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a b s t r a c t

In the near future, the available radio-frequency (RF) bandwidth will not be sufficient to
meet the ever increasing demand for wireless access. Visible light communication (VLC)
is an alternative method to reduce the burden of RF-based communication, especially in
indoor communications. 70% of the communication is indoors, and light emitting diode
(LED) arrays are spreading for illumination purposes thanks to their low energy and higher
lifetime. VLC can be realized as a secondary application in LED arrays that are placed for
lighting. In this way, some of the wireless traffic can be sent using light, with less cost
and less carbon footprint. For these reasons, VLC attracts significant research interests. We
provide an extensive survey of the current literature by outlining challenges and future
research areas in order to facilitate future research in this area.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The demand for wireless access has become so preva-
lent that it is possible to consider wireless connectivity as
one of the basic commodities like electricity. This rapidly
growing demand resulted in ubiquitous deployment of
wireless systems. Eventually, the limited wireless spec-
trum got heavily congested and solutions increasing spec-
trum efficiency, such as spectrum reuse got to a point
that even small cells (pico/femtocells) will not be able to
help with covering the huge demand. Recent studies pre-
dict that by 2017, more than 11 exabytes of data traffic
will have to be transferred through mobile networks ev-
erymonth [1]. To be able tomeet this demand, the research
community began looking for solutions that target alterna-
tive portions of the spectrum. VLC is one of the promising
alternative that aims to provide a communicationmedium
by using the existing illuminating devices.
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With the improvements in LED technologies, it is
possible to modulate light in high frequencies such that
human eye cannot detect. Due to their lower cost, higher
lifetime and lower power consumption, LEDs are expected
to replace conventional incandescent and fluorescent
lamps in the near future. This enables the use of LEDs
for both illumination and communication, making VLC an
economic and ubiquitous data transmission solution.

In Fig. 1, we depict the electromagnetic spectrum. Visi-
ble light region corresponds roughly to the portions where
the wavelength is between 400 and 700 nanometers. Un-
like radiowaves, electromagnetic waves in the visible light
wavelength are not harmful for the human body. More-
over, the visible light portion of the spectrum is not regu-
lated. This opens up a huge bandwidth for communication,
which can be utilized in a wide range of applications.

In this paper, we aim to capture the state-of-the-art
for this timely and exciting field by discussing the open
research issues. The remainder of the paper is organized as
follows. In Section 2, we explain the advantages of VLC and
provide comparisons with other wireless communication
technologies that use lower parts of the spectrum. In
Section 3, we summarize the historical evolution of VLC
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Table 1
Comparison of wireless communication technologies.

Type Technology Range Rate Mobility

RF

Wi-Fi 2.4 GHz Indoor 70 m, outdoor 250 m 65 Mbps Low
Wi-Fi 5 GHz Indoor 35 m 780 Mbps Low
3G HSPA Depending on the cell type (pico-macrocell) up to 100 km 42 Mbps High

4G Depending on the cell type (pico-macrocell) up to 100 km Up to 1 Gbps High
Up to 100 Mbps Low

MM-wave (60 GHz) A few hundreds of meters 7 Gbps Low

Optical IR 1 m 1 Gbps None
VLC Up to 10 m Up to 3 Gbps Low
Fig. 1. Electromagnetic spectrum and visible light region.

technology and list the standardization efforts. We review
previous work and open research issues on the transmitter
LED technologies and modulation schemes in Section 4.
Section 5 includes the channel modeling technique for
optical paths. The optical receivers and MIMO systems for
VLC are summarized in Section 6.We examine the research
on medium access control (MAC) and network layers as
well as multiple access schemes in Section 7. We list the
potential application areas for VLC in Section 8.We present
our concluding remarks in Section 9.

2. Why VLC?

In this section, we detail the features provided by
VLC and explain why it is an important alternative to RF
communication technologies. Below,we list the prominent
advantages offered by VLC.

• Cost efficiency
• Energy efficiency
• Unregulated large bandwidth

Today, RF technology is mature. Yet, while a Bluetooth
module that provides 1 Mb/s costs around $5 [2], VLC
links can transmit at 50 Mb/s with an approximate cost of
$1.7 [3]. Furthermore, LEDs used in VLC are also utilized for
illumination. Therefore, the exact cost is even less.

LEDs used in VLC are highly efficient devices that
use at least 75% less energy and last 25 times longer
than incandescent lighting [4]. Since energy used by
LEDs is mainly needed for illumination, VLC is extremely
energy efficient. Estimations for the United States indicate
greatest potential improvement on energy savings will
be achieved upon the widespread use of LED lighting.
According to these estimations, widespread use of LEDs
by 2027 can save about 348 TerraWatt-hour of electricity
compared to no LED use. This is an enormous amount of
energy saving that is equal to the annual electrical output
of 44 large electric power plants. Overall, this corresponds
to total savings of more than $30 billion [4].
VLC uses the spectrum between 385 and 800 THz.
Considering the huge bandwidth, the potential data
carrying capacity of VLC is thousands of times larger than
the RF portion of the spectrum [5].

On the other hand, it is difficult to install new cables to
the lighting equipment on the ceiling. Fortunately, power
line communications (PLC) enable use of electric cables
for communication. PLC also enables the use of power
outlets to be used as ports. This alleviates the need to
install new communication cables to make VLC work. PLC
specifications have been consolidated into two standards,
i.e. IEEE 1901 [6] and ITU-T G.9960/61 [7] in 2009 and
2010, respectively. Since standardization for both VLC and
PLC are complete, there is a strong incentive to investigate
the integration of these technologies. In [8], authors point
out the potential for this unification and lay out a few
promising areas such as MIMO and relaying.

VLC has other advantages but these are more appar-
ent when combined to alternative communication tech-
nologies. In the following, we lay out a comparison of VLC
with Infrared (IR) and RF communications and point out
the advantages provided by VLC.We provide a comparison
of VLC with other wireless communication technologies in
Table 1.

2.1. Comparison of VLC with IR communication

VLC has two major advantages over IR. One is related
to safety issues and the other is about ease of deployment.
Most of the Infrared emitting diodes use the 800–960 nm
wavelength range. A number of problem may arise if
radiation within these wavelengths comes into direct
contact with the eye, such as athermal retina hazard and
thermal injury risk of the cornea aswell as possible delayed
effects on the lens of the eye (cataractogenesis). Therefore,
transmission power for infrared devices are limited by
safety standards such as International Electrotechnical
Commissions (IEC) IEC 60825-1 Safety of laser products,
and IEC 62471 Photobiological safety of lamps and lamp
systems.

VLC uses visible light LEDs which are expected to re-
place the conventional incandescent and fluorescent lamp
since they have lower power consumption, high efficiency
and longer lifetime [9,10]. Therefore, the transmitters for
VLC will mostly be readily available. Furthermore, tech-
nologies such as PLC enable use of existing lighting infras-
tructure as back-haul in existing installations. For new in-
stallations, new technologies such as Power over Ethernet
(PoE) may be used.
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Room illumination must meet certain minimum levels
according to the standards. For example, the international
standard on Lighting of indoor work places, ISO/CIE 8995.1
recommends a minimum illuminance of 200 lux in areas
where continuous work is carried out [11]. To meet these
illumination levels, distributed ceiling installations are
envisioned. Such deployment of LEDs ensure a dominant
line-of-sight (LOS) component, resulting in very high
signal-to-noise ratio (SNR) (>60 dB through the entire
room) [12]. This permits simpler receiver structures for
VLC compared to IR. For example, due to this large SNR,
the receiver does not need to narrow the field-of-view
(FOV) [13].

2.2. Comparison of VLC with RF communication

Even though both RF and VL communications use
electromagnetic waves, they have very different inherent
properties. Visible light does not interfere with electronic
devices as RF waves do. Therefore, VLC may be more
suitable for applicationswhere sensitive electronic devices
are used, such as hospitals, chemical plants, and airplanes.

Recent studies indicate that more than 70% of wireless
traffic originates indoors [14]. Even though RF waves
penetrate walls, signal propagation is degraded. On the
one hand, this attenuated propagation limits data rates of
intended users. On the other hand, since transmission is
not strictly confined to the intended area, security of the
links may be compromised by eavesdropping malicious
users. VLC provides the desired answers to both problems.
Since most indoor environments are illuminated, VLC can
provide the required coverage. Since visible light cannot
penetrate walls, links can be kept confidential.

2.3. Comparison of VLC with small cells and HetNets

A comparison of frequency reuse in VL and RF commu-
nications is important. RF spectrum is already subject to an
aggressive spatial reuse to increase the spectrumefficiency
as much as possible. New approaches such as small cells
and HetNets are widely seen as the future of mobile com-
munications. A HetNet is a heterogeneous network that
support 3G or 4G for back-haul and shorter range commu-
nication technologies such asWi-Fi for offloading localized
network traffic. Due to cell-size reduction, by year 2007,
the system spectral efficiency was increased by a factor of
2700 compared to 50 years earlier [15]. Due to high direc-
tivity and easier confinement of visible light, even smaller
VLC attocells that provide hundreds of times larger capac-
ity increase is possible [16].

An efficient HetNet should use the most suitable link
for each specific task, e.g., fiber optic links are for high
speed backhaul connectivity, RF links supportmobility and
providewide coverage andVLC can be usedwhenhigh data
rates and secure communication is needed. With such a
vision in mind, VLC is evolving towards a new paradigm
called Li-Fi (Light Fidelity) to complement RF based Wi-Fi
(Wireless Fidelity) networks [17].
3. Evolution of VLC technology and standardization

Research on VLC using LEDs originated at Naka-
gawa Laboratory, in Keio University, Japan in 2003. The
same year, Visible Light Communications Consortium
(VLCC) [19] was funded. Since then, there has been an
increasing widespread interest. In 2006, combining PLC
with VLC to provide broadband access for indoor appli-
cations was proposed by researchers from CICTR at Penn
State [20]. The idea was to handle backhaul data transmis-
sion through PLC and use VLC to cover the local area net-
work (LAN).

Standardization began in 2007, when the Japan Elec-
tronics and Information Technology Industries Association
(JEITA) issued two visible light standards, JEITA CP-1221
and JEITA CP-1222, based on VLCC proposals. VLCC began
cooperation with the Infrared Data Association (IrDA) and
the Infrared Communication Systems Association (ICSA) in
2008. The following year, a VLCC specification that extends
the IrDA physical layer was announced.

IEEE P802.15 Working Group for Wireless Personal
Area Networks (WPANs) finished standardization of phys-
ical (PHY) and MAC layers for short-range optical wire-
less communications using visible light in 2011 [21]. The
standard describes the methods to merge lighting and
data communication for wireless personal area networks
(WPAN), to deliver data rates sufficient for audio and video
multimedia services. It offers three PHY types that pro-
vide data rates from 11.67 kbps to 96 Mbps. The first two
types support on–off keying (OOK) and variable pulse-
position modulation (VPPM). The third type, PHY III, pro-
vides data rates at the range 12–96 Mbps and uses multi-
ple light sources operating at different frequencies. Amod-
ulation format called color shift keying (CSK) is used. The
supported modulation types provide different trade-offs
with respect to data rates and required dimming condi-
tions [22]. By using OOK under dimming, constant range
and variable data rate is provided by inserting compensa-
tion time. On the other hand, VPPM provides constant data
rate and variable range by varying the pulse width [23].
Run length limited (RLL) line codes are used to remove
flicker and clock and data recovery (CDR) detection prob-
lems by controlling the maximum amount of consecu-
tive 1 and 0 s. Also various forward error correction (FEC)
schemes are supported.

The established standards provide stability in the field
and enable faster commercialization of VLC. However, the
research on VLC is rapidly evolving. By the end of 2010,
data rates up to 500 Mbps for a transmission distance
of 5 m were demonstrated by a combined research team
of Siemens and Fraunhofer Institute for Telecommunica-
tions [24]. A commercial bidirectional RGB LED VLC system
calledMOMOwas launched in October 2014. The system is
capable of data rates up to 300 Mbps with a range of 25 ft
and is PLC compatible [25].

With the ongoing research, the established standards
such as IEEE 802.15.7 will evolve. For example, a recently
formed study group is working on an amendment to
IEEE 802.15.7. The aim is to enable scalable data rate,
positioning/localization, message broadcasting, etc. for
optical camera communications [26,27].



O. Ergul et al. / Physical Communication 17 (2015) 72–85 75
Table 2
Properties of LEDs.

Type Data rate Mbps (≈) [18] Advantageous Disadvantageous

White LED 40 Low cost, availability Low data rates
RGB LED 100 Higher data rates, suitable for CSK Higher cost, more complex design
RCLED 500 Very high data rates Challenging to manufacture, high cost
4. VLC transmitters

Both RF and VLC communication utilize electromag-
netic radiation to transmit data. However, inherent prop-
erties of them significantly differ [16]. Thewaves in the vis-
ible range cannot penetrate into objects. Therefore,most of
the VLC applications require LOS for high data rate appli-
cations. Data communication in VLC is provided via light,
thus transmitted signal in VLC is required to be positive
and real [28]. For these reasons, well-developed theories
for RF communications cannot be directly used for VLC. In
this section, we review LED technologies and modulation
techniques for VLC.

4.1. LED technology

The key enabling technology for VLC is the increas-
ing usage of white LEDs in commercial lighting applica-
tions. It is predicted that the dominant lighting method
will be LEDs in the near future. LEDs have lower power
consumption, and longer lifetime compared to the conven-
tional lighting systems such as incandescent or fluorescent
lamps. White LEDs can be also used for communication
purposes as transmitters. Since white LEDs are commer-
cially available with low costs, most of the recent studies
on VLC consider the white LEDs as transmitter [10,29–33].
However, other types of LEDs are also promising as sum-
marized in Table 2 because higher bandwidths and data
rates can be provided with more complex LEDs such as
Red–Green–Blue (RGB) LEDs, and µLEDs [34,35].

Inmodernwhite LEDs, single LEDwith yellowphosphor
is utilized to emit white light. The emission power
and bandwidth of LEDs can significantly change with
technology and manufacturing methods. Since the yellow
phosphor, which is utilized for emitting white light, has
a slow response, the bandwidth of white LEDs is limited
to ≈3 MHz [29,36]. However, the capacitance and area of
the blue region is higher, thus blue light is more promising
for communication applications. For this reason, an optical
blue filter can be placed at the receiver [36] at the expense
of optical power to increase the bandwidth to 10 MHz
range [33,36]. In addition, white LEDs can suffer from color
shifts [18]. Therefore, design of high data rate applications
with white LEDs is very challenging.

In addition to white LEDs, RGB LEDs can be utilized to
transmit information in VLC [37]. RGB LEDs have relatively
higher response times, thus they can reach up to a few
tens of MHz. They are expected to achieve data rates up
to 100 Mbps compared to white LEDs that can reach up to
40 Mbps. RGB LEDs enable color shift keying (CSK) as sug-
gested in [38]. Since CSK can reach constellation sizes up
to 64 symbols, it is more promising for high data rate ap-
plications. Furthermore, all three colors can be separately
coded to create parallel channels. For example, two of the
a b

Fig. 2. (a) Rectangular transmitter and, (b) angle-diversity transmitter.

colors can be used to transmit real and imaginary part of
orthogonal-frequency-division-multiplexing (OFDM) sig-
nals and the other one can be utilized to control white-
ness. RGB LEDs are also susceptible to color change dur-
ing modulations [18]. Transmitting information with RGB
LEDs is more complex and expensive compared to white
LEDs however, RGB LEDs offer considerable data rate im-
provement over white LEDs.

µLEDs also attract significant research attention.
Resonant-cavity LEDs (RCLED) based on AlInGaN LEDs pro-
vide the lowest-loss transmission window around 520 nm
and bandwidth levels up to 330MHz [39]. [40] reports that
free-space modulated light can be reach up to 200 Mbps
data rate [40]. In addition, RCLEDs can provide highly di-
rectional output and high data rates up to 500 Mbps [18],
but the fabrication of RCLEDs is challenging [41]. In ad-
dition, [34] provides a transmitter design with AlInGaN-
basedmicro-pixellated LEDs. Instead of a single LED, an ar-
ray of µLEDs are utilized to provide high bandwidths up
to 245 MHz per pixel. In [35], a blue (450 nm) GaN-based
micron-size LED array is utilized to provide 1.5 Gbps data
rate. Therefore,µLEDsprovide higher bandwidths anddata
rates at the expense of complexity and cost. The advance-
ment in LED manufacturing especially in µLEDs has high
potential to increase the performance of VLC systems.

Up to now, we mostly considered single LEDs in
transmit arrays. Design of transmit arrays is also significant
for the performance of VLC. For illumination purposes,
LED arrays are utilized because single LED cannot provide
enough illumination. Generally, rectangular LED arrays
are utilized for illumination as in Fig. 2(a). [10,42] also
utilize rectangular arrays for communication purposes.
However, design of the transmit arrays can be changed for
some applications. For example, circular LED arrays can be
utilized in desk lamps with fewer number of LEDs. Angular
diversity systems are utilized in VLC to cluster users with
low inter-cell interference [30,43–45]. Fig. 2(b) shows an
angle diversity receiver. Fig. 2(b). In this way, OFDMA VLC
employments can provide higher reuse factors.

To sum up, there are two main challenges in utilization
of LEDs as transmitter:
• Limited bandwidth: Bandwidth can be extended with

complex type of LEDs.
• Nonlinearity: Nonlinear relationship between current

and optical power in LEDs becomes challenging in high
data rate applications. It is inevitable.
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Fig. 3. OOK and PPM techniques.

4.2. Modulation schemes

In VLC, information is carried with light intensity, thus
modulated signals have to be both unipolar and real [28].
For this reason, well-studied advanced RF communication
techniques are not directly applicable to VLC. More impor-
tantly, dual-use of LEDs for both illumination and commu-
nication purposes introduces significant challenges: dim-
ming and flicker control. Illumination level of a room can
be changed manually. Therefore, modulation schemes for
VLC should support dimming control to achieve desired
data rate levels even at low illumination levels. Fluctua-
tions of the light intensity can be harmful for human eye
during long exposure periods [46,47]. Therefore, modula-
tion techniques are required to employ flicker control not
to affect human health. For this purpose, IEEE 802.15.7 [21]
provides dimming and flicker control schemes for VLC.

There are a number of modulation schemes that are
proposed for VLC. We could not include all of them in this
survey, but we review the most common and promising
ones. As in Fig. 3, On–off keying (OOK) is the simplest
modulation technique for VLC, but thismodulation scheme
does not provide dimming control and does not support
high data rates. Pulse position can be also used for
modulation, which is called pulse-position modulation
(PPM) as in Fig. 3 [48]. PPM provides constant average
power over time, thus flicker control can be achieved. To
add dimming control, variable PPM (VPPM) is proposed as
alsomentioned in IEEE 802.15.7 [38]. In VPPM, pulsewidth
is adjusted to control illumination level. However, PPMhas
spectral efficiencyproblems. To increase spectral efficiency
of PPM, multi-pulse PPM (MPPM) is introduced. However,
MPPM has problems with dimming control and data rate
decreases significantly under low illumination [49]. To
enhance MPPM, expurgated PPM (EPPM) [50] is proposed,
in which, peak-power limit on sources are used. In EPPM,
symbol length canbeused for dimming control, but still the
spectral efficiency is low as in PPM. To this end, multilevel
EPPM (MEPPM) is proposed in [51], and it utilizes linear
combination of EPPM tomakemultiple amplitude levels as
in pulse amplitudemodulation (PAM). In this way, spectral
efficiency and flicker control can be increased, but the link
becomes more susceptible to shadowing and multi-path
effects. In addition to PPM, pulse-widthmodulation (PWM)
Fig. 4. 4-CSK modulation.

can be utilized as well. In [52], multiple LEDs are utilized to
adjust the pulse width while achieving efficient dimming
control. PWM can be also combined with OFDM which
does not have dimming control. In this way, dimming
control can be achieved in OFDM.

In addition to the pulse based modulation schemes,
color based modulation schemes are promising for high
data rate applications as also suggested in IEEE802.15.7 [38].
In color based schemes, transmitters code information
with color while satisfying static color requirements [53].
Information is coded to instantaneous intensity of LED in
color intensity modulation (CIM) [54], but complexity of
CIM is high. Color-shift keying (CSK) codes information to
color combinations by keeping constant power level [55,
56]. In this way, CSK can emit white light. Fig. 4 presents 4-
CSK modulation scheme. According to IEEE 802.15.7 [38],
three colors can be utilized for CSK to provide 4-CSK, 8-CSK
up to 16-CSK. In addition, [56] uses four color to further in-
crease the constellation size up to 64. However, CSK may
cause color shift because the amplitude of current may be
mis-adjusted at dimming control. This problem is solved
inmetameric modulation (MM) [57] by achieving constant
color control. Since MM puts an additional constraint, size
of the constellation cannot be increased as in CSK, but still
MM can be used in high data rate systems.

Spatial modulation (SM) systems can be also utilized in
VLC [58]. In these systems, only one of the transmit arrays
is active at a time as proposed recently in [59]. However,
SM does not provide dimming control and has significant
flicker effect [49].

Modulation bandwidth is one of most important
challenges in VLC. Due to hardware imperfections and
multi-path components, VLC suffers from the effects of
inter-symbol interference (ISI) which can be solved with
OFDM. To this end,we reviewOFDM techniques developed
for VLC in the next subsection.

4.3. OFDM

VLC communication is generally provided via single
LOS path. However, ISI is still a limiting factor in VLC due
to the hardware imperfections [60]. As discussed in the
previous subsection, conventional modulation schemes
cannot support high speed applications due to limited
bandwidth and high losses because intensity of light
decreases significantly with distance. To alleviate effects
of ISI, OFDM methods can be utilized for VLC [41,61,62].
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(a) Real part. (b) Imaginary part. (c) Unbiased bipolar signal. (d) Biased unipolar signal.

Fig. 5. (a, b) OFDM signal with hermitian symmetry and, (c, d) addition of DC-bias for DCO-OFDM.
Fig. 6. Block diagram of DCO-OFDM.

In [63], OFDM with quadrature-amplitude modulation is
utilized to reach 513Mbpswith VLC. [64] provides a 1Gbps
broadband application of white LEDs with OFDM. [65]
utilizesMIMO-OFDMemployment to achieve data rates up
to 1 Gbps. Dimming control can be provided by combining
OFDM with PWM as introduced in [52]. Since VLC signals
have to be both unipolar and real, conventional OFDM
schemes, which use complex and bipolar signals, require
some modifications.

A number of OFDM schemes are proposed for VLC in or-
der to provide unipolar and real time domain OFDM sig-
nals [61,66–71]. Most commonly, hermitian symmetry is
utilized to generate real time signals at the expense of dou-
bling the required bandwidth as in Fig. 5(a) and (b) [28]. In
this way, the resulting real signal becomes bipolar, but it
should be unipolar. For this purpose, direct current biased
optical OFDM (DCO-OFDM) utilizes addition of direct cur-
rent (DC)-bias to the bipolar signal to convert it to a unipo-
lar signal as in Fig. 5(c) and (d) [66,67]. The block diagram
for DCO-OFDM is given in Fig. 6. As in RF communications,
the addition of DC-bias introduces high peak-to-average
power ratio (PAPR). This high PAPR can be exploited for
illumination purposes, but high DC-bias can adversely af-
fect the communication performance because LEDs do not
have a linear relationship between optical power and cur-
rent. However, most applications utilize near linear region
of LEDs [16]. Therefore, high DC-biasmaymake the system
work on nonlinear region and create distortion by the am-
plifier. For these reasons, PAPR is a more significant prob-
lem in VLC compared to RF. In VLC, DFT-Spread OFDM is
proposed as an effective way to eliminate this problem by
utilizing localized DFT-Spread (LDFT-S) OFDM and inter-
leaved DFT-Spread (IDFT-S) OFDM [60].

Another technique to avoid the DC bias is asymmetri-
cally clipped optical OFDM (ACO-OFDM)which utilizes the
properties of OFDM without requiring DC-biasing. In or-
der to create a symmetric time domain signal, only the odd
sub-carriers are used in ACO-OFDM [72]. In this way, nega-
tive values in signals are set to zerowithout altering carried
information. Half of the spectrum is wasted in ACO-OFDM.
For this reason, DCO-OFDMgenerally provides better spec-
tral efficiency at the expense of power compared to ACO-
OFDM [60].
To utilize all the spectrum, asymmetrically clipped DC
biased optical OFDM (ADO-OFDM) is proposed in which
ACO-OFDM is utilized for odd subcarriers and DCO-OFDM
is utilized for even subcarriers [73,74]. In this way, en-
tire spectrum is utilized in ADO-OFDM. ADO-OFDM re-
quires less power compared to ADO-OFDM and ACO-
OFDM. Detailed comparison of these techniques can be
found in [73]. In [75], position modulating OFDM (PM-
OFDM) is proposed by removing Hermitian symmetry con-
straint by utilizing DFT. Two receiver structures are de-
signed in [75]. One achieves better BER performance com-
pared to ACO-OFDM at the expense of high receiver com-
plexity. There are a number of OFDM schemes which
exploits different properties of the OFDM without bias-
ing: pulse-amplitude-modulated discrete multitone mod-
ulation (PAM-DMT) [68], unipolar OFDM (U-OFDM) [69],
flip-OFDM [70], spectrally-factorized optical OFDM (SFO-
OFDM) [71]. In addition, U-OFDM is extended to trans-
mit multiple data frames in a single time domain signal
in [76] as extended U-OFDM (eU-OFDM). eU-OFDM pro-
vides lower BER and PAPR compared to DCO-OFDM and U-
OFDM.

To overcome PAPR problem, single carrier with fre-
quency domain equalization (SCFDE) techniques are pro-
posed: asymmetrically clipped optical (ACO-) SCFDE, rep-
etition and clipping optical (RCO-) SCFDE, and decomposed
quadrature optical (DQO-) SCFDE in [77]. SCFDE based
modulation techniques have better BER and PAPR perfor-
mance compared to previously discussed methods. [78]
proposes on–off keying based SCFDE. In [79], pulse am-
plitude modulation (PAM)-SCFDE is proposed to enable
multiple order modulations. PAM-SCFDE outperforms PM-
OFDM, DQO-SCFDE, ACO-OFDM and eU-OFDM in terms of
BER and PAPR in LOS andmultipath links. Therefore, SCFDE
based techniques are promising for visible light commu-
nications. Voltage clipping, dimming control and noise re-
duction are the major open research issues in SCFDE based
modulation scheme.

To sum up, the comparison of the major modulation
techniques proposed for VLC can be found in Table 3 [49].
According to our reviews, OFDM and color based modula-
tion techniques are promising candidates for high data rate
VLC applications. However, more research attention is re-
quired to solve the open research issues about transmitter
and modulation techniques:
• Development of LEDs with more bandwidth and

response time especially µLEDs.
• Transmitter array design and optimization.
• Investigation and prevention of possible health related

problems due to VLC.
• Designing andoptimizingproposedmodulation schemes

for dimming and flicker control effectively.
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Table 3
Comparison of modulation schemes.

Modulation Dimming control Flicker effect Data rate Properties

OFDM No Medium High Eliminate ISI, PWM for dimming control
VPPM Yes Medium Low Spectral efficiency problem, easy to implement
MEPPM Yes Low Moderate More susceptible for ISI
CSK Yes Low High Color shift problem
MM Yes Low Moderate Constant color control
SM No High Moderate Provide diversity, severe problems
Fig. 7. VLC light paths.

5. VLC channel modeling

VLC channel modeling significantly depends on envi-
ronment. For this reason, we review channel modeling for
VLC for three main environments based on possible appli-
cation areas: indoor, outdoor and underwater.

5.1. Indoor

VLC requires high SNR values for high data rate employ-
ments. For this reason, LOS paths are required for most of
the applications. Therefore, indoor VLC channel modeling
generally considers direct LOS and first order reflected dif-
fuse paths as shown in Fig. 7. In the early visible light com-
munication studies [10,12], visible light paths are mod-
eled with the Lambertian intensity based channel mod-
els developed for IR communications [80,81]. However, IR
communication channel models do not consider the de-
pendence on wavelength in the reflections due to narrow-
band nature of IR light sources. On the other hand, ex-
perimental studies have shown that visible spectrum re-
flections show dependence on the wavelengths [82]. To
this end, [83,84] propose a channel model which models
the spectral reflectance in the visible spectrum to estimate
more realistic channel characteristics for phosphor based
white LEDs. Therefore, development of realistic channel
models for other types of LEDs is an important open re-
search issue because power spectral distribution of RGB
LEDs and µLEDs will be differ compared to white LEDs.

Another important issue in channel modeling is to
model the noise in the system. The most important source
of noise in VLC systems is the shot noise induced by
ambient light. Shot noise (σ 2

shot ) in VLC represents white
distribution [80]. In the absence of ambient noise, the
fundamental source for the noise becomes the thermal
noise at the receiver (σ 2
thermal). At the end, noise plus

interference in VLC can be given as

N = σ 2
shot + σ 2

thermal + γ 2P2
rISI , (1)

where γ is the detector responsivity and PrISI is the
power of the ISI. The expressions for the shot and thermal
noise can be found in [10,80]. Utilization of high data
rate VLC system generally focuses on indoor applications
because there will be significant shot noise in outdoor
environments due to sun light.

5.2. Outdoor

Outdoor VLC applications cover utilization of street
lamps to broadcast data and vehicle-to-vehicle commu-
nication applications. For broadcasting data with street
lamps, the same theories are valid as in indoor VLC chan-
nel modeling, but the reflected signal component will have
considerably lower effect on outdoor applications due to
higher distances. For vehicle-to-vehicle VLC applications,
car lights (brakes and headlights) or traffic lights can be
utilized to broadcast information and high speed cameras
are utilized as receivers [85–88]. However, there is no the-
oretical channel model for vehicular VLC applications con-
sidering speed of the vehicles and atmospheric conditions
such as rain, snow and fog. In addition, outdoor applica-
tions will have significant shot noise due to sun during day
time. Therefore, reliability of such links with time of the
day and atmospheric conditions are important open re-
search areas.

5.3. Underwater

Visible light is considerably faster than acoustic waves
and visible spectrum offers significantly higher band-
widths. Thus, VLC is promising for underwater applica-
tions as well [89,90]. However, the visible light spectrum is
strongly affected by absorbing and scattering effects of wa-
ter. For this reason, underwater VLC channel can be mod-
eled with extinction factor which represents the depen-
dency of light intensity to distance [89,91,92]. By using ex-
tinction factor, power of VLC paths can be modeled with
Lambertian intensity based diffuse channel modeling [89,
91]. In addition, the vector radiative transfer theory is uti-
lized to model dispersion effect of the water which cre-
atesmultiple scattering and ISI [90]. Underwater VLC chan-
nels show significant dependence to characteristics of wa-
ter such as temperature, salt level, etc. unlike indoor and
outdoor channels.

The open research areas in VLC channel modeling can
be listed as
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(a) Non-imaging. (b) Imaging.

Fig. 8. (a) Non-imaging and, (b) imaging optical MIMO systems.

• Development of realistic channel models for all types of
LEDs.

• Reliability analysis for vehicular VLC applications.
• Determining effects of atmospheric conditions on VLC

for outdoor applications.
• Channel modeling and reliability analysis for underwa-

ter links considering water properties and depth.

6. VLC receiver

Optical receivers for VLC can be divided into two cate-
gories: high data rate receivers and low data rate receivers.
Up to now, we have discussed high data rate applications
in which photo-detectors are utilized to detect the light.
However, low data rate applications do not require such
sensitive devices. Instead, they can be realized with cam-
eras that most of the smart phones have. Low data rate ap-
plications mainly cover broadcasting of a simple text such
as a web link for a product on store shelf. An application
can be designed to detect such information with a camera
which are already in use. On the other hand, high data rate
applications require more complex detectors.

Optical receivers consist of a photo-detector (PD) and
an optical element. PD is the element which converts
radiation into photo-current. After that, photo-current
may be pre- or post-amplified [93]. The optical element
can be a lens or optical concentrator for non-imaging
systems. The area of PD should be as large as possible in
order to provide high gains. In [94], single link can provide
up to 3 Gbps for closely spaced transmitter and receiver.
However, achieving a fewGbps transmission rates requires
MIMO systems in a regular room applications. To this end,
we review non-imaging and imaging type of optical MIMO
systems.

6.1. Non-imaging MIMO systems

Fig. 8(a) shows the geometry of a non-imaging MIMO
receiver. In this system, there is an optical concentrator
above each receiver. In this way, a receiver can detect the
light coming from every transmitter which is in range.
For this reason, this employment resembles RF MIMO
systems. However, there are two main disadvantages of
non-imaging MIMO systems. The first one is the high
correlation between receivers. Close spaced RF receivers
(generally half a wavelength) have low correlation due to
Fig. 9. Angle-diversity receiver.

signal phase and rich scattering environment. However,
light intensity does not show significant changeswith time
and close distance, thus VLC receivers become correlated.
Second problem is rank of the channel gain matrix [33].
In MIMO systems, channel gain matrix should be full-
rank, but if receiver unit is placed at the center of the
transmitters or along the axes, the symmetry prevents
the channel gain matrix to be full rank in non-imaging
receivers. Additionally, unconstrained movement of users
can make the channel gain matrix ill conditioned. In this
way, BER can be significantly increased. On the other hand,
imaging type receivers use a single optical concentrator
to solve this problem as will be reviewed in the next
subsection.

Although non-imaging type of receivers have some
problems, they still provide higher receive coverage
compared to imaging receivers [58]. For this purpose, [28]
introduces a non-imaging angle-diversity receiver as
shown in Fig. 9. With this design, a receiver can provide
wide coverage thanks to the narrow-beam non-imaging
elements. Angle diversity exploits directivity of light to
solve the rank problem of the channel gain matrix. In this
way, non-imaging receivers can be used in high capacity
systems with high coverage.

6.2. Imaging MIMO systems

In imaging MIMO systems, receivers have a single op-
tical concentrator as shown in Fig. 8(b). The optical con-
centrator separates lights coming from different transmit-
ter arrays. The images of different transmitter arrays may
be intersecting according to path geometry. In addition,
blurring andmisfocusmay create unwanted loss. However,
optical concentrator provides decorrelated images. To this
end, [95] proposes an imaging receiver with a hemispher-
ical lens to provide 70° coverage. [96] provides experi-
mental results for imaging receivers in terms of coverage
and BER. In imaging systems, receivers have more num-
ber of elements than transmitters in order to provide full
rank channel gainmatrix [33]. Therefore, imaging receivers
can be used in high data rate applications [42,65]. In [97],
integrated CMOS based imaging MIMO receiver achieves
920Mbps byusingOOKmodulation scheme. Byusingmore
complex modulation schemes as discussed in Section 4.2,
imaging receivers can achieve Gbps data rates.

Although imaging type of systems have certain bene-
fits, location of user is very important because imaging lens
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may not cover all of the room. In this way, light coming
from some transmitter arrays cannot be received. There-
fore, there is a trade-off between imaging and non-imaging
receivers in terms of coverage and data rates. To this end,
open research issues regarding VLC receivers can be listed
as

• Designing efficient MIMO receivers to solve the geom-
etry dependencies.

• Combining non-imaging and imaging receivers to
utilize both of their benefits.

7. Medium access control layer, network layer and
multiple access techniques

In this section, we first focus on medium access and
network layers in VLC. Then, we examine the limited work
on multiple access in VLC.

7.1. Medium access control and network layers

Research on MAC layer for VLC is rather limited. A
full-duplex VLC implementation that uses carrier sense
multiple access with collision detection (CSMA/CD) was
proposed in [98]. For the uplink, IRwas used. CSMA/CDwas
chosen for compatibility with Ethernet networks and PLC.
The European Community Home Gigabit Access project
(OMEGA) [99] aimed at providing a proof-of-concept ultra-
broadband home area network. The MAC layer provided
support formobility, allowingmultiple users tomove from
one access point to another.

Ambient light noise and shadowing are two very impor-
tant factors that affect the performance of MAC operation
considerably. In [100], authors investigate the feasibility
of a vehicular VLC system. They point out that vehicular
networks are exposed to both diurnal and nocturnal ambi-
ent noise and investigate the system performance of LED
light sources under ambient noise. They also investigate
the feasibility of full-duplex transmission in vehicular net-
works. The scattering from one direction is experienced as
additional ambient noise for the receiver on the other side,
and there is a certain performance degradation. They con-
clude that full duplex operation is not feasible for distances
greater than 1.5 m. To avoid the adverse effect of shadow-
ing on users’ data rate, a polling protocol that avoids as-
signing channels with shadowing to users was proposed
in [101].

In [102], a LED-to-LED VLC system is proposed where
LEDs are used as receiver instead of PDs. A CSMA with
collision avoidance (CSMA(CA)) approach is employed.
Authors report that throughput decreases with increasing
number of VLC devices. This is due to the increasing
number of colliding frames. However, this method may
still be considered since VLC systems are generally
envisioned as broadcasting systems where the number of
transmitters per receiverwill be limited to only one or two.

With this type of operation, routing is generally not
a complex issue. Communication inside the VLC domain
is generally single hop—from the serving lighting device
to the user placed under it. However, there are cases
where routing must be considered for VLC. One such case
is vehicular VLC, where communication between vehicles
is done via head and tail lights of the vehicles. In such
cases multi-hop VLC connections are possible. In [100],
the performance of Ad hoc On-Demand Distance Vector
Routing (AODV) protocol is given for a scenario case,
where VLC is used in vehicle-to-roadside communication.
Authors report that VLC can take advantage of its higher
spatial use and perform better in dense traffic scenarios.
The higher spatial reuse is due to two factors. First, the
range of VLC is shorter. Second, vehicles block light, and
this enables use of same frequencies by other vehicles. It is
also noted that AODV has high delay in finding new routes
and new routing schemes for VLC may yield better results.
However, the authors do not present any such scheme.

In addition to such unicast routing schemes, multicast
schemes are also necessary for vehicular communication.
A multicast type more used in vehicular networks is
geocast, which is mostly used to disseminate data within a
certain area to informdrivers of recent road conditions and
accidents for collision warning and avoidance. There are
various geocast routing schemes in the literature. However
these are developed for conventional wireless links. VLC
has its own advantages (e.g. higher frequency reuse and
higher bandwidth), and disadvantages (e.g. shorter range,
performance degradation in daylight). Therefore, novel
routing schemes that take these into consideration are
needed.

Another issue specific to VLC is flicker control. To this
end, RLL line codes are used, as mentioned in Section 3.
Clock and Data recovery (CDR) requires hard decisions
in VLC. Therefore, it is important to choose appropriate
forward error correction (FEC) codes that work well
with hard decisions. In 802.15.7 Reed–Solomon (RS) and
convolutional codes (CC) are used since these support
hard decision decoding and interact well with RLL. Errors
detected from the RLL line code at the receiver is marked
as erasures to the RS decoder. This provides performance
improvements of around 1 dB [23].

7.2. Multiple access techniques

Point-to-point communication up to hundreds of Mbps
has been demonstrated in VLC. The next aim is to
establish an efficient networking solution. Multiple access
schemes are essential to allow multiple users share the
communication medium. Certain modifications must be
done to conventional multiple access schemes to be able
to use them in VLC. Studies onmultiple access schemes for
VLC indicate CDMA is very inefficient since unipolar signals
create considerable interchannel interference (ICI) [103].
The transmit power requirement is also much higher
compared to the RF case. TDMA and OFDMA yield similar
performances but OFDMA has higher power requirement.
Since OFDMA has a wider time domain signal distribution,
the DC biasing levels need to be higher. This is the reason
for the higher power requirement. However, since this DC
biasing will be used for illumination in VLC, the power
difference is not a significant factor.

Aside from these conventional multiple access meth-
ods, there are some methods that are specific to VLC,
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or work well in VLC. Discrete multi-tone (DMT) modula-
tion is an efficient single-transmitter technique for visible-
light communication. In [104], authors investigate a dis-
crete multi-tone multiple access (DMT-MA) system. It is
closely related to OFDMA. It is possible to allocate and
modulate each sub-carrier adaptively, according to chan-
nel conditions, under a total power constraint. A heuristic-
based resource allocation algorithm is proposed which
enables interference-aware allocation of sub-carriers to
users. The proposed method improves VLC throughput es-
pecially when the number of sources in the room gets
higher. However, it has problems with mobility, since the
method requires traffic that does not change within a set
of DMT symbols.

An optical code-division multiple access system
(OCDMA) is presented in [105]. The method uses random
optical codes. These codes do not have optimal correla-
tion properties, but they are easier to generate. Authors
argue that, as the number of users increase, the degrada-
tion caused by the non-optimality diminishes. However,
VLC is generally characterized by small number of users
per transmitter. A space-division multiple access (SDMA)
scheme that uses optical beamforming to accommodate
multiple users is presented in [106]. A setup that demon-
strates a two user system is presented. Up to 12 dB im-
provement on the received signal for both channels were
reported. However, this improvement is for a transmission
distance shorter than 1 m.

Handover is another important issue. The research
so far is limited to power adjustment methods for
handover [30], extensions to IEEE 802.15.7 for handover
support [107], and cell zooming methods [108]. RF-
hybrid systems that utilize WiFi when a VLC link is not
available have also been considered [109]. In VLC, cell sizes
are considerably smaller due to high directivity of light
and smaller transmission distances. This causes received
power to fluctuate more when the receiver is in motion.
Soft handover mechanisms are especially important to
even out these fluctuations and maintain a more stable
connection. However, there is limited research on soft
handover methods designed specifically for VLC. In [110],
two soft handover methods are proposed and their
performance is compared with hard handover. Presented
results indicate that the proposed solutions provide higher
data rate for both the overall system and individual users
in the handover region.

The open research issues related to MAC, network
layers and multiple access techniques can be listed as
follows:

• Unicast and multicast routing algorithms for vehicular
VLC is needed.

• Soft handover methods tailored to VLC.
• MAC protocols that take environmental lighting inter-

ference and shadowing into account.
• Novel multiple access techniques for VLC. TDMA and

CDMA perform poorly in non-flat channels. OFDMA has
peak power problems, especially since DC bias is used
in VLC because signals cannot be negative.

• Multiple access techniques for the uplink are needed.
Fig. 10. VLC powered intelligent homes.

8. Potential application areas of VLC

Initially, VLCwas envisioned as an indoors communica-
tion technology. It can be used in homes to provide Internet
access to residents. In Fig. 10, we depict a possible scenario
whereVLC,Wi-Fi and PLC are used together to provide high
speed connections to home users. Here, PLC is used as the
backbone network that connects all light sources and en-
ables their coordination.

Another application area is intelligent homes where
VLC is readily available. One of the major concerns for
machine-to-machine (M2M) communications that enable
smart home, smart city and on a larger scale Internet
of Things (IoT) concepts is the huge bandwidth that will
be used by the large number of sensors. VLC provides a
very promising alternative to RF communication in this
application area. However, for concepts like smart home
to be realized via VLC, effective uplink communication
methods are needed to enable sensors to send their data
using VLC. In Fig. 11(a), we depict a kitchenwith intelligent
sensors, communicating via VLC.

VLC can also be used in shopping malls to direct people
to the products they are looking for. Product information
such as pricing, safety remarks, consumer reviews, etc. can
also be disseminated using VLC. Another indoors applica-
tion area is information dissemination on exposition pieces
in museums. Each light source illuminating specific pieces
may transmit detailed information about the piece and vis-
itors near that piece may use their VLC receivers to obtain
this information.

VLC is also a very promising solution in application ar-
eas where information security is important. Since visible
light is easily confined within a room, it is easy to pro-
vide required security with VLC. Military applications that
require high security may benefit from this confinement
property of VLC, rendering eavesdropping impossible. Fur-
thermore, since visible light does not cause malfunctions
in electronic devices, VLC can be employed in places where
delicate electronic equipment is used.Hospitals canbenefit
from both of these advantages provided by VLC. Vital signs
and other important information about patients must be
monitored and it is important that the operation of these
devices not be hampered by RF interference. Furthermore,
patients’ personal medical information must remain pri-
vate. VLC provides both the required security and safety of
devices. Another examplewhere unhampered operation of
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Fig. 11. VLC applications (a) smart home M2M VLC, (b) vehicular VLC.
delicate devices is required is chemical plants. Here, VLC
can be used in conjunction with PLC to provide connectiv-
ity to the sensitive regions of the facility.

VLC can also be used in outdoor environments. One
of the most promising application areas is vehicular
communication. Car headlights are designed to be highly
directive. Furthermore, cars move inside lanes, aligned
with each other. Therefore, VLC can be used in car head
and tail lights for vehicular communication. Also, street
lights may be utilized for vehicular VLC as well. One of
the financial concerns for infrastructure-based vehicular
communication is the cost of the roadside units. However,
since street lights are already deployed, VLCmay provide a
cheaper alternative to RF-based communication, removing
the need for roadside RF units. VLC based delay tolerant
routing schemes may be needed where vehicles may
be used to receive and store information obtained from
street lights of other vehicles via VLC and relay this
information later when they are closer to the destination.
Furthermore, traffic lights may also be used in vehicular
VLC to report traffic conditions ahead, and relay important
notifications [111,112]. In Fig. 11(b), we show a vehicular
VLC scenario, where vehicles can communicate using head
and tail lights, as well as traffic lights.

Underwater is another possible application area for
VLC. Since RF waves attenuate very rapidly underwater,
communication is conventionally performed via acoustic
waves and the available bandwidth is low. VLC offers an
alternative portion of the spectrum and larger bandwidth,
resulting in faster data communication [89]. However,
currently communication distance for underwater VLC is
rather limited.

Since signboards and similar displays are generally
assembled using LED arrays, VLC can be considered for
advertising using visible light signboards [113]. In the
entertainment industry, existing standards for lighting
control, such as ANSI E1.11—USITT DMX512-A [114]
can be supplemented to enable VLC in theaters and
other places of entertainment to disseminate information
related to the ongoing show [115]. VLC can also be used
to make interactive toys [116]. Toys can be controlled by
a smartphone using VLC, where the phone’s flash LED and
camera are used as transmitter and receiver [117].

Finally, VLC can also be used as part of a positioning
system [118]. Various approaches such as triangulation or
proximity to a beacon are adopted [119–121].
• Methods that increase the limited communication
range of VLC to open it up for further application areas.

• Schemes that increase mobility support of VLC.
• Uplink and/or full duplex solutions that enable VLC to

be used inM2Mmore effectively by enabling sensors to
report data using VLC.

• VLC based delay tolerant routing schemes for vehicular
VLC.

9. Conclusion

In this paper, we provide a comprehensive survey of
VLC as an alternative to RF communications. The available
studies have shown that VLC can be used in high data
rate applications in indoor communications. Therefore,
VLC is a promising method to meet ever growing need
for wireless access and data rate. Since VLC is a relatively
new research area, there aremany problemswhich require
significant research attention. However, well-developed
techniques for RF communications can be adapted to the
characteristics of VL.
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