposed iterative interference cancellation scheme.

where Re(·) and Im(·) denote the real part and imaginary part,
respectively, and j2 = −1. After that, the iteration process
begins at the ML detection unit, and the iteration process is
performed as follows.

1) ESTIMATE ACO-OFDM SYMBOLS
Consider the i-th iteration, the estimation of ACO-OFDM
symbols can be obtained by the ML criterion as

X̃ (i)
k = argmin

X∈�X
||X − 2X̃ (i−1)

aco,k ||
2, k ∈ ζ aco, (60)

where X̃ (0)
aco,k = Rak .

2) REGENERATE THE DCO-OFDM SIGNAL
Specifically, the estimation of the time-domain ACO-OFDM
signal x̃(i)aco,n is regenerated by X̃

(i)
k . Next, the estimation of the

time-domain DCO-OFDM signal can be obtained by

ỹ(i)dco,n = rado,n − x̃(i)aco,n. (61)

Then the DC bias is removed from ỹ(i)dco,n, and N -point
FFT is performed to generate the frequency-domain
DCO-OFDM signal Ỹ (i)

dco,k .

3) CALCULATE THE ESTIMATION OF DCO-OFDM SYMBOLS
The pairwise averaging is imposed for k < N/2 and k ∈ ζ dco
to reduce the impact of noise, which is given as

Ŷ (i)
dco,k=Re

(̃
Y (i)
dco,k+Ỹ

(i)
dco,N−k

2

)
+jIm

(̃
Y (i)
dco,k−Ỹ

(i)
dco,N−k

2

)
.

(62)

Then the estimation of the DCO-OFDM symbols can be
represented as

Ỹ (i)
k = argmin

Y∈�Y
||Y − Ŷ (i)

dco,k ||
2, k ∈ ζ dco. (63)

4) MITIGATE INTERFERENCE BASED ON PAIRWISE
CLIPPING
First, the time-domain DCO-OFDM signal ŷ(i)dco,n is regen-
erated and subtracted from rado,n. Then, the time-domain
ACO-OFDM signal x̂(i)aco,n can be regenerated after asym-
metrical clipping. Note that one of the original time-domain
ACO-OFDM signals on the n-th and (n+N/2)-th subcarriers

must be zero after asymmetrical clipping according to (4)
and (5). Based on this, the pairwise clipping is imposed in
this paper, which can reduce the impact of noise and inter-
ference. Hence, the more accurate estimation of time-domain
ACO-OFDM signal is given as

x(i)aco,n =

{
0, x̂(i)aco,n < x̂(i)aco,n+N/2
x̂(i)aco,n , x̂(i)aco,n ≥ x̂

(i)
aco,n+N/2,

(64)

and

x(i)aco,n+N/2 =

{̂
x(i)aco,n+N/2, x̂(i)aco,n < x̂(i)aco,n+N/2
0, x̂(i)aco,n ≥ x̂

(i)
aco,n+N/2,

(65)

where n = 0, 1, . . . ,N/2− 1.

5) UPDATE THE ACO-OFDM SIGNAL
After N -point FFT, X

(i)
aco,k is obtained. Then, the pairwise

averaging is imposed for k < N/2 and k ∈ ζ aco, which is
given as

X̃ (i)
aco,k=Re

(
X
(i)
aco,k+X

(i)
aco,N−k

2

)
+jIm

(
X
(i)
aco,k−X

(i)
aco,N−k

2

)
.

(66)

With that, an entire iteration process has been completed.
The same operations are performed iteratively to obtain more
accurate estimation of the original ACO-OFDM and DCO-
OFDM symbols until the maximum number of iterations T is
reached or the BER is less than τ , as shown in Algorithm 1.

VI. SIMULATION RESULTS
Simulation results are performed to evaluate the perfor-
mance of the proposed scheme. System parameters are listed
in Table 1.

The dimming level η as a function of ratio α is illustrated
in Fig. 5, while NA varies from 16 to 64 and the bias-index β
is set as 10 dB. It can be seen from the figure that the dimming
level decreases with the increase of ratio α, and a wide
dimming range can be ensured by the proposed dimming
control scheme. For example, the achievable dimming range
is from 21% to 79% when NA = 16. Moreover, the dim-
ming range could be further stretched along with the increase
of NA even if the desired dimming level ηl or ηh is extremely
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Algorithm 1 Iterative Interference Cancellation Scheme for
eADO-OFDM
Require:

1) Error threshold τ ,
2) Received signal rado,
3) Constellation symbol sets �X and �Y ,
4) Maximum number of iterations T .
Initialization:

1: X̃ (0)
k ← a random symbol in �X ,
Ỹ (0)
k ← a random symbol in �Y ,

2: Calculate Rak based on rado,
3: X̃ (0)

aco,k ← Rak , BER
(0)
← 1, i← 1,

Iterations:
4: repeat
5: X̃ (i)

k ← argmin
X∈�X

||X − 2X̃ (i−1)
aco,k ||

2,

6: Regenerate x̃(i)aco,n, ỹ
(i)
dco,n ← rado,n − x̃(i)aco,n, produce

Ỹ (i)
dco,k after DC removing and N -point FFT,

7: Ŷ (i)
dco,k←Re

(
Ỹ (i)
dco,k+̃Y

(i)
dco,N−k

2

)
+jIm

(
Ỹ (i)
dco,k−̃Y

(i)
dco,N−k

2

)
, Ỹ (i)

k ←

argmin
Y∈�Y

||Y − Ŷ (i)
dco,k ||

2,

8: Calculate ŷ(i)dco,n, generate x̂
(i)
aco,n,

9: if x̂(i)aco,n < x̂(i)aco,n+N/2 then

10: x(i)aco,n← 0, x(i)aco,n+N/2← x̂(i)aco,n+N/2,
11: else
12: x(i)aco,n← x̂(i)aco,n, x

(i)
aco,n+N/2← 0,

13: end if
14: Calculate X

(i)
aco,k after N -point FFT,

X̃ (i)
aco,k←Re

(
X
(i)
aco,k+X

(i)
aco,N−k

2

)
+jIm

(
X
(i)
aco,k−X

(i)
aco,N−k

2

)
,

15: Calculate BER(i),
16: i← i+ 1,
17: until i > T or BER(i−1) < τ

Ensure:
Final estimations of ACO-OFDM and DCO-OFDM
symbols: X̃ (i)

k and Ỹ (i)
k .

TABLE 1. Simulation parameters.

low or high. That is because under this circumstance, with
the increase of NA, the average amplitudes AP and AN will
decrease and increase, respectively.

The overall BER performance versus λδA for NA = 64
while β varies from 6 dB to 10 dB and ηl = 13% is shown
in Fig. 6. In this case, the pure eADO-OFDM scheme is

FIGURE 5. The dimming level η as a function of the ratio α with
different NA, while β is set as 10 dB.

FIGURE 6. Overall BER performance versus λδA with different β, while
NA = 64 and ηl = 13%.

adopted due to the low dimming level. The black solid lines
represent the BER calculated by (41) and the blue circles
indicate λδAo calculated by (50), while the red dotted lines
denote the actual BER obtained by simulation with their
minimum points marked by green asterisks. It can be cal-
culated according to (50) that for β = 6 dB, 7 dB, 8 dB,
9 dB, and 10 dB, λδAo are 0.22, 0.20, 0.19, 0.17, and 0.16,
respectively, while optimal power allocations obtained by
simulation are 0.22, 0.20, 0.19, 0.18, and 0.17, respectively.
Thus, due to the mutual interference of ACO-OFDM and
DCO-OFDM signals, the proposed power allocation scheme
has the near-minimum overall BER. It can be seen that the
overall BER performance of eADO-OFDM becomes better
and worse when λδA varies from 0.1 to λδAo and from λδAo
to 0.6, respectively. That is because when λδA is small,
the BER of ACO-OFDM will be very high, resulting poor
capability to regenerate the original ACO-OFDM, which will
also impact the demodulation process of DCO-OFDM. Thus,
with the increase of λδA, the overall BER performance will
be better. However, when λδA is greater than λδAo, the BER
of ACO-OFDM is already very small, and the BER of
DCO-OFDM becomes the main factor determining the
overall BER.
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FIGURE 7. The BER performance as a function of η with different NA,
while β = 8 dB.

FIGURE 8. The BER performance with equal and proposed power
allocations, while the conventional receiver is utilized and β, ηl , and NA
are set as 10 dB, 17%, and 64, respectively.

Fig. 7 shows the BER performance versus η with different
NA while β = 8 dB and fixed λδA is assumed. For a
fixed NA, the graph can be divided into three sections with
low, intermediate, and high dimming levels, respectively. For
example, for NA = 16, when the dimming level is between
0 and 21%, the pure eADO-OFDM is applied, and the BER
reduces from 4 × 10−1 to 2.5 × 10−4. That is because with
the increase of η, λδD will increase, resulting in the lower
BER. When the dimming level is between 21% and 79%,
the transmitted signal is a combination of eADO-OFDM and
eNADO-OFDM signals, and the dimming control scheme
is achieved by adjusting the ratio α, thus the BER will not
change. When the dimming level is between 79% and 100%,
the pure eNADO-OFDM is applied, and the BER increases
from 2.5× 10−4 to 4× 10−1 because the decrease of λδD.

Fig. 8 shows the BER performance comparison between
the equal and proposed power allocations with conventional
receiver, while the bias-index β, the dimming level ηl , and
the subcarrier number NA for ACO-OFDM are set as 10 dB,
13%, and 64, respectively. It can be observed from Fig. 8
that the theoretical BER curve and the simulated overall BER
curve match well, which means (41) can be a good theoretical
result of the system’s overall BER performance. The required

FIGURE 9. The BER performance comparison between the conventional
and the proposed iterative receiver with equal power allocation, while β
and NA are set as 10 dB and 64, respectively.

FIGURE 10. The BER performance comparison between the conventional
and the proposed iterative receiver with optimal power allocation,
while β and NA are set as 7 dB and 32, respectively.

SNR at an overall BER of 10−4 for the equal power allocation
scheme is about 25 dB, while it decreases to 21 dB when the
proposed power allocation scheme is adopted. Specifically,
compared with the equal power allocation, the optical power
allocated to ACO-OFDM is greatly increased in the proposed
scheme. Correspondingly, the optical power allocated to the
DCO-OFDM is reduced when optimal power allocation is
performed. Thus, in this case, the proposed optimal power
allocation technique will enhance the BER performance of
ACO-OFDM, and the required SNR reduces from above
25 dB to 18.4 dB when the BER of ACO-OFDM signal
is 10−4. However, due to the worse effect of ACO-OFDM
interference on the DCO-OFDM demodulation and the
decreased optical power allocated to DCO-OFDM, the corre-
sponding performance of DCO-OFDMwill be degraded. But
in this case, the ACO-OFDM performance improvement is
dominant to DCO-OFDM performance degradation, in term
of BER, thus, the overall BER performance is enhanced.

Fig. 9 shows the BER performance comparison between
the conventional receiver (‘Conv’ for short) and the proposed
iterative receiver (‘Prop’ for short) with equal power alloca-
tion, while β and NA are set as 10 dB and 64, respectively.
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FIGURE 11. The convergence performance of the proposed iterative interference cancellation scheme. (a) Case 1: with low β, while the
SNR and NA are set as 22 dB and 64, respectively. (b) Case 2: with high β, while the SNR and NA are set as 22 dB and 64, respectively.
(c) Case 3: with low SNRs, while β and NA are set as 10 dB and 64, respectively. (d) Case 4: with different modulation constellation
schemes, while β and NA are set as 10 dB and 64, respectively.

Like in Fig. 8, the theoretical BER curve and the simu-
lated overall BER curve are well matched. It is evident
that our proposed iterative receiver outperforms the conven-
tional receiver. More specifically, at a BER of 10−4, for
ACO-OFDM, the proposed iterative receiver achieves more
than 1.4 dB gains compared with the conventional receiver,
for the reason that the pairwise averaging and pairwise clip-
ping could mitigate the effect of noise and more accurate
ACO-OFDM signal could be achieved. For DCO-OFDM,
the proposed iterative receiver performs 0.5 dB gain than the
conventional receiver because the interference introduced by
the error estimation of ACO-OFDM signal will be reduced,
so that the DCO-OFDM signal can be estimated more pre-
cisely. And for the overall BER performance, the iterative
receiver performs 1.8 dB better than the conventional receiver
with the improved ACO-OFDM and DCO-OFDM signals.
Besides, it can be seen from the figure that the BER curves
of T = 2 and T = 3 almost coincide, which means that
the iterative interference cancellation scheme converges after
only few iterations.

The BER performance comparison between the conven-
tional and the proposed iterative receivers with optimal power
allocation is shown in Fig. 10, while β and NA are set

as 7 dB and 32, respectively. At a BER of 10−4, for
ACO-OFDM, the proposed iterative receiver achieves about
1 dB gains compared to the conventional receiver. Because
of the optimal power allocation, the BER of ACO-OFDM
has been extremely small, thus the BER improvement of
DCO-OFDM caused by iterative receiver is not significant
in this scenario, resulting in little improvement of the overall
BER performance. Similar to the equal power allocation
scheme, the gap of the BER curves for T = 2 and T = 3
is also extremely small, which means that the iterative inter-
ference cancellation scheme with optimal power allocation
also converges after only few iterations.

Fig. 11(a) and Fig. 11(b) are plotted to show the effect
of bias-index β on the convergence of the iteration, while
the SNR and NA are set as 22 dB and 64, respectively.
As seen in Fig. 11(a) and Fig. 11(b), even if the bias-index
β is low or high, after only two or three iterations, the pro-
posed iterative interference cancellation scheme will con-
verge. Fig. 11(c) is intended to show the effect of SNRs on the
convergence of the iteration, while β and NA are set as 10 dB
and 64, respectively. It can be seen that the proposed iterative
interference cancellation scheme converges after only few
iterations even if the SNR is low. Specifically, when the
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SNR is below 19 dB, three iterations are required, while it
converges after only 2 iterations when SNR= 19 dB. Gener-
ally, when the SNR is low, the number of required iterations
is larger than that with a higher SNR. Fig. 11(d) is intended to
shown the convergence performance of the proposed iterative
interference cancellation scheme with different constellation
orders, while β and NA are set as 10 dB and 64, respectively.
In order to maintain a BER of around 10−3, different SNRs
are carefully selected for different modulation orders. It can
be seen from the figure that when the constellation order is
high, the number of required iterations should be more.

VII. CONCLUSIONS
In this paper, the eADO-OFDM and eNADO-OFDM with
subcarrier assignment are exploited to support various access
conditions of services in downlinkmultiple access. To accom-
modate dimming requirements, a dimming control scheme
is proposed where the eADO-OFDM and eNADO-OFDM
signals are combined with a proper ratio. Then, the optimal
power allocation is investigated to minimize the overall BER.
Moreover, to mitigate the impact of noise and interference,
an iterative interference cancellation scheme is proposed.
Simulation results show that the proposed scheme can effec-
tively achieve the dimming control scheme with a wide dim-
ming range. In addition, compared with conventional scheme
with equal power allocation, the proposed scheme with itera-
tive interference cancellation and optimal power allocation
can achieve superior BER performance at the same SNR,
while only a few iterations are required to converge.
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