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Clipping-Enhanced Optical OFDM for Visible
Light Communication Systems
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Abstract—Visible light communications (VLC), a new optical
wireless communication technology that uses illumination light-
emitting diodes as transmitters, requires a modulation scheme that
is well suited to these devices’ nonlinear response. Optical orthog-
onal frequency division multiplexing (OFDM) is a promising tech-
nique to provide high-speed data transmission for VLC. However,
the peak transmitted power limitation and nonnegative transmit-
ted signal constraint of the lighting sources can result in nonlinear
signal distortion from clipping. In this paper, we propose a novel
optical OFDM scheme for VLC systems called clipping-enhanced
opticalOFDM(CEO-OFDM) that transmits via extra time slots the
information clipped by the peak power constraint. CEO-OFDM
sacrifices bandwidth to allow a higher modulation index to im-
prove the signal to noise ratio and reduce the clipping distortion
caused by the peak power limitation. From analytical and numeri-
cal results, the proposedCEO-OFDMprovides better bit error rate
performance and higher data rate than DC-biased optical OFDM,
unipolar OFDM, and asymmetrically clipped optical OFDM. Fur-
thermore, CEO-OFDM can provide a better illumination perfor-
mance that supports light dimming.

Index Terms—Dimming, LED nonlinearity, optical OFDM,
visible light communications.

I. INTRODUCTION

V ISIBLE light communications (VLC), a short-range op-
tical wireless communication system using light-emitting

diodes (LEDs) as transmitters has attracted much attention in
recent research due to its advantages over radio-frequency (RF)
communications [1]–[3]. Compared to conventionalRF commu-
nications,VLCsystems are immune toRF interference, have low
power consumption, are safe for human health, can offer higher
security, and can potentially provide high data rate transmission.
Recently, an increasing number of lighting systems use LEDs
as light sources due to their energy efficiency and long life ex-
pectancy. VLC systems are built on existing lighting systems
using LEDs as transmitters [4]; however, LEDs are noncoherent
and nonlinear optical devices with peak transmitted power and
bandwidth limitations. Therefore, the characteristics of LEDs
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must be considered when designing a modulation scheme with
high spectral efficiency for LED-based VLC systems.
Nowadays, orthogonal frequency division multiplexing

(OFDM) has seen a rise in popularity for bandlimited optical
systems due to its resistance to inter-symbol interference (ISI)
and high spectral efficiency [5]–[9]. In conventional RF OFDM,
the transmitted signals are complex valued. However, due to the
noncoherent light emitted from LEDs, only intensity modula-
tion and direct detection (IM/DD) can be used for VLC systems,
which requires the transmitted signals to be real and nonnega-
tive. Therefore, RF OFDM cannot be adopted directly in VLC
systems, and OFDM has to be modified.
Many modifications to standard OFDM have been proposed

for optical systems. DC-biased optical OFDM (DCO-OFDM)
is one of the most commonly used optical OFDM techniques
applied in VLC systems due to its simplicity [10]–[12]: a con-
stant optical power is just added to the OFDM signal to make
it nonnegative. A polar-based optical OFDM for IM/DD sys-
tems is proposed in [13], where unipolar signals are generated
by transmitting the magnitude and phase information succes-
sively. Asymmetrically clipped optical OFDM (ACO-OFDM)
only modulates the odd frequency subcarriers, which creates
a nonnegative signal suitable for optical communications [14].
ACO-OFDM can achieve a lower peak to average power ratio
(PAPR) than DCO-OFDM, and has no DC-bias requirement. A
fractional reverse polarity opticalOFDM(FRPO-OFDM), based
on ACO-OFDM, is proposed in [15] for dimmable VLC sys-
tems. Unipolar OFDM (U-OFDM) (also known as Flip-OFDM)
first transmits the positive part and then the negative part of
the signal; no DC offset is required [16], [17]. Similar to U-
OFDM, a non-DC biased OFDM (NDC-OFDM) is proposed to
use two LEDs transmitting the positive and negative parts at the
same time [18]. These OFDM techniques use Hermitian sym-
metry to generate real signals from the complex-valued data
sequence [19]; M -ary quadrature amplitude modulation (M -
QAM) is usually employed to achieve high spectral efficiency
for high-speed transmission. For all of these techniques, the clip-
ping distortion caused by the peak power limitation of LEDs
degrades the system performance.
We recently proposed a clipping-enhanced optical OFDM

(CEO-OFDM) for IM/DD systems in [20] in which the clipped
portion of the signal is transmitted by using an extra time slot to
reduce the distortion caused by the LED’s limited peak transmit-
ted power. With the help of the extra time slot, a higher received
signal to noise ratio (SNR) can be achieved to support a larger
QAMmodulation constellation size and increase the bit rate. In
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this paper, we expand this idea to a multi-slot CEO-OFDM that
uses multiple time slots to further reduce the clipping distor-
tion and improve the SNR. In addition, the bandwidth limiting
transfer function of the LEDs, which affects the communication
performance, is considered and analyzed. The proposed CEO-
OFDM can provide a higher throughput than other state-of-the-
art techniques. By adjusting the modulation index or adding an
extra DC bias, the illumination level of CEO-OFDMcan be con-
trolled. This paper also discusses the effects of dimming on the
BER performance of CEO-OFDM as compared to other OFDM
techniques.
The remainder of the paper is organized as follows. Section II

describes the research problem, which includes models of the
nonlinearity and bandwidth limitations of LEDs, and illumi-
nation requirements for VLC systems. The principles of the
proposed multi-slot CEO-OFDM and its performance are de-
scribed in Section III. The effects of dimming are discussed in
Section IV. The paper is concluded in Section V.

II. PROBLEM DESCRIPTION

This section describes the VLC design problem addressed in
this paper including the differences between RF and LED-based
OFDM, nonlinearity and bandwidth limitations of LEDs, and
illumination requirements of VLC systems.

A. Differences Between RF and LED-Based OFDM Systems

OFDM signals are generated by applying an inverse fast
Fourier transform (IFFT) on the data stream at the transmitter
and decoded using a fast Fourier transform (FFT) at the receiver.
In RF systems, OFDMsignals with complex values can be trans-
mitted directly. However, only real and nonnegative signals can
be transmitted in LED-based systems. Hermitian symmetry is
an effective way that is commonly used to generate real-valued
signals [21]. Non-negativity of the transmitted signal is accom-
plished in different ways in DCO-, ACO- and U-OFDM. Any
remaining negative signal must be hard clipped due to IM/DD
limitations.

B. Nonlinearity and Bandwidth Limitations of LEDs

LEDs working simultaneously as light sources and transmit-
ters in VLC are driven by forward current signals. Due to the
LED’s structure and the lighting principles of LEDs, the output
optical power and the drive current are nonlinearly related. The
maximum output optical power of LEDs is limited by current
saturation, resulting in clipping distortion of large-valued sig-
nals. As shown in [20, Fig. 1], the nonlinearity of the LEDs can
introduce a distortion if multilevel or continuous valued signals
are transmitted in VLC systems [22].
To linearize the relation between the output optical power and

the input current over a range, a predistorter can be used [23].
In this paper, we assume that a predistorter is applied, and the
linear range corrected by the predistorter is used to modulate the
transmitted signal. The relationship between the output optical

power and the input current can then be modeled as a propor-
tional functionwithin afinite range. The signal beyond this linear
range must be hard clipped at zero and the peak power.
Due to the slow rise-time of lighting LEDs, the bandwidth

of the whole VLC systems is limited by the lighting devices.
In this paper, bandlimited LEDs are modeled as first order
lowpass devices, and a bit loading algorithm is applied to
the OFDM to optimize the throughput despite the bandlimit
[24].

C. Effects of Illumination Requirements

Since VLC systems can provide illumination and wireless
access simultaneously, the effects of different illumination re-
quirements on the communication performance must be con-
sidered. According to the Illuminating Engineering Society of
North America, the standard illumination level for indoor areas
varies from 30 to 3000 lux based on different specific environ-
ments and functional requirements, such as in offices or hospital
operating rooms [25]. During the daytime, a portion of the in-
door illumination comes from sunlight; therefore, only partial
illumination may need to be provided in windowed spaces by
the VLC system. At night, the VLC system needs to provide
full illumination to satisfy the lighting requirements. Consider-
ing the ambient light and different illumination requirements,
VLC systems must be designed with a wide dynamic range for
dimming control.
In VLC systems, the illumination level is determined by

the average transmitted power. Therefore, unlike RF com-
munication systems, minimizing the transmitted power is no
longer a design criterion for VLC systems. Maximizing the
SNR for a given average transmit power must be considered
instead.

D. VLC Channel Model

The VLC channel impulse response consists of line-of-sight
(LOS) and non line-of-sight (NLOS) parts. The NLOS signal
is caused by reflections of the light off walls and other reflec-
tive surfaces. The impulse response of a VLC channel for a
given room geometry can be simulated by using a ray-tracing
algorithm [26], [27]. The intensity of the emitted light fol-
lows the Lambertain rule with a given beam-width [26]. The
received power depends on the propagation distance, irradia-
tion and incident angles, and the receiver’s field of view. In
this paper, the geometric model of a indoor environment is not
taken into account, and only the LED frequency response and
the effective received SNR is considered. The modulation de-
sign proposed and its performance analysis applies to any VLC
system.

III. MULTI-SLOT CEO-OFDM

This section describes the principles of the proposed multi-
slot CEO-OFDM scheme. We also analyze and compare the
performance of multi-slot CEO-OFDMwith state-of-the-art op-
tical OFDM techniques such as DCO-, ACO-, and U-OFDM.
The non-bandlimited LED case (as appropriate for emerging
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Fig. 1. Principle of multi-slot CEO-OFDM. (a) bipolar OFDM signal,
(b) One-slot CEO-OFDM signal, (c) L-CEO-OFDM signal.

fast rise-time micro-LED technology) is considered first; then,
the effect of the bandlimited characteristics of current lighting
LEDs is discussed.

A. Transmitted Signal

Multi-slot CEO-OFDM is designed to reduce the clipping dis-
tortion by using extra time slots to transmit the clipping informa-
tion, as illustrated in Fig. 1. An example of a bipolar real OFDM
signal after using Hermitian symmetry is shown in Fig. 1(a).
Fig. 1(b) illustrates the one-slot CEO-OFDM signal, in which
positive and negative parts of the bipolar signal are transmitted
successively in time slots 1 and 2, respectively. Due to the peak
transmitted power constraint (Pmax), the signal amplitude larger
than Pmax in time slots 1 and 2 must be hard clipped. To reduce
the clipping effects, an extra time slot (slot 3) is used to trans-
mit the clipped information. When the modulation index of the
OFDM signal is large, this third time slot can experience severe
clipping. This idea is generalized to anL-slots CEO-OFDM (L-
CEO-OFDM), in which L time slots (slot 3 to L+ 2) transmit
the clipped signals as shown in Fig. 1(c). Clipping distortion
only happens in the last slot. To guarantee the multi-slot CEO-
OFDM signal can be recovered perfectly at the receiver, all the
time slots should have the same duration. For a given OFDM
symbol rate, a larger L results in a higher sampling rate, which
is more sensitive to distortion from a sampling frequency off-
set (SFO). There are several methods for SFO synchronization
that can be applied in the proposed L-CEO-OFDM [28]–[30].
Taking advantage of high-speed DSP, digital interpolation is an
effective and efficient way for OFDM systems to mitigate the
SFO effects [30]. In this paper, we assume the SFO can be elim-
inated.
The complexity of OFDM is based on the size of the FFT. For

the proposed L-CEO-OFDM, sending extra time slots does not

increase the order of complexity, which is N log2 N , where N
represents the number of subcarriers. Compared with DCO- and
ACO-OFDM, a buffer is needed for both U- and CEO-OFDM to
construct the transmitted signal. The computational complexity
of loading data onto the buffer can be ignored.
A block diagram of the proposed multi-slot CEO-OFDM

transmitter is shown in Fig. 2. To simplify the notation, we an-
alyze the signal in one OFDM symbol time. M -QAM is first
applied for a high spectral efficiency. We denote the data after
M -QAM for the ith subcarrier asXi, the modulation constella-
tion size of which is adaptively adjusted by using a bit-loading
algorithm [24]. To make the transmitted signals real, Xi must
be the conjugate ofXN−1−i,XN−1−i = X∗

i , i = 0, . . . , N − 1,
where N is the number of subcarriers.
The vector X = (X0, X1, . . . , XN−1)

T is the input to an
IFFT, where the output data for the kth subcarrier component,
xk, can be represented as

xk =
N−1∑

i=0

Xi exp

(
j2πki

N

)
, k = 0, 1, . . . , N − 1. (1)

After the parallel to serial converter, the mth sample of the
OFDM symbol becomes

xs[m] =
c

N

N−1∑

k=0

xkδ[m− k],m = 0, 1, . . . , N − 1 (2)

where the term c is referred to as the modulation index. An
example of the bipolar signal xs[m] is shown in Fig. 1(a).

The bipolar signal can be converted to a unipolar signal by
flipping the negative part of xs[m] and concatenating it to the
positive part of the signal. (The result of this operation is ef-
fectively a U-OFDM signal.) In this unipolar signal, the values
greater than Pmax that are clipped are saved and transmitted
in subsequent time slots. Then, the clipped signal in L-CEO-
OFDM can be represented as

xCEO[m] = ϕ(xs[m])︸ ︷︷ ︸
slot 1

+ϕ(−xs[m−N ])︸ ︷︷ ︸
slot 2

+

L∑

�=1

ϕ(|xs[m− (�+ 1)N ]| − �Pmax)

︸ ︷︷ ︸
slot 3 to slot (L+2)

m = 0, 1, . . . , (L+ 2)N − 1, (3)

where

ϕ(x) =

⎧
⎪⎨

⎪⎩

Pmax, x ≥ Pmax

x, 0 < x < Pmax

0, x ≤ 0

. (4)

We assumeXi, ∀i, are independent and identically distributed
(i.i.d.), and |Xi| ≤ 1. The variance of Xi depends on the mod-
ulation constellation size for the ith subcarrier. To simplify the
notation, we denote the variance of xk, ∀k, as σ2

d, which is the
average variance over the samples. WhenN is large (usually 64
or larger), the real-valued OFDM signal xs[m] can be modeled



LIAN AND BRANDT-PEARCE: CLIPPING-ENHANCED OPTICAL OFDM FOR VISIBLE LIGHT COMMUNICATION SYSTEMS 3327

Fig. 2. Diagram of the L-CEO-OFDM transmitter with adjustable modulation index.

Fig. 3. Block diagram of the L-CEO-OFDM receiver.

as independent and Gaussian distributed random variables with
zero mean and variance

(
c
N

)2
σ2
d [21].

Thus, xCEO[m] can be modeled as a random variable with
probability density function

f(x) =

2N (u(x)− u(x− Pmax))

c(L+ 2)
√
2πσd

L∑

�=0

exp

(−N2(x+ �Pmax)
2

2c2σ2
d

)

+
δ(x− Pmax)

L+ 2

L+1∑

�=1

erfc

(
�NPmax

c
√
2σd

)

+
δ(x)

L+ 2

(
L+ 1−

L∑

�=1

(
erfc

(
�NPmax

c
√
2σd

)))
, (5)

where u(·) is the unit step function, and erfc(·) is the com-
plementary error function, which is defined as erfc(x) =
2/
√
π
∫∞
x exp(−y2)dy. Note that (5) is the average probabil-

ity density function over all samples, as xCEO[m], ∀m, are not
i.i.d..
As shown in Fig. 2, the LEDgenerating the transmitted optical

signal is driven by an electrical current signal that is the output of
a digital-to-analog (D/A) converter with xCEO[m] as the input.
For notational simplicity, in this paper we assume the LEDs have
a current to optical power conversion ratio of unity.

B. Receiver Processing

The structure of the receiver for L-CEO-OFDM is illustrated
in Fig. 3. The signal fed to the digital signal processor is the

output of an analog to digital converter (A/D) with the sig-
nal from a photodetector as its input. The mth sample of the
discrete-time version of the received signal can be modeled as

y[m] = ρh[m] ∗ xCEO[m] + ny[m],

m = 0, 1, . . . , (L+ 2)N − 1 (6)

where ρ is the responsivity of the photodetector (PD), and
ny[m] is the additive noise. We assume ny[m] is Gaussian white
noise with zero mean and variance that can be calculated as
σ2
n = (L+ 2)N0Rs, whereRs is the transmitted QAM symbol

rate, and N0 is the noise power spectral density. h[m] is the
mth sample of the discrete-time system impulse response. The
operation “∗” represents discrete-time convolution.
The receivedL-CEO-OFDM signal can be reconstructed into

the bipolar OFDM signal by combining information of all the
slots together. After the received signal is reconstructed, we can
express themth sample of the reconstructed signal in oneOFDM
symbol as

r[m] = (y[m]− y[m+N ])UN [m]

+

L∑

�=1

sign(y[m]− y[m+N ])y[m+ (�+ 1)N ]UN [m]

m = 0, 1, . . . , N − 1, (7)

where UN [m] = u[m]− u[m−N ], and u[m] is the discrete-
time unit step function.
Due to the peak power limit of the LEDs, the reconstructed

signal, r[m], can be modeled by using the Bussgang theorem
[21], and can be represented as

r[m] = ρh[m] ∗ (α(c, L)xs[m] + nclip[m]) + nr[m], (8)

where α(c, L) is a constant coefficient calculated as

α(c, L) =
1

σ3
x

√
2π

∫ ∞

−∞
xψ(x, L) exp

(
− x2

2σ2
x

)
dx

= 1− erfc

(
N(L+ 1)Pmax

c
√
2σd

)
, (9)
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where ψ(x, L) is a nonlinear function that can be represented as

ψ(x, L) =

⎧
⎪⎨

⎪⎩

−(L+ 1)Pmax, x < −(L+ 1)Pmax

x, −(L+ 1)Pmax < x < (L+ 1)Pmax

(L+ 1)Pmax, x > (L+ 1)Pmax.

(10)

nclip[m] represents the mth sample of the clipping noise after
reconstructing the data caused by the hard clipping at the trans-
mitter. The variance of the clipping noise can be calculated as

σ2
clip(c, L)

=

∫ ∞

(L+1)Pmax

2N(x− (L+ 1)Pmax)
2

c
√
2πσ2

d

exp

(−N2x2

2c2σ2
d

)
dx

=
c(1 + L)Pmaxσd

N
√
2π

exp

(−N2(1 + L)2P 2
max

2c2σ2
d

)

+
1

2
erfc

(
(1 + L)NPmax

c
√
2σ2

d

)(
(1 + L)2P 2

max +
c2σ2

d

N

)
.

(11)

nr[m] is the additive noise on the mth sample after the recon-
struction of the OFDM symbol, which is calculated as

nr[m] = (ny[m]− ny[m+N ])UN [m]

+
L∑

�=1

sign(y[m]− y[m+N ])ny[m+ (�+ 1)N ]UN [m]

m = 0, 1, . . . , N − 1. (12)

Since ny[m] is assumed to be Gaussian distributed, nr[m], ∀m,
are also Gaussian distributed random variables, with zero mean
and variance (L+ 2)σ2

n. Then, the SNR for the ith subcarrier
can be calculated as

γi(c, L,Rs) =
c2α2(c, L)|H[i]|2ρ2σ2

d

N(|H[i]|2ρ2σ2
clip(c, L) + (L+ 2)2N0Rs)

,

i = 0, 1, . . . , N − 1 (13)

where H is the Fourier transform of h, and H[i] represents the
channel frequency response for the ith subcarrier. In this paper,
a one-tap equalizer at the receiver is applied to each subcarrier to
compensate the phase distortion caused by the dispersive chan-
nel. Thus, given the SNR, we can approximate the bit error rate
(BER) for the ith subcarrier by using the expression [31]

BERi(c, L,Rs) ≈
√
Mi − 1√

Mi log2
(√

Mi

)erfc
(√

3γi(c, L,Rs)

2(Mi − 1)

)
,

(14)
which is a function of modulation index, c, the number of time
slots used to transmit the clipped information, L, and the trans-
mitted QAM symbol rate, Rs.Mi represents the QAM constel-
lation size used for the ith subcarrier.

C. Performance Analysis

In this section, we analyze and compare the performance of
DCO-, ACO-, U-, and multi-slot CEO-OFDM. The test envi-
ronment for all techniques is the same. For DCO-OFDM, the
DC offset is set to half of the peak power. However, a DC bias

TABLE I
PARAMETERS USED FOR NUMERICAL RESULTS

Fig. 4. BER for L-CEO-OFDM with an increasing modulation index, c/N ,
using 64-QAM and no bandwidth constraint. Rs = 30 Msps.

is not necessary for ACO-, U- and CEO-OFDM. The geometric
model of the indoor environment is not considered, and only the
line-of-sight (LOS) path is assumed. Unless otherwise noted,
the parameters used to obtain the numerical results are shown
in Table I, which is typical for indoor spaces and used as a
benchmark [22]. For clarity, we first show the ideal LED case
without bandwidth limitation, and then, a bandlimited LED sce-
nario is discussed. All results shown in this paper are obtained
by using the analytical expressions presented above.
1) Infinite LED Bandwidth: In this section, we assume that

|H[i]| = 1, i = 0, 1, . . . , N − 1. Therefore, the SNR for each
subcarrier is assumed to be the same, i.e. γi(c, L,Rs) =
γ(c, L,Rs), i = 0, 1, . . . , N − 1. To minimize the BER, an op-
timum modulation index, c∗, can be obtained as

c∗(L) = argmax
c

γ(c, L,Rs). (15)

For the proposedL-CEO-OFDM, a largerL requiresmore band-
width with a fixed transmission symbol rate.WhenL → ∞, and
c → ∞, the transmitted waveform only contains two values: 0
and Pmax. It is interesting to note that, for IM/DD systems, the
optimum waveform must have this property if the channel ca-
pacity is achieved [32]–[34].
Fig. 4 shows the BER performance of the CEO-OFDM

with different numbers of slots L for transmitting the clipped
information. The modulation index, c, is adjusted to control the
scale of the transmitted signal. The BER is calculated by using
(13) and (14). In general, for each L, the BER performance at
first improves when the modulation index increases. Then, after
the clipping noise dominates, further increasing the modulation
index eventually causes the BER performance to worsen. A
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Fig. 5. Relationship between the number of slots, L, and the optimal signal
scale per slot, c∗(L)/L, for different noise spectral density N0.

larger L introduces less clipping distortion, and allows the use
of a larger modulation index to reach the minimum BER. The
performance of L-CEO-OFDM achieves a limit as L increases,
and the minimum BER eventually converges, as shown as a
dotted line in Fig. 4.
Fig. 4 also shows the optimal modulation index to achieve

the minimum BER for a given L. The relationship between the
number of slots to transmit the clipping information, L, and
its corresponding optimum modulation index c∗(L), is shown
in Fig. 5. For a large L, the SNR expression in (13) can be
simplified as a function of c/L, Rs and N0, which is shown
in (18) and (19) in the Appendix. Since the channel capacity
is limited, the SNR approaches a limit when L goes to infinity.
Therefore, c∗(L)/L converges to a constant, and we can predict
the optimum modulation index to achieve the minimum BER
for large L.
2) Finite LED Bandwidth: The bandwidth limit due to the

slow rise-time of currently available lighting LEDs is a key fac-
tor affecting the VLC system throughput. In this section, we
model the LED as a first order low pass device that dominates the
bandwidth of the overall channel. Although the 3 dB bandwidth
is limited, a bit loading algorithm and a single-tap equalizer can
be implemented to effectively use a significantly broader band-
width and improve the throughput. To make a fair comparison,
we use the same bit loading algorithm and single-tap equalizer
for DCO-, ACO-, U-, and the proposed L-CEO-OFDM. Since
the required bandwidth increases with an increasing L for a
given QAM symbol rateRs, there exists an optimum number of
extra time slots to transmit the clipped information and maxi-
mize the throughput. The optimum number of slots, L∗, and the
optimum modulation constellation size for ith subcarrier, M ∗

i ,

TABLE II
OPTIMUM CLIPPING-ENHANCED SLOT NUMBER

Fig. 6. Maximum bit rate comparison for different peak powers, using two
bandlimited LEDs. The 3 dB bandwidths of the LEDs are 20 MHz and 80MHz.
A bit loading algorithm is used.

can be obtained by

[M ∗
i , L

∗] = arg max
Mi,L,Rs

(N−1)/2∑

i=0

Rs log2 Mi

s.t.

√
Mi − 1√

Mi log2
(√

Mi

)erfc
(√

3γi(c∗, L,Rs)

2(Mi − 1)

)
< Bmax,

(16)

whereBmax is themaximumBERallowed. Since only a fewval-
ues of L andMi need to be tested, a simple brute-force method
can be used to numerically solve this multivariate optimization
problem.
Table II shows numerical results for themaximum throughput

data rate Rb and the optimal number of time slots to transmit
the clipped information for different LED bandwidths and noise
levels that can result from differing levels of background light.
For a wider bandwidth LED, a larger optimal number of slots
can be applied to maximize the throughput, up to a point, as
shown in Fig. 4. For a higher noise level, a larger L introduces
a higher noise power, which degrades the system performance.
Therefore, the optimal L for a higher noise level case is smaller,
which is consistent with the results shown in Fig. 5.
A throughput comparison of DCO-, ACO-, U-, and L-CEO-

OFDMfor a bandlimitedLED is shown in Fig. 6. 4-CEO-OFDM
and 1-CEO-OFDM are used. According to Table II, they are
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optimal for 80 MHz and 20 MHz 3 dB bandwidth LEDs, re-
spectively, assuming the lower noise level. From this figure, L-
CEO-OFDM can provide higher bit rates than DCO-, ACO- and
U-OFDM even in severely bandlimited cases.

IV. CEO-OFDM UNDER ILLUMINATION REQUIREMENTS

Illumination and dimming control are significant design fac-
tors that must be considered for VLC systems. The illumination
level needs to be adjustable to satisfy different lighting require-
ments. Since the illumination level is proportional to the average
optical power, we directly control the average optical power for
dimming. In this paper, two design parameters, the modulation
index and a DC bias, are used to control the dimming level.
Since the effects of the LED’s bandwidth does not severely af-
fect the average optical power, we only discuss the ideal case
of no bandwidth limitation (the large LED bandwidth case), for
simplicity.

A. Modulation Index Selection

For L-CEO-OFDM, an increasing modulation index can in-
crease the received average optical power. From the probability
density function of the transmitted signal in the L-CEO-OFDM
system given in (5), the received average optical power can be
modeled as a function of themodulation index, c, and the number
of slots used to transmit the clipping information, L, as

P̄ (c, L)

=

∫ P−
max

0

x · fx(c, L, x)dx+
Pmax

L+ 2

L∑

�=1

erfc

(
�NPmax

c
√
2σd

)

=
2cσd

N(L+ 2)

(
1− exp

(−N2(L+ 1)2P 2
max

2c2σ2
d

))

+
(L+ 1)Pmax

L+ 2
erfc

(
N(L+ 1)Pmax

c
√
2σd

)

− Pmax

L+ 2
erfc

(
NPmax

c
√
2σd

)
, (17)

where P−
max is strictly less than Pmax.

A BER comparison of DCO-, ACO-, U-, and CEO-OFDM
as a function of the illumination level is given in Fig. 7. In this
figure, the modulation index is controlled to adjust the illumi-
nation. The results show that the minimum achieved BER of
CEO-OFDM is lower than the other three optical OFDM tech-
niques, and a larger number of slots in CEO-OFDM can provide
a better BER performance. This shows that L-CEO-OFDM suc-
cessfully reduces the effects of clipping distortion.
In Fig. 7 we also compare the performance of our pro-

posed technique with a commonly used exponential compand-
ingmethod, here applied toU-OFDM [35]. Since an exponential
function is used to compress the OFDM signal before transmis-
sion, the additive noise at the receiver is amplified when recon-
structing the received signal. For the given parameters, the ex-
ponential companding PAPR reduction method performs worse
thanU-OFDMat lowmodulation indexes.When themodulation
index is optimally selected to trade off the clipping distortion and

Fig. 7. Minimum BER and the corresponding average optical power, P̄ , with
an increasing modulation index for DCO-, ACO-, U-, L-CEO-OFDM and ex-
ponential companding using 64-QAM. Rs = 15 Msps, and no bandwidth con-
straint.

Fig. 8. Block diagram for optical OFDM techniques with an adjustable DC
bias.

signal power, companding does not yield a lowerminimumBER
compared with uncompanded U-OFDM. This shows that reduc-
ing the PAPR by companding the transmitted signal does not
provide a performance as good as the proposed CEO-OFDM.
In this paper, we define the adjustable range of illumination

with corresponding BER lower than 10−3 as the dimming dy-
namic range. The dimming dynamic range illustrates the robust-
ness of the VLC system to adapting to different illumination
requirements. Since the average optical power for DCO-OFDM
does not vary as the modulation index is adjusted, it has a zero
dimming dynamic range. For all cases tested, CEO-OFDM can
provide a larger dimming dynamic range than DCO-, ACO- and
U-OFDM, as shown in Fig. 7. ForL-CEO-OFDM, a larger dim-
ming dynamic range can be provided by a larger L.

B. DC Bias Selection

For CEO-OFDM, a DC bias is not required to make the sig-
nal unipolar. However, we can add an adjustable DC value for
illumination purposes to satisfy different illumination require-
ments. To make a fair comparison, we also add an adjustable
DC bias to ACO-, U-, and DCO-OFDM as shown in the block
diagram in Fig. 8. For CEO-OFDM, the DC bias is added to ev-
ery time slot as shown in Fig. 9. The clipped information caused
by the peak power constraint and DC bias can be transmitted
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Fig. 9. Illustration of the 1-slot CEO-OFDM signal. (a) No DC bias case.
(b) The case with a DC bias.

Fig. 10. Minimum BER and the corresponding average optical power with
an increasing DC for DCO-, ACO-, U- and L-CEO-OFDM using 64-QAM.
Rs = 15 Msps, and no bandwidth constraint.

via the extra time slots. Similar to the case in Section IV-A, a
theoretical performance analysis of this approach, including the
clipping coefficient, clipping noise variance and average optical
power with an adjustable DC bias, can be derived by using the
same expressions in (9), (11) and (17), respectively, replacing
Pmax withPmax − Pdc, wherePdc is the DC bias optical power.

Since a larger DC can introduce more clipping distortion,
the adjustable bias changes the communication quality. Fig. 10
shows the best (lowest BER) performance possible for DCO-,
ACO-, U-, and CEO-OFDM as a function of the average optical
power resulting from adding a DC bias. The minimum BER is
achieved by choosing the optimum modulation index. From the
results, the BER performance of the L-CEO-OFDM is better
than that of DCO-, ACO- and U-OFDM for the same illumi-
nation level. If we assume a required BER of 10−3, the valid
dimming dynamic range for CEO-OFDM is larger than DCO-,
ACO- and U-OFDM. In addition, the larger the number of slots

(L) used to transmit the clipping information in CEO-OFDM,
the larger the dimming dynamic range that can be achieved.

V. CONCLUSION

In this paper, we propose a multi-slot clipping-enhanced op-
tical OFDM for VLC systems. Using multiple extra time slots,
the clipped information caused by the peak power limit can
be transmitted and recovered, and the clipping distortion is
dramatically reduced. A higher modulation index can then be
used for a better BER performance. Compared with DCO-,
ACO-, and U-OFDM, the proposed CEO-OFDM can achieve
a lower BER or a higher bit rate than other techniques. An opti-
mumnumber of slots can be obtained for a givenLEDbandwidth
to maximize the throughput. For illumination constrained sys-
tems, CEO-OFDMcan provide a wider dimming dynamic range
and a better BERperformance by adjusting themodulation index
or adding an extra DC bias.

APPENDIX

This appendix gives an expression for the system SNR
as a function of c/L (or, equivalently, L/c), and Rs, for a
large L so that L+ 2 ≈ L+ 1 ≈ L. Substituting α(c, L) and
σ2
clip(c, L, Pdc) into (13), the SNR can be approximated as
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c
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)
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, i = 0, 1, . . . , N − 1, (18)

where
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The occurrences of all c and L are encircled in the expressions,
showing the functional dependence of the SNR on c/L and not
c and L individually.
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