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Visible light communications (VLC) using the intensity modulation of light-emitting diodes (LEDs)
provides a new communication medium to overcome the shortage of radio spectrum, and allows reuse
of LED lighting infrastructures. Orthogonal frequency-division multiplexing (OFDM) was introduced to
VLC for its merits in mitigating the fading effects resulting from delay spread, and in avoiding
low-frequency ambient interference. Noise and clipping are two major factors that degrade the performance
of OFDM in VLC. A larger signal easily overcomes noise, but experiences impairment by clipping.
Therefore, degradation due to clipping has a trade-off relationship with that due to noise, depending on
the signal amplitude of OFDM. In this paper, the optimal signal amplitude in the trade-off is obtained
by simulation when the dimming and LED intensity are given. The former indicates a user’s requirement
for lighting, and the latter represents the channel quality. The required LED intensity-to-noise ratio, as
the channel quality that guarantees dimming as well as an adequate bit-error rate (BER), is also discussed.

Keywords : Visible light communication, OFDM, Dimming, Clipping
OCIS codes : (060.2605) Free-space optical communication; (060.4510) Optical communications; (060.4080)
Modulation; (060.0060) Fiber optics and optical communications

I. INTRODUCTION

The demand for wireless data has increased considerably
in recent years. As a new wireless medium, visible light com-
munication (VLC) is a new candidate to convey data using
light-emitting diodes (LEDs) [1-3]. The first standardization
was completed by the 802.15.7 VLC Task Group [4]. VLC
modulates data by blinking LEDs, which have rapid electrical
responses. An electrical signal is converted to an optical-
intensity signal via LEDs, which is known as intensity
modulation (IM), and a noncoherent receiver, such as a
photodetector (PD), restores the electrical signal proportionally
to the received optical intensity, which is known as direct
detection (DD). Considerable research has been conducted
on VLC systems, such as implementation techniques [5-§],
channel characteristics [9], multiple-input/multiple-output techni-
ques [10, 11], orthogonal frequency-division multiplexing
(OFDM) [12-19], and schemes for dimming requirements
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[19-43]. Dimming is a unique characteristic of VLC, which
makes it different from conventional optical wireless communi-
cations (OWCs). The original lighting purpose of LEDs
gives rise to the inherent constraint that the mean intensity
matches the dimming requirements of the user. For ON-OFF
keying (OOK) modulation, the ratio of the “ON” time to
“OFF” time of the signal is adjusted in a transmission data
frame to meet the dimming requirements, resulting in the
design of a scheme maintaining the Hamming weights associ-
ated with the dimming requirement. Pulse-width modulation
(PWM) is applied for dimming support [19-21], and can
also be superposed with OOK and pulse-position modulation
(PPM) [22, 23]. These schemes are simple, but they either
produce marginal rate enhancement or are vulnerable to
noise. Pulse-amplitude modulation (PAM) is used for VLC
applications [24]. Analog dimming [25] adjusts the dc bias
of the signal, such that the overall symbol levels meet the
dimming targets. This is also simple, while incurring the
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cost of sophisticated intensity control and weakness to
noise. Variable pulse-position modulation (VPPM) [26, 27]
combines 2-PPM and PWM, which are responsible for communi-
cation and dimming, respectively. Pulse dual-slope modulation
[28], which is a variant of VPPM, offers improved flicker
mitigation. Multicoded VPPM [29] adopts cyclic M-ary
PPM for higher rates. Time-multiplexed OOK [26,30] was
developed to insert an ON or OFF time period without
adaptive control of the mean optical power. Inverse source
coding (ISC) was reported to outperform the time-multi-
plexed OOK and achieve the theoretical data rate bound
asymptotically in a noise-free environment [31, 32]. Multiple
PPM was proposed to have as much rate support as ISC
[30,33,34]. Color-shift keying (CSK) [26, 35, 36] positions
the signal constellation according to color and controls
dimming by the signal amplitude (optical power) for multicolored
VLC. Although CSK modulates the signal under the
constraint of a fixed overall intensity, color-intensity modulation
[37] allows the simultancous use of colors and intensities
for dimming support and outperforms CSK. In addition,
multiple codeword allocation [38] was used for dimming
support, and the channel coding issues for binary transmission
in dimmable VLC using Reed-Muller codes [39,40] and
turbo codes [41] were addressed. Moreover, a channel coding
scheme for M-ary PAM was proposed [42]. Energy
savings were also considered while satisfying the dimming
requirements [43].

This paper reports OFDM systems in dimmable visible
light communications. Section 2 reviews the basic characteristics
for OFDM systems and dimming in VLC. Section 3 reports
the simulation environments, and the best bit-error rate
(BER) and the corresponding optimal amplification depending
on channel quality and dimming are obtained. Section 4
reports the conclusions.

II. OFDM IN VLC

2.1. Optical OFDM

OFDM is called multiple-subcarrier modulation (MSM)
[44] in OWC. Because the intensity of an OFDM signal
can be negative, two different techniques for generating
nonnegative symbols suitable for IM have been proposed:
DC-biased optical OFDM (DCO-OFDM) [3] and asymmetri-
cally-clipped optical OFDM (ACO-OFDM) [45]. This paper
uses the more commonly assumed DCO-OFDM, where a
DC bias is applied to yield a nonnegative signal. MSM,
which is realized by OFDM, offers a simple way of mitigating
the fading effects resulting from delay spread [44], whereas
it has poorer power efficiency than single-carrier approaches.
Logically, optical OFDM in Fig. 1 is similar to radio-fre-
quency (RF) OFDM, except for dimming. On the other hand,
there is a difference in the inverse fast Fourier transform
(IFFT). The OFDM baseband signal is nonnegative and
real, because of the intensity modulation by LEDs. Therefore
the data symbols are Hermitian symmetric (X,=X *an)
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FIG. 1. Block diagram of OFDM for VLC.
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FIG. 2. Complex-conjugate data mapping.

with respect to the vertical axis in the frequency domain,
as shown in Fig. 2, and the number of data points is
reduced by 50%.

2.2. Dimming and Trade-off by Amplification

OFDM signals are bipolar with respect to the average,
which is normally zero. Because VLC offers only nonnegativity,
the average should be moved to a positive value. This
average value becomes the required dimming level of the
lighting. Clipping is inevitable in OFDM, and it is more
severe when the dimming target is very low (near zero) or
high (near the maximum intensity), because the signals
should be within [0, A], where 4 is the maximum intensity.
In this paper, dimming is represented by normalization to
the maximum intensity. Dimming of 100% means the trans-
mission is the maximum intensity. As shown in Fig. 3,
when the dimming target is 50% the upper and lower spaces
are equal and maximized evenly, and the effect of clipping
is minimized. On the other hand, the dimming target cannot
be adjusted because it is a user constraint. For dimming
less than 50% low-end clipping is likely to occur, while
high-end clipping is predicted for a higher dimming. If the
aim is to avoid or reduce degradation by clipping, one
solution would be to decrease the amplification of the
OFDM signals around the average level. Figure 4 shows
limited amplification to combat clipping, but this creates
another obstacle, in that the influence of noise is increased.
In contrast to Fig. 4, Fig. 5 shows a clipped signal that is
more robust to noise. Therefore, there is some trade-off
between clipping and signal quality.

The channel quality of VLC under additive Gaussian
noise with the standard deviation, o, is expressed as the
maximum-intensity-to-noise ratio (4/0). At a fixed A/g,
more amplification results in more clipping. In contrast,
less amplification reduces clipping, but the vulnerability to
noise is increased. Therefore, amplification can be adjusted
for the performance enhancement by some trade-off. In the
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following section, the optimal amplification is derived from
a simulation to reduce the BER, depending on the channel
quality and dimming.

1. SIMULATION RESULTS
3.1. Simulation Environments

The simulation parameters are given in Table 1. At a
transmitter, a series of random data is generated and trans-
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TABLE 1. Simulation parameters
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Data modulation QPSK
FFT/IFFT points 256
Alo 10-30 dB
Amplification 10-30 dB
Dimming level 50-100%
Number of simulation shots 100,000

formed to an OFDM signal by IFFT. The amplification and
shift for dimming are applied, followed by clipping. Clipping
prevents overheating, to avoid either degradation of the
output light or total failure [46]. The channel quality 4/c
ranges from 10 dB to 30 dB in the simulation. Here amplifi-
cation means the difference of the signal amplitude from
the dimming level, which is defined as the root-mean-square
of the signal divided by o Note that energy consumption
is constant regardless of the level of amplification; the
dimming determines the energy consumption. Figure 6 shows
the simulation flowchart. If the dimming target d is less
than 50%, the result for d is the same as that for (100%-d ).
This can be explained as follows: The signal x(f) with
dimming d has the same clipping degradation as the signal
-x(f) with dimming (100%-d ), where the DC levels are not
applied to the signals. The two signals correspond to X(f')
and -X(f) following a Fourier transform. Because typical
data-modulation schemes such as QPSK and QAM yield
symmetrical constellations with respect to the horizontal
axis, the OFDM data for X(f) and -X(f)) occur with equal
probability from random data generation. This means that
the results for dimmings d and (100%-d) are statistically
identical. Therefore, the results for just 50-100% dimming
are sufficient, and these are obtained from the simulation.

3.2. Results

Figure 7 shows the best BER obtained for a given channel
quality and dimming. The BER changes depending on the
amplification, and the best BER and the corresponding
optimal amplification are obtained after an exhaustive search.
For a given A/0 and dimming, the BER is obtained by a
Monte Carlo simulation for each amplification value. The
minimum BER then accompanies the optimal amplification.
This process is repeated for further 4/0 and dimming values.
Figure 8 shows the contour graph for Fig. 7. With the
criterion of 107 BER, the upper left region over the contour
line for 0.01 is preferable in the figure.

Figure 9 shows the optimal amplification for Fig. 7, and
Fig. 10 presents the contour representation of Fig. 9. For
50% dimming, the channel quality and optimal amplification
increase linearly when the channel quality is less than 25
dB, where the effects of noise and clipping are balanced.
For high channel quality, noise becomes negligible. Therefore,
reduced clipping results in no further amplification. High-end
clipping always occurs for approximately 100% dimming.
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FIG. 8. Contour graph for the best BER.

Because more amplification toward a lower direction reduces
the effects of noise, the optimal amplification increases.
Note that the simulation is performed for an amplification
of 10-30 dB.

In addition, uneven clipping yields a change in the
average of the signals, and a shift in dimming follows.
This is a critical problem for user demand of the requested
dimming level. More uneven clipping induces a further
shift in the resulting dimming. Figure 11 shows the resulting
shifts, and Fig. 12 shows the contour representation of Fig.
11. A smaller 4/0 with a higher dimming target incurs a
greater shift in dimming. Note that 50% dimming produces
no shift in dimming. As an extreme example, for a dimming
target of 1% the error is 100% if clipping results in 2%
dimming. Therefore, the shift of dimming by clipping should
be considered carefully for OFDM systems in dimmable
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FIG. 10. Contour graph for the optimal amplification.

VLC, particularly for low dimming targets.

Figure 13 shows the region where the BER is less than
107 and the shift in dimming is less than 1%. OFDM is
not a suitable option with 4/0 < 21 dB, and dimming of
greater than 63% is unacceptable with 4/0 = 21 dB.

IV. CONCLUSION

This paper reports the optimal amplification and BER
depending on the channel quality and dimming target in
VLC OFDM systems. In addition, a shift in the resulting
dimming caused by uneven clipping is observed. With the
restrictions of 10” BER and a 1% dimming shift, OFDM
is not preferable with 4/0 < 21 dB, and more than 63%
dimming is unacceptable with 4/0 = 21 dB. OFDM is a
candidate for VLC with 85% dimming only when an A4/0
value of at least 30 dB can be guaranteed.
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