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Visible Light Communication, Networking, and
Sensing: A Survey, Potential and Challenges

Parth H. Pathak, Xiaotao Feng, Pengfei Hu, and Prasant Mohapatra

Abstract—The solid-state lighting is revolutionizing the indoor
illumination. Current incandescent and fluorescent lamps are
being replaced by the LEDs at a rapid pace. Apart from
extremely high energy efficiency, the LEDs have other advantages
such as longer lifespan, lower heat generation, and improved
color rendering without using harmful chemicals. One additional
benefit of LEDs is that they are capable of switching to dif-
ferent light intensity at a very fast rate. This functionality has
given rise to a novel communication technology (known as visible
light communication—VLC) where LED luminaires can be used
for high speed data transfer. This survey provides a technology
overview and review of existing literature of visible light com-
munication and sensing. This paper provides a detailed survey
of 1) visible light communication system and characteristics of
its various components such as transmitter and receiver; 2) phys-
ical layer properties of visible light communication channel,
modulation methods, and MIMO techniques; 3) medium access
techniques; 4) system design and programmable platforms; and
5) visible light sensing and application such as indoor localization,
gesture recognition, screen-camera communication, and vehicular
networking. We also outline important challenges that need to be
addressed in order to design high-speed mobile networks using
visible light communication.

Index Terms—Visible light communication, LEDs, solid-state
lighting, mobile communication, smart lighting, mobile com-
puting, visible light sensing, wireless networks, localization and
sensing, screen-camera links.

1. INTRODUCTION

HE in door lighting is going through a revolution. The

incandescent bulb that has been widely used to lit our
surroundings since its invention over a century ago is slowly
being phased out due to its extremely low energy efficiency.
Even in the most modern incandescent bulbs, no more than
10% of the electrical power is converted to useful emitted light.
The compact fluorescent bulbs introduced in 1990s have gained
increasing popularity in the last decade as they provide a better
energy efficiency (more lumens per watt). However, recent
advancements in solid-state lighting through Light Emitting
Diodes (LEDs) have enabled unprecedented energy efficiency
and luminaire lifespan. Average luminous efficacy (how much
electricity is used to provide the intended illumination) of best-
in-class LEDs is as high as 113 lumens/watt in 2015 [1], and is
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projected to be around 200 lumens/watt by the year 2020. This
is a many fold increase compared to current incandescent and
fluorescent bulbs which provide an average luminous efficacy
of 15 and 60 lumens/watt [1] respectively. Similarly, the lifes-
pan of LEDs ranges from 25000 to 50 000 hours significantly
higher than compact fluorescent (10 000 hours). Apart from the
energy savings and lifespan advantages, the LEDs also have
other benefits like compact form factor, reduced usage of harm-
ful materials in design and lower heat generation even after long
period of continuous usage. Due to these benefits, LED adop-
tion is on a consistent rise and it is expected that nearly 75% of
all illumination will be provided by LEDs by the year 2030 [1].

The rapid increase in the usage of LEDs has provided a
unique opportunity. Different from the older illumination tech-
nologies, the LEDs are capable of switching to different light
intensity levels at a very fast rate. The switching rate is fast
enough to be imperceptible by a human eye. This functionality
can be used for communication where the data is encoded in the
emitting light in various ways. A photodetector (also referred
as a light sensor or a photodiode) or an image sensor (matrix
of photodiodes) can receive the modulated signals and decode
the data. This means that the LEDs can serve dual purpose of
providing illumination as well as communication. In last couple
of years, VLC research has shown that it is capable of achieving
very high data rates (nearly 100 Mbps in IEEE 802.15.7 stan-
dard and upto multiple Gbps in research). The communication
through visible light holds special importance when compared
to existing forms of wireless communications. First, with the
exponential increase of mobile data traffic in last two decades
has identified the limitations of RF-only mobile communi-
cations. Even with efficient frequency and spatial reuse, the
current RF spectrum is proving to be scarce to meet the ever-
increasing traffic demand. Compared to this, the visible light
spectrum which includes hundreds of terahertz of license free
bandwidth (see Fig. 1) is completely untapped for communica-
tion. The Visible Light Communication (VLC) can complement
the RF-based mobile communication systems in designing
high-capacity mobile data networks. Second, due to its high
frequency, visible light cannot penetrate through most objects
and walls. This characteristic allows one to create small cells of
LED transmitters with no inter-cell interference issues beyond
the walls and partitions. It can also increase the capacity of
available wireless channel dramatically. The inability of signals
to penetrate through the walls also provides an inherent wireless
communication security. Third, VLC facilitates the reuse of ex-
isting lighting infrastructure for the purpose of communication.
This means that such systems can be deployed with relatively
lesser efforts and at a lower cost. This untapped potential of
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Fig. 1. Human eye can perceive the electromagnetic signals between the frequency range of 430 THz and 790 THz which is referred as the visible light spectrum.

visible light communication has motivated us to compile this
survey.

The pioneering efforts of utilizing LEDs for illumination
as well as communication date back to year 2000 when re-
searchers [2] in Keio University in Japan proposed the use of
white LED in homes for building an access network. This was
further fueled by rapid research, especially in Japan, to build
high-speed communication through visible light with devel-
opment of VLC support for hand-held devices and transport
vehicles. This led to formation of Visible Light Communica-
tions Consortium (VLCC) [3] in Japan in November of 2003.
VLCC proposed two standards—Visible Light Communication
System Standard and Visible Light ID System Standard—by
2007. These standards were later accepted by Japan Electronics
and Information Technology Industries Association (JEITA)
[4] as JEITA CP-1221 and CP-1222 respectively. The VLCC
also incorporated and adapted the infrared communication
physical layer proposed by international Infrared Data Asso-
ciation (IrDA) [5] in 2009. In parallel, hOME Gigabit Access
project (OMEGA) [6], sponsored by European Union, also
developed optical communication as a way to augment the
RF communication networks. In 2014, VLCA (Visible Light
Communications Associations) [7] is established as a successor
of VLCC in Japan for further standardization of VLC. The first
IEEE standard for visible light communication was proposed in
2011 in the form of IEEE 802.15.7 [8] which included the link
layer and physical layer design specifications. In last couple of
years, the achievable VLC link capacity has surpassed 1 Gbps,
and increasing research efforts are being directed towards real-
izing the full potential of VLC.

In this survey, we provide a systematic view of VLC research
and identify important challenges. Specifically, we provide
technology overview and literature review of

1) Visible light communication system components and,
details of transmitter and receiver characteristics,

2) Physical layer characteristics such as channel model
and propagation, modulation and coding schemes, and
Multiple-Input Multiple-Output (MIMO) techniques,

3) Link layer, multiple user access techniques and issues,

4) System design and various programmable VLC platforms,

5) Visible light sensing and applications such as visible light
indoor localization, human computer interaction, device-
to-device communication and vehicular communication
applications.

Based on the review, we then outline a list of challenges that
need to be addressed in future research to realize full potential
of VLC.

The growing interest in VLC has resulted in a few surveys in
past couple of years. This article differs from these surveys in
many ways. In [9], authors discussed LED-based VLC where
the primary focus of discussion was on design of physical layer
techniques (modulation, circuit design etc.) that can enhance
the performance of VLC. Compared to [9], this article focuses
on a broader discussion about VLC, covering other aspects of
networking such as medium access as well as sensing using
visible light. Medium access protocols for VLC have been sur-
veyed in [10], however, no comprehensive overview and com-
parison of networking techniques have been provided. Also, in
this paper, we show that the usage of smartphone camera and
light sensor for receiving visible light signals extend the VLC to
other related fields of mobile computing and sensing. Multiple
research topics in this area such as indoor localization and
smartphone screen-camera communication are not surveyed in
any earlier work before this paper. In this paper, we provide a
comprehensive survey of these topics with additional focus on
visible light sensing. Compared to [11] and [12] where authors
surveyed free-space communication along with other forms
of optical wireless communications, the primary focus of this
survey is narrower and more detailed towards visible light
communication. In another related survey, authors provided a
detailed overview of how optical wireless communication can
be used for cellular network design in [13], with different aspects
of outdoor environment and its impact on the communication
performance. Compared to this, our primary focus in this paper
is on visible light communication primarily in indoor settings.
Authors provided a brief survey of VLC applications in [14] with
some discussion on vehicular networks and indoor broadcasting.
However, in this paper, we survey a growing body of literature
since the publication of [14] focusing on novel applications of
VLC such as indoor localization, screen-camera communication
etc. We also detail various practical aspects of communication
system design by reviewing currently available programmable
platforms and LED transmitters/receivers. This will enable re-
searchers with RF communication background to easily extend
their expertise in visible light wireless access networks.

The rest of the survey is organized as follows. We start by
providing an overview of various components of a visible light
communication system with introduction to LED luminaires
and different types of receivers in Section II. In Section III,
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we survey the physical layer properties of VLC with details
on channel and propagation, modulation methods and MIMO
techniques. It also includes an overview of VLC standard IEEE
802.15.7 [8]. This is followed by Section IV where various link
layer and medium access protocols are discussed. Section V
describes various aspects of VLC system design and surveys
available programmable platforms that can be used for research.
Section VI reviews a wide variety of topics in visible light
sensing and applications which includes indoor localization,
screen-camera communication, vehicular communication and
human-computer interaction. Based on the review, Section VII
outlines various challenges that need further research in order to
build high-capacity, mobile VLC networks. We have compiled
the acronyms used throughout the paper and presented them
with their full forms in Table L.

II. VLC SYSTEM OVERVIEW

In this section, we provide an overview of visible light com-
munication system and its transmitter and receiver components.
We then discuss various modes of VLC.

A. VLC Transmitter

The transmitter in a visible light communication system is
an LED luminaire. An LED luminaire is a complete lighting
unit which consists of an LED lamp, ballast, housing and
other components. The LED lamp (also referred as an LED
bulb in simpler terms) can include one or more LEDs. The
lamp also includes a driver circuit which controls the current
flowing through the LEDs to control its brightness. When an
LED luminaire is used for communication, the driver circuit is
modified (further details in Section V) in order to modulate the
data through the use of emitted light. For example, in a simple
On-Off Keying modulation, the data bit “0” and “1” can be
transmitted by choosing two separate levels of light intensity.

A crucial design requirement for VLC system is that il-
lumination, which is the primary purpose of the LED lumi-
naries, should not be affected because of the communication
use. Hence, performance of the VLC system is also affected
depending on how the LED luminaires are designed. White
light is by far the most commonly used form of illumination
in both indoor as well as outdoor applications. This is because
colors of objects (also known as color rendering) as seen under
the white light closely resemble the colors of the same objects
under the natural light. In solid-state lighting, the white light is
produced in following two ways -

1) Blue LED with Phosphor: In this method, the white light
is generated by using a blue LED that has yellow phosphor
coating. When the blue light traverses through the yel-
low coating, the combination produces a white light. Dif-
ferent variations of the white light (color temperatures) are
produced by modifying the thickness of the phosphorlayer.

2) RGB Combination: White light can also produced by
proper mixing of red, green and blue light. In this method,
three separate LEDs are used which increases the cost
of LED luminaire compared to using the Blue LED with
Phosphor.
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TABLE 1
ACRONYMS AND THEIR FULL NAMES
Acronym | Full form
ACO-OFDM | Asymmetrically-Clipped Orthogonal Frequency Di-
vision Multiplexing
ADC | Analog to Digital Converter
AoA | Angle of Arrival
BER | Bit Error Rate
BIBD | Balanced Incomplete Block Designs
CAP | Contention Access Period
CCA | Clear Channel Assessment
CC | Convolutional Coding
CCM | Code Cycle Modulation
CRC | Cyclic Redundancy Check
CSK | Color Shift Keying
CSMA-CA | Carrier Sense Multiple Access - Collision Avoidance
DAC | Digital to Analog Converter
DCO-OFDM | Direct Current biased Optical Orthogonal Fre-
quency Division Multiplexing
DMT | Discrete MultiTone
DOPPM | Differential Overlapping Pulse Position Modulation
DPPM | Differential Pulse Position Modulation
DSRC | Dedicated Short-Range Communication
EPPM | Expurgated Pulse Position Modulation
FEC | Forward Error Correction
FET | Field Effect Transistor
FOV | Field Of View
FPS | frames per second
Gbps | Gigabits per second
GPS | Global Positioning System
GTS | Guaranteed Time Slot
HCI | Human Computer Interaction
HetNets | Heterogeneous Networks
IM/DD | Intensity Modulation/Direct Detection
JT | Joint Transmission
Kbps | Kilobits per second
LCD | Liquid-crystal-display
LED | Light Emitting Diode
LOS | Line Of Sight
LTE | Long Term Evolution
MAC | Medium Access Control
Mbps | Megabits per second
MCS | Modulation and Coding Scheme
MEPPM | Multi-level Expurgated Pulse Position Modulation
MIMO | Multiple Input Multiple Output
MISO | Multiple Input Single Output
MPPM | Multipulse Pulse Position Modulation
MU-MIMO | Multiple User - Multiple Input Multiple Output
NFC | Near Field Communication
NRZ | Non Return to Zero
OCDMA | Optical Code Division Multiple Access
OFDMA | Orthogonal Frequency Division Multiple Access
OFDM | Orthogonal Frequency Division Multiplexing
OMPPM | Overlapping Multipulse Pulse Position Modulation
OOC | Optical Orthogonal Codes
OOK | On Off Keying
OPPM | Overlapping Pulse Position Modulation
PAPR | Peak to Average Power Ratio
PDP | Power Delay Profile
PPM | Pulse Position Modulation
PWM | Pulse Width Modulation
QAM | Quadrature Amplitude Modulation
RC | Repetition Coding
RF | Radio Frequency
RGB | Red Green Blue
RLL | Run Length Limited
RS | Reed-Solomon coding
RSS | Received Signal Strength
RTS/CTS | Request To Send/Clear To Send
SFO | Sampling Frequency Offset
SISO | Single Input Single Output
SLM | Spatial Light Modulator
SMP | Spatial Multiplexing
SM | Spatial Modulation
SNR | Signal to Noise Ratio
VLC | Visible Light Communication
VPPM | Variable Pulse Position Modulation
WDM | Wavelength Division Multiplexing
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Fig. 2. The rolling shutter effect and typical usage scenario of an indoor VLC network. (a) The rolling shutter effect observed when receiving data using
an image sensor. (b) An example scenario showing that LEDs can communicate to various devices including user’s mobile devices and other smart devices;

reproduced using [15].

Due to ease of implementation and lower cost, the first
method with blue LED and phosphor is more commonly used
for designing white LED. However, in terms of communica-
tion, the phosphor coating limits the speed at which LED can
switched to a few MHz. As we will discuss in Section III-B,
various solutions have been proposed to alleviate this limita-
tion. On the other hand, RGB combination is preferable for
communication as it also creates an opportunity of using Color
Shift Keying to modulate the data using three different color
wavelength LEDs.

B. VLC Receiver

Two types of VLC receivers can be used to receive the signal
transmitted by an LED luminaire

1) photodetector—also referred as photodiode or non-

imaging receiver,

2) imaging sensor—also called a camera sensor.

The photodetector is a semiconductor device that converts the
received light into current. The current commercial photodetec-
tors can easily sample the received visible light at rates of tens
of MHz.

An imaging sensor or a camera sensor can also be used
to receive the transmitted visible light signals. Because such
camera sensors are available on most of today’s mobile devices
like smartphones to capture videos and images, it has the
potential to convert the mobile devices in readily available VLC
receivers. An imaging sensor consists of many photodetectors
arranged in a matrix on an integrated circuit. However, the
limitation of an imaging sensor is that in order to enable high-
resolution photography, the number of photodetectors can be
very high. This significantly reduces the number of frames
per second (fps) that can be captured by the camera sensor.
For example, the fps of commonly used camera sensors in
smartphones is no more than 40. This means that direct use
of camera sensor to receive visible light communication can
provide very low data rate.

The “rolling shutter” property of camera sensor can be used
to receive the data at a faster rate. Due to a large number of
available photodetectors in a camera sensor, it is not possible to

read the output of each pixel in parallel. Instead modern camera
sensors employ row scanning where photodetectors of one
row of the matrix is read at a time. This procedure of reading
photodetector output row by row (or column-by-column) is
referred as rolling shutter. Fig. 2(a) shows how the rolling
shutter process can be leveraged to increase the data rate. For
illustration purposes, we assume that the transmitter uses ON-
OFF modulation. The transmitter can change its state (transmit
the next symbol) in a time shorter than the time required to
scan a row of pixels. As shown in Fig. 2(a), the transmitter is
in ON state first which results in higher intensity output for
pixels of the first column. At the next time instance, it changes
its state by switching to OFF state. This can be recorded as
low intensity output for pixels of the second column. Once
all the columns are scanned, all the columns of the resultant
image can be converted to binary data. It was shown in [16]
that multi-kbps of throughput can be achieved using the rolling
shutter process of camera sensor.

Note that image sensor can allow any mobile device with
camera to receive visible light communication. However, in
its current form, it can only provide very limited throughput
(few kbps) due to its low sampling rate. On the other hand,
stand-alone photodetectors have shown to achieve significantly
higher throughput (hundreds of mbps). In this survey, we
assume the receiver to be the photodetector unless otherwise
mentioned specifically.

C. VLC Modes of Communication

Visible light communication can be classified into two modes:
1) Infrastructure-to-device communication and 2) Device-to-
device communication. An indoor scenario where LED lumi-
naires are used to illuminate the room is shown in Fig. 2(b).
In this case, the luminaires can transmit data to various devices
inside the room. The LEDs can also coordinate between them-
selves to reduce the interference and even enable coordinated
multi-point transmission to receiving devices. The uplink trans-
mission from the devices are difficult to achieve because using
LEDs on end-user devices can cause noticeable disturbance to
users. In such case, RF or infrared communication can be used
for the uplink transmissions. Similar to the indoor case, the
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LEDs used in street lamps as well as traffic lights can be used
to provide Internet access to users in cars and pedestrians. We
will discuss such vehicular application in Section VI-C.

Due to omni-present camera sensor for mobile devices, the
visible light communication can also be used for near-field
device-to-device communication. Here, the LED pixels on the
display of one smartphone can be used to transmit data to the
camera sensor of another smartphone. With recent advances
in design of efficient codes, such screen-to-camera streaming
has been shown to achieve very high throughput. We discuss
these techniques in Section IV-B. In another form of device-
to-device communication, cars and other vehicles on the road
can communicate with each other to form an ad-hoc network
using VLC.

Although we discussed the vehicular networking and screen-
camera communication, our primary focus in this survey is
towards design and analysis of indoor infrastructure-to-device
networking using visible light.

III. PHYSICAL LAYER

We start with a comprehensive overview of VLC physical
layer by discussing 1) channel model and characteristics, 2)
modulation methods, and 3) MIMO techniques for VLC.

A. Channel Model and Propagation Characteristics

In this section, we describe the channel model for propaga-
tion of visible light. Based on the channel model, it is possible
to choose an LED with appropriate specifications and estimate
its communication link performance. Note that the notations
symbols used throughout this section are listed in Table II with
their meaning.

1) Transmitted Power of an LED—Luminous Flux: An LED
transmitter serves dual purpose of illumination and communi-
cation. Therefore, it is necessary to first establish an understand-
ing of relevant photometric and radiometric parameters. Using
these parameters, we will be able to calculate the Luminous
Flux which is the transmitted power of an LED transmitter.
First, we will calculate the transmitted power, path loss and
received power of a Line-Of-Sight (LOS) link and then analyze
the multipath impact of reflected paths.

Photometric parameters quantify the characteristics of light
(such as brightness, color etc.) as perceived by the human
eye. They are useful in understanding the illumination aspects
of LEDs. Radiometric parameters measure the characteristics
of radiant electromagnetic energy of light. They are useful in
determining communication related properties of LEDs. There
are two ways of calculating the Luminous Flux—using spectral
integral or using spatial integral. Depending on which param-
eters are available for a given LED transmitter, one of the two
methods can be chosen for calculation of luminous flux.

Spectral Integral: The spectral integral method uses lumi-
nosity function of human eye and spectral power distribution of
an LED to derive the luminous flux.

Luminosity Function V()): The photopic vision of human
eye allows humans to distinguish different colors, making it
a crucial factor in designing lighting technology [17]. It was
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TABLE II
SYMBOLS AND THEIR MEANING

Symbol | Meaning
A | Wavelength
V(A) | Luminosity functiuon
S7(A) | Transmitter spectral power distribution function
Fr | Transmitter luminous flux
Fr | Receiver luminous flux
9t(0) | Luminous intensity distribution
Iy | Axial intensity
Omaz | Half beam angle
Qmaz | Full beam angle
Ly, | Luminous path loss
Lp | Optical power path loss
D | Distance between transmitter and receiver
r | Radius of the receiver aperture
a | Incident angle
B | Irradiation angle
Ay | Receiver aperture area
Q, | Receiver solid angle from transmitter
m | Order of Lambertial emission
¢1/2 | Semi-angle at half illuminance
Rf(M) | Spectral responsivity function
Pr, | Received optical power
Sr(M) | Receiver spectral power distribution function
Arr, | Lower wavelength cut-off for optical filter
Arp | Higher wavelength cut-off for optical filter
Pr(i) | Received optical power from LOS link of it* LED
Pr(total) | Total received optical power
p(X) | Spectral reflectrance
N | Number of LED transmitters
k | Number of bounces of light
h(t) | Power delay profile
0 | Dirac delta function
¢ | Speed of light
FOV | Acceptance angle of receiver
" | Power of reflected ray after kt* bounce
oshot | Standard deviation of shot noise
Othermal | Standard deviation of thermal noise
x| Number of photons collected in unit time
% | Boltzmann’s constant
Ip | Photocurrent due to background noise
Go; | Open-loop voltage gain
Ty | Absolute temperature
Cpd | Capacitance of the photodetector per unit area
n | FET channel noise factor
gm | FET transconductance
I2, I3 | Noise-bandwidth factors

shown in [18] that human’s photopic vision exhibits different
levels of sensitivity to different wavelengths of visible light
spectrum. This aspect is shown in Fig. 3 using the luminosity
function V()). The function shows that human eye can see the
colors within the range of 380 nm to 750 nm with the maximum
sensitivity at wavelength of 555 nm (the yellow-green region).

Spectral Power Distribution St(A): The ST(A) of an LED is
the function representing the power of the LED at all wave-
lengths in the visible light spectrum. The LED vendors typically
publish the distribution to explain how different colors will be
rendered in the presence of the LED. It is a radiometric pa-
rameter measured in Watts/nm. The spectral power distribution
of three different colored LEDs are shown in Fig. 4. It can be
observed that all three LEDs have high radiant power at two
wavelengths—blue and yellow. As described in Section II-A,
most current LEDs produce white light by combining blue
light emitted by a blue LED with yellow phosphor coating.
Depending on the desired type of white color (warm, natural or
cool), blue and yellow light emissions are controlled using the
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Fig. 4. Power spectral distribution for LED of three color types—warm white,
natural white and cool white. Warm white and natural white have more radiated
power for green-yellow-orange wavelengths compared to cool white which
provides a more bluish illumination; Figure reproduced from [19].

phosphor coating. For example, more yellow light is allowed in
warm and natural white compared to the cool white LED.

Luminous Flux: The luminous flux combines luminos-
ity function and spectral power distribution to calculate the
“perceived” power emitted by the LED. It weighs the S7())
function with V(L) (the sensitivity of human eye to different
wavelengths) because we know from Fig. 3 that human eye does
not respond to all wavelengths equally. The luminous flux of
the transmitter LED (F7) is measured in lumens and it can be
calculated as

750 nm

Fr = 683 (lumens/watt) ST(AM)V(L)dAr. (D)

380 nm

The constant 683 lumens/watt is the maximum luminous effi-
ciency. The luminous efficiency is the ratio of luminous flux
to the radiant flux, which measures how well the radiated
electromagnetic energy and required electricity of an LED was
transformed to provide visible light illumination. We know
from Fig. 3 that human eye is most sensitive to detect the
wavelength of 555 nm (green). The electrical power necessary
to produce one lumen of light at the wavelength of 555 nm is
derived to be 1 /683’”1 of a watt [20]. This means that for any
other color source, the power necessary to produce one lumen
of light is always higher than 1/683" of a watt. Hence, the

IEEE COMMUNICATIONS SURVEYS & TUTORIALS, VOL. 17, NO. 4, FOURTH QUARTER 2015

920

100 300 \

494
600

80 ¢ V)45
'
i

60
900 Pid

Rl 987
candela

40t

Luminous intensity (candela)

Relative Luminous Intensity (%)

Py -
-100 -80 -60 -40 -20 O
Angle 0

. P PR 1200
20 40 60 80 100

Angle
(a) (b)

Fig. 5. (a) Luminous intensity distribution for two LED—1) Cree XLamp
XP-E High-Efficiency White [19]. 2) Cree XLAMP XR-E [21] (b) Luminous
intensity distribution of Cree LMHG6 in polar coordinates [22] and its half-beam
angle; Figures reproduced from [19]-[22].

maximum luminous efficiency is 683 lumens/watt which occurs
at 555 nm wavelength.

Spatial Integral: Another way of calculating the luminous
flux is to utilize LED’s spatial emission properties. For this, we
will use luminous intensity and axial intensity as described next.

Luminous Intensity g;(0): While luminous flux measures the
total amount of light emitted by an LED, the luminous intensity
measures how bright the LED is in a specific direction. It is
measured in Candela which is luminous flux per unit solid
angle (1 steradian). This allows us to understand where the LED
directs its light. Fig. 5 shows the luminous intensity distribution
of three different LEDs. In Fig. 5(a), both the LEDs emit light
at wider angles allowing better illumination in many directions,
while in Fig. 5(b), it can be observed that LED emits light in
a narrower beam (much like spotlighting). Most LED sources
have Lambertial beam distribution [23] which means that the
intensity drops as the cosine of the incident angle.

There are two important parameters to be derived from the
intensity distribution

Axial Intensity (Ip) is defined as the luminous intensity in
candelas at 0° solid angle. For LED in Fig. 5(b), the axial
intensity is 987 candela. Typically, the luminous intensity dis-
tribution provided by the vendors are normalized with the axial
intensity as shown in Fig. 5(a).

Half Beam Angle (Op4y) is the angle at which the light
intensity decreases to half of the axial intensity. For the LED
in Fig. 5(b), the half beam angle is 47°. For the Lambertian
sources like LEDs, the half beam angle is calculated from the
entire beam angle (£2;,,4) as follows

Qnax = 21 (1 — cos Oyax). 2)

The luminous flux can now be calculated by integrating the
luminous intensity function over the entire beam solid angle
Qmax. Different from Equ. (1) which was a spectral integral,
here the flux is calculated using spatial integral as below

Qmax

Fr= / Iogi(6)dS2 3)
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Fig. 6. Relative position of transmitter and receiver in LOS settings; repro-
duced from [24].

where g;(0) is the normalized spatial luminous intensity distri-
bution. Combining Equs. (2) and (3), we get

0}11&)(

Fr=1 / 2w g:(0)sinfdo.
0

“

2) Path Loss and Received Power: Based on the luminous
flux calculated above, we will now derive the value of path
loss. It was proven in [24] that the path loss in photometric
domain (referred as luminous path loss Ly) is the same the
path loss in radiometric domain (referred as optical power path
loss Lp). This is due to the fact that in line-of-sight free space
propagation, the path loss can be assumed to be independent
of the wavelength. Therefore, we can calculate L; using the
luminous flux derived in the previous section. Specifically,
L; is the ratio of luminous flux of the receiver (Fg) and the
transmitter (Fr). Fr can be calculated as Equ. (4).

In order to calculate the Fp, it is necessary to specify the
relative positions of the transmitter and the receiver. This
relative positioning is shown in Fig. 6. Here, the distance
between the receiver and the transmitter is D, and radius of the
receiver aperture is r. The angle between the receiver normal
and transmitter-receiver line is « (also referred as incident
angle). The transmitter viewing angle is B (also referred as
irradiation angle). Let the receiver solid angle as observed
from the transmitter be €2, and receiver’s area A, as shown in
Fig. 6, then

Arcos(a) = DQQr. ®))
From Fig. 6, the receiver flux Fg can be calculated as
Fr = 1og:(B)S2. (6)

The optical path loss Ly, can be calculated using Equations (4),
(5), and (6) as
=F =

g:(B)A,cosa

Ly (N

emax

D? [ 2mg,(0)sinodo
0
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Fig. 7. Spectral response of a typical photodetector receiver; responsivity
(measured in A/W) is the ratio of output photocurrent in amperes to incident
radiant energy in watts; reproduced from [25].

Most LED sources have Lambertial beam distribution which
means that the spatial luminous intensity distribution is a cosine
function

8:1(0) = cos™(0) (8)
where m is the order of Lambertial emission. The value of m
depends on the semi-angle at half illuminance @1, of the LED

nQ2)

"= In(cos®12) ©)

Substituting Equ. (8) and 6,,,, in Equ. (7), we get the path loss
value for a Lambertian LED source as follows

_ m+ D4,

D2 cos o cos™(B).

(10)
If the LED emission can not be modeled using the Lambertian
cosine function, it is necessary to measure g;(0) for the given
LED, and use it to calculate L; from Equ. (7).

The received optical power can be now calculated using
the path loss. It is typical that the receiving photodetector is
equipped with an optical filter. Let Rr(A) denote the spectral
response of the optical filter. Fig. 7 shows Ry(1) of a typical
photodetector. Using Ry (), the received optical power Pg,, for
the direct line-of-sight optical link can be calculated as

AH
P, = /SR(k)Rf(A)dA

ArL

(1)

where Sg(A) = LpST()) = Ly ST()) and A,z and A,z are lower
and upper wavelength cut-off values for the optical filter
respectively.

Considering Equations (10) and (11), the received power is
dependent on three factors—the transmitter-receiver distance
(D), incident angle («) and irradiation angle (8). These three
factors are independent of transmitter and receiver hardware,
and depend on receiver’s movement and orientation. As an ex-
ample, if the receiver is a smartphone equipped with a photodi-
ode, the three factors will change based on user’s movement and
device orientation. It is crucial to understand the impact of these
factors on received power in order to evaluate the achievable
capacity. Authors in [26] studied the impact using a smartphone
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Fig. 8. Impact of (a) transmitter-receiver distance, (b) incident angle () and (c) irradiation angle (8) on the received power; reproduced from [26].

photodiode as the receiver. Fig. 8 show how the normalized
received power (measured as light intensity on smartphone
photodiode) varies with changes in D, « and B. Fig. 8(a) shows
how the received power attenuates with D as inverse square
low (Equ. (10)). The incident angle measures the changes
in smartphone’s orientation (0° means photodiode is directly
facing the LED). As the incident angle («) increases, the energy
at which the photons strike the photodiode decreases, which
in turn results in decrease of received power. Similarly, the
received power decreases with increase in the irradiation angle
(B) confirming the lambertian emission pattern of the LED. The
impact of these three factors have important implications on
guaranteeing high SNR in VLC access networks and managing
inter-cell interference as we will discuss in Section I'V-B.

3) Multipath Propagation With Reflected Paths: As we saw
in Section II, typically there are more than one LED in a lumi-
naire. The receiving photodetector can simultaneously receive
(intensity modulated) signals from multiple LEDs as shown in
Fig. 2(b). The received optical power of the receiver can be
calculated by summing the received power of each LOS link
within receiver’s field-of-view (FOV) can be expressed as

N
Pr(total) = Z Pr(i)

i=0

12)

where N is the total number of LEDs and P (i) is the received
optical power from LOS link of i LED calculated from
Equ. (11).

Since the majority of the indoor surfaces are more or less re-
flective of visible light, it is necessary to understand the impact
of reflected paths on the performance of communication. Spec-
tral reflectance (p (X)) represents reflectivity of a surface (such
as wall, ceiling etc.) as a function of wavelength. It was noted in
[27] that reflectivity of Infrared signal is higher compared to the
visible band. The spectral reflectance of commonly used build-
ing materials like plaster wall, ceiling etc. was measured in [27]
using a spectrophotometer. Fig. 9 shows the results of measured
reflectivity. It can be observed that plastic wall has the least
reflectivity while the plaster wall has the highest reflectivity.

Because of the reflections, the receiver receives signal from
many different paths. Such multipath propagation can be char-
acterized using Power Delay Profile (PDP). The PDP gives
the distribution of received power as a function of propagation
delay. A non-LOS signal can be bounced from many surfaces

1
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Fig. 9. Different indoor surfaces exhibit different levels of spectral reflectance
depending on the wavelength; reproduced from [27].
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k-th
bounce

First
bounce

Receiver

Fig. 10. A non-LOS signal can bounce off the surfaces many times before
reaching the receiver; 8 and o denote the angle of irradiation and incident
respectively; reproduced from [27].

before it reaches the receiver photodetector as shown in Fig. 10.
Authors in [27] modeled the PDP of multiple bounces for a total
of N LEDs at time instance ¢ asd

N oo
h(t) =3 h0 S,

n=1 k=0

13)

where S, is the spectral power distribution of n LED and k is
the number of bounces. When k = 0, the resultant PDP [27] is
that of an LOS path as

D,
A (t; Sp) = LoPyrect (ﬂ) ) (t — —O>
c

Fov (14
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where Ly = Ly is the path loss for the LOS case (derived in
Equ. (10)), § is a Dirac delta function, Dg is the distance
between the LED and the receiver and c is the speed of light.
Because the photodiode can only detect the light whose angle
of incidence is smaller than its FOV, a rectangular function [27]
is used where

1 forlx] <1

t =
rect(x) {0 for [x| > 1

This means that when if a ray does not reach within the FOV
of the receiver after k£ bounces, its effect on the total received
power is considered O.

When k > 1, the PDP after k bounces (refer Fig. 10) for the
n™™ LED can be calculated [27] as

o
A t; Sp) = / [L1L2 .. 'Lk+1l",(lk)rect (W)

SES
>i| dAg (16)

A7)

15)

( Dy + D+ -+ Diy1
x&|t—
c

where

_ Ag(m+1) cosay cos™ By
'= 27‘[D12

For the path loss of the first bounce L1, the ray originated from
the LED which we have previously modeled as a Lambertian
emitter (Equ. (8)). For the remaining bounces, we can calculate
the path loss of each path as

Ag cos B2 cos o

L, =
7TD22

(18)

AR cos i1 €OS oty 1

Ly = (19)

7 Dit1?
The integration in Equ. (16) for each surface s of all reflectors
S where Aj is the area of the surface. For Ly, Ay is the area of
the photodiode receiver. F,(,k) is power of the reflected ray after
k" bounce. It is calculated [27] as

e — / Si PP . kBN (20)

A

where pi(X) is the spectral reflectance of the surface of Kt
bounce.

Fig. 11 shows the power delay profile in a realistic scenario
where four LED luminaires are deployed in a square topology
on a ceiling of a cubic room with either plaster or plastic walls
[27]. It can be observed that the first peak is due to the direct
received signal (LOS) from the LED. The other peaks are due to
multiple reflections from the wall as calculated using Equ. (16).
As expected, the received power due to reflection multi-path is
relatively lesser compared to the LOS power.

Most of the power delay profiling [27]-[30] of visible
light communication rely on simulations. However, detailed
measurement-based studies in realistic scenarios (such as
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Fig. 11. Power delay profile for 4 LED transmitters in a cubic room with
plaster or plastic walls; reproduced from [27].

indoor places with many different reflecting objects, different
LED arrangements etc.) are necessary for improved under-
standing of multi-path in VLC and developing the techniques
to combat it.

4) Receiver Noise and SNR: There are three major sources
of noise in indoor visible light optical link (1) ambient light
noise due to solar radiation from windows, doors etc. and noise
due to other illumination sources such as incandescent and flu-
orescent lamps, (2) shot noise induced in the photodetector by
the signal and the ambient light and (3) electrical pre-amplifier
noise (also known as thermal noise) of the photodetector.

The ambient noise of solar radiation and artificial illumi-
nation sources such as lamps results in ambient noise floor
which is a DC interference. The effect of such noise can be
mitigated by using a electrical high pass filter at the receiver.
Most of the previous studies assume that this ambient noise
floor remains stationary over space and time, however, no
systematic evaluation is present in the literature. For example,
the indoor solar radiation changes at different places depending
on windows and doors. The radiation also changes depending
on the time of the day (and year) and orientation of the
windows/doors. Radiation from other illumination sources will
also remain an unavoidable source of noise until we completely
transition to LED technology. It is required that exhaustive
indoor measurements are carried out to accurately account for
such noise.

Once the noise due to solar radiation and artificial illu-
mination sources is filtered, the SNR at the receiver can be
calculated based on the shot noise and the thermal noise of the
photodetector circuitry as

PRE2

SNR = 3 3
(Oshor)= + (Othermal)

2y

where o0 and ospermar are the standard deviation of shot noise
and thermal noise respectively. The shot noise is due to inherent
statistical fluctuation in the amount of photons collected by the
photodetector. It is known that the photon counting follows a
poisson distribution which means that if the mean of number
of photons collected by the photodetector in a unit time is x,
then the standard deviation of number of photons collected
is 4/x. This also results in poisson distributed variation in
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photoelectrons generated by the photodetector. Based on this,
the variance of shot noise can be calculated [23], [31] as below

(Oshor)” = 2qPr;B + 2411 B (22)
The variance of thermal noise [23], [31] is

8Ty 167T2KTkT)

(Othermal)® = CpaALB* + CoA’ 1B (23)

ol

where B Hz is the bandwidth of the photodetector, « is the
Boltzmann’s constant, /p is the photocurrent due to background
radiation, G,; is the open-loop voltage gain, T is the absolute
temperature, Cpq is capacitance of the photodetector per unit
area, 7 is the FET channel noise factor, g, is the FET transcon-
ductance, and I, and I3 are the noise-bandwidth factors with
values 0.562 and 0.0868 respectively. Shot noise and thermal
noise are dependent on the area of the photodetector, and
depending on factors such as room temperature, ambient light
etc. either of them can dominate the overall noise [23] observed
by the VLC receiver.

5) Shadowing: The receiver of a visible light communica-
tion link can be shadowed by different objects or humans in
the indoor environment. For example, if a receiver photodiode
is positioned on a desk, it is possible that movement of the
nearby chair can result in shadowing of the receiver. Similarly,
if a human passes by frequently between the transmitter and
the receiver, the link performance is affected by the frequent
shadowing. Authors in [32] studied such case of human mobil-
ity using simulations and suggested that in multiple spatially
separated LED sources should be used in order to mitigate the
frequent disconnections due to human shadowing. Apart from
this preliminary work, shadowing in indoor VLC networks
is not studied in literature. Given that visible light exhibits
significantly different propagation characteristics compared to
RF (such as no penetration through walls etc.), it is crucial
to characterize and model visible light shadowing in indoor
environment. This understanding can also provide insights on
deployment aspects of indoor VLC networks and how they
should be different than current deployment of LEDs which are
primarily used for illumination purposes.

B. Modulation Methods

With the understanding of path-loss, noise and SNR, we now
discuss various modulation methods used in VLC. The most
striking difference between VLC and RF is that in VLC, the
data can not be encoded in phase or amplitude of the light
signal [10]. This means that phase and amplitude modulation
techniques can not be applied in VLC and the information has
to be encoded in the varying intensity of the emitting light
wave. The demodulation depends on direct detection at the
receiver. These set of modulation techniques are referred as
IM/DD (Intensity Modulated/Direct Detection) modulations. In
this section, we will discuss the IM/DD modulation techniques
used for visible light communication.

Different from other types of communications, any modu-
lation scheme for VLC should not only achieve higher data
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Fig. 12. Human eye perceives the actual measured light differently due to
enlargement/contraction of pupil.

rate but should also meet the requirements of perceived light
to humans. These requirements about perceived light can be
characterized by following two properties -

(1) Dimming: It was suggested in [17] that different levels
of illuminance is required when performing different types
of activities. As an example, an illuminance in the range of
30-100 lux is often enough for simple visual tasks performed
in most public places. On the other hand, office or residen-
tial applications require higher level of illuminance in the
range of 300-1000 lux. With the advancements in LED driver
circuits, it has become possible to dim an LED to an arbi-
trary level depending on the application requirement to save
energy.

If an LED can be dimmed to an arbitrary level, it is also
necessary to understand its impact on the human perceived
light. It was first shown in [33] that the relation between
the measured light and the perceived light is non-linear. This
property is shown in Fig. 12. In other words, a human eye adapts
to lower illumination by enlarging the pupil to allow more light
to enter the eye. The perceived light can be calculated [33] from
the measured light as

d light(%)
00 '

. . Measure
Perceived light(%) = 100 x 1 24)

This means that a lamp that is dimmed 1% of its measured
light is perceived to be 10% dimmed by the human eye. This
is important in terms of VLC because a user may choose an
arbitrary level of dimming depending on the application or
desired energy savings, but the communication should not be
affected by the dimming. In other words, the data should be
modulated in such a way that any desired level of dimming is
supported.

(2) Flicker mitigation: An additional requirement for any
VLC modulation scheme is that it should not result in human-
perceivable fluctuations in the brightness of the light. It was
shown in [34] that flickering can cause serious detrimental
physiological changes in humans. For this reason, it is neces-
sary that changes in the light intensity should happen at a rate
faster than human eye can perceive. IEEE 802.15.7 standard [8]
suggests that flickering (or change in light intensity) should be
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faster than 200 Hz to avoid any harmful effects. This means
that any modulation scheme for VLC should mitigate flickering
while providing higher data rate.

The most common cause of flickering is long runs of Os or 1s
which can reduce the rate at which light intensity changes and
cause the flickering effect. Run Length Limited (RLL) codes are
used to mitigate long runs of Os or 1s. RLL codes ensure that the
output symbols have balanced repetition of Os and 1s. Examples
of commonly used RLL codes include Manchester, 4B6B and
8B10B coding. In Manchester coding, a “0” is replaced with
a “down” transition (“10”) and “1” is replaced with an “up”
transition (“01”"). 4B6B coding maps a 4 bits symbol to a 6 bits
symbol that has balanced repetition. Similarly, 8B10B maps
a 8 bits symbol to 10 bits symbol. The number of additional
bits added is the highest in the Manchester coding making it
a suitable choice for low data rate services that require better
balancing. On the other hand, 8B10B reduces the number of
additional bits added (high data rate), however, it performs
poorly in terms of the DC balancing.

We next discuss four types of modulation schemes used in
VLC (1) On-Off Keying, (2) Pulse modulation, (3) Orthogonal
Frequency Division Modulation (OFDM) and (4) Color Shift
Modulation (CSK). We describe each of them along with a
discussion on how they provide the dimming support.

1) On-Off Keying (OOK): In OOK, the data bits 1 and O are
transmitted by turning the LED on and off respectively. In the
OFF state, the LED is not completely turned off but rather the
light intensity is reduced. The advantages of OOK include its
simplicity and ease of implementation. OOK-like modulation
is widely used in wireline communication.

Most of the early work on using OOK modulation for VLC
utilize while LED. As we discussed in Section II, such LED
produces white light by combining the blue emitter with yellow
phosphor. The major limitation of the white LED is its limited
bandwidth (few megahertz [35]) due to slow time response
of the yellow phosphor. It was first proposed by [36] to use
NRZ (Non-Return-to-Zero) OOK with the white LED and a
data rate of 10 Mbps was demonstrated over a VLC link. To
further improve the performance, [35] used a blue filter to
remove the slow-responding yellow component, resulting in
a datarate of 40 Mbps. Similarly, [37] and [38] proposed to
combine the blue-filtering with analogue equalization at the
receiver to achieve data rates of 100 Mbps and 125 Mbps
respectively. Authors in [39] showed that the performance can
be further improved by using an avalanche photodiode as the
receiver instead of the P-I-N photodiode. The achievable data
rate with avalanche photodiode and NRZ-OOK was shown
to be 230 Mbps. Newly available white LEDs combine the
RGB frequencies to produce the white light. The advantage
of such LEDs is that they do not have the slow-responding
yellow phosphor layer. However, such RGB white LEDs re-
quire three separate driver circuits to realize the white light.
A different approach was presented in [40] where RGB white
LED was used but only the red LED is modulated for data
transmission while the other two are provided constant current
for illumination. The proposed system can achieve a data rate
of 477 Mbps with simple NRZ-OOK modulation and a P-I-N
photodiode receiver.
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There are two ways proposed in the Standard IEEE 802.15.7
[8] to provide the dimming support when using OOK as the
modulation scheme:

1) Redefine ON and OFF levels: To achieve the desired
level of dimming, the ON and the OFF levels can be
assigned different light intensities. The advantage of this
scheme is that required level of dimming can be obtained
without any additional communication overhead. It can
retain the data rate achievable by NRZ-OOK modulation,
however, the communication range decreases at lower
dimming levels. One major disadvantage is that using
lower intensities as ON/OFF levels causes the LEDs to
be operated at lower driving currents which in turn has
shown to incur changes in color rendering (change in
emitted color of LEDs) [41].

2) Compensation periods: In this solution, the ON and the
OFF levels of the modulation remain the same but ad-
ditional compensation periods are added when the LED
source is fully turned on (called ON periods) or off
(OFF periods). The duration of the compensation periods
is determined based on the desired level of dimming.
Specifically, ON periods are added if the desired level of
dimming is more than 50% and OFF periods are added
if the desired level of dimming is less than 50%. Authors
in [42] proposed a way to calculate the percentage time
of active data transmission (y) within the transmission
interval T to obtain a dimming level of D as

:D > 0.5
:D <0.5.

(2 —-2D) x 100
"= 12p x 100 =
When the desired dimming level is D with OOK, the max-
imum communication efficiency Ep can be calculated
[42] using information theoretic entropy as
Ep = —Dlog,D — (1 — D) log,(1 — D). (26)
This means that communication efficiency is a triangular
function of the dimming level with maximum efficiency
at dimming level of 50%. The efficiency drops linearly
when dimming level decreases to 0% or increases to
100%. The dimming support using compensation peri-
ods reduces the data rate, however, since the modulated
ON/OFF signals have unchanged intensity, the communi-
cation range remains unchanged. To address the problem
of lower data rate with compensation periods, [43] pro-
posed to use inverse source coding to maintain the high
data rate while achieving the desired level of dimming.

2) Pulse Modulation Methods: Although OOK provides var-
ious advantages such as simplicity and ease of implementation,
a major limitation is its lower data rates especially when sup-
porting different dimming levels. This has motivated the design
of alternative modulation schemes based on pulse width and
position which are described next.

Pulse Width Modulation (PWM): An efficient way to
achieving modulation and dimming is through the use PWM.
In PWM, the widths of the pulses are adjusted based on the
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Fig. 13. Transmitter block diagram of DMT transmitter with dimming control
(top). An example of how 50% PWM-controlled dimming signal can be
combined with a DMT signal as proposed in [44] (bottom); Figures reproduced
from [44].

desired level of dimming while the pulses themselves carry the
modulated signal in the form of a square wave.

The modulated signal is transmitted during the pulse, and the
LED operates at the full brightness during the pulse. The data
rate of the modulated signal should be adjusted based on the
dimming requirement. Authors in [45] showed that any dim-
ming level from 0% to 100% can be obtained with high PWM
frequency. One benefit of PWM is that it achieves the dimming
without changing the intensity level of pulses, hence it does not
incur the color shift (like OOK with redefined ON/OFF levels)
in the LED. The limitation of PWM is its limited data rate
(4.8 kbps in [45]). To overcome this limitation, [44] proposed
to combine PWM with Discrete Multitone (DMT) for joint
dimming control and communication. The approach decouples
the dimming based on PWM and communication based on
DMT on the transmitter side. As shown in Fig. 13, the bitstream
is divided and mapped to symbols using Quadrature Amplitude
Modulation (QAM). These QAM symbols are transmitted on
different DMT subcarriers that are spaced by 1/7 in frequency
where T is the duration of one symbol. The DMT signal x(t) is
combined with PWM square wave signal p(f) where the duty
cycle is dependent on desired level of dimming. The resultant
signal y(f) = x(t)p(¢) is shown in Fig. 13. It was also shown
that dimming constraint limits the achievable throughput due to
high Bit Error Rate (BER). Authors in [46] also used QAM on
DMT subcarriers to achieve a link rate of 513 Mbps, however,
it does not address the issue of LED dimming.

Pulse Position Modulation (PPM): Another pulse modu-
lation method in visible light communication is based on the
pulse position. In PPM, the symbol duration is divided into ¢
slots of equal duration, and a pulse is transmitted in one of
the ¢ slots. The position of the pulse identifies the transmitted
symbol. Due to its simplicity, many early designs [47], [48] of
optical wireless systems adapted PPM for modulation. In some
of the early works of using PPM for infrared communication,
authors in [49] proposed the use of rate adaptive transmission
scheme where repetition coding is applied to gracefully reduce
the throughput in presence of poor channel conditions. Authors
in [50] designed a rate-variable punctured convolutional coded
PPM for infrared communication. Such a scheme adapts the
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Fig. 14. Schematic diagram showing difference between Pulse Width Mod-
ulation (PWM), Pulse Position Modulation (PPM), Variable Pulse Position
Modulation (VPPM), Overlapping Pulse Position Modulation (VPPM) and
Multipulse Pulse Position Modulation (MPPM); Sn refers to nth symbol.

modulation order of PPM and the code rate of punctured convo-
lutional codes based on the channel conditions. For even worse
channel conditions, [51] proposed to use rate adaptive PPM
transmission with both repeated and punctured convolutional
codes to achieve higher bit rate.

Due to the limitations of lower spectral efficiency and data
rate of PPM (only one pulse per symbol duration), other vari-
ants of pulse position-based modulation have been proposed
over time. A generalization of PPM is referred as Overlap-
ping PPM (OPPM) which allows more than one pulse to be
transmitted during the symbol duration [48] and the different
pulse symbols can be overlapping (see Fig. 14). [52] showed
that OPPM can not only achieve a higher spectral efficiency
compared to PPM and OOK but a wide range of dimming
levels can be obtained along with the high data rate. Another
generalization of PPM was proposed by [53] which is a scheme
referred as Multipulse PPM (MPPM). Like OPPM, it allows
multiple pulses to be transmitted during the symbol duration,
however, the pulses within a symbol duration do not have to
be continuous (Fig. 14). It was shown in [48] that MPPM can
achieve a higher spectral efficiency compared to OPPM.

Authors in [54] proposed a variation of PPM that combines
OPPM and MPPM in a scheme called Overlapping MPPM
(OMPPM). In OMPPM, more than one pulse positions are
allowed for each optical pulse. It shows that OMPPM can
improve the spectral efficiency of MPPM without the expansion
of bandwidth in noiseless photon counting channel. Further
performance analysis for noisy channels was presented in [55].
It was shown in [56] that OMPPM with fewer pulse slots
and more pulses per symbol duration has better cutoff rate
performance. Moreover, Trellis-coded OMPPM was studied in
[57], [58] to show its effectiveness in direct detection channels
with background noise. In another set of modulation scheme,
Differential PPM (DPPM) was proposed in [59]. DPPM is simi-
lar to PPM except that the OFF symbols after the pulse in a PPM
symbol are deleted and the next symbol starts right after the
pulse of the previous symbol. It was shown in [48] that DPPM
requires significantly less average power than PPM for a given
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bandwidth in an optical communication channel. Authors in
[60] proposed Differential Overlapping PPM (DOPPM) where
differential deletion of OFF symbols is applied to OPPM, and
showed that it achieves better spectral efficiency and cutoff
performance than PPM, DPPM and OPPM.

Authors in [61] proposed EPPM (Expurgated PPM) where
symbols in the MPPM are expurgated to maximize the inter-
symbol distance. EPPM achieves the same spectral efficiency
as PPM, however, it can be used in VLC to provide dim-
ming support as it can achieve arbitrary level of illumination
by changing the number of pulses per symbol (code-weight)
and the length of the symbol (code-length) [62]. With many
pulses in a symbol, EPPM can also mitigate the flickering as
compared to PPM. MEPPM (Multi-level EPPM) [63] extends
the EPPM design with support to multiple amplitude levels in
order to increase the constellation size and spectral efficiency.
MEPPM can also support the dimming and provides flicker-
free communication. IEEE 802.15.7 [8] standard proposes a
pulse modulation scheme called Variable PPM (VPPM) which
is a hybrid of PPM and PWM. In VPPM, the bits are encoded
by choosing different position of pulse as in PPM, however,
the width of the pulse can also be modified as needed. VPPM
retains the simplicity and robustness of PPM while allowing
different dimming levels by altering the pulse width.

3) Orthogonal Frequency Division Multiplexing (OFDM):
One limitation of previously discussed single-carrier modula-
tion schemes is that they suffer from high inter-symbol inter-
ference due to non-linear frequency response of visible light
communication channels. OFDM has been widely adopted in
the RF communication due to its ability to effectively combat
the inter-symbol interference and multipath fading. Authors of
[64] first proposed the use of OFDM for visible light communi-
cation. In OFDM, the channel is divided into multiple orthog-
onal subcarriers and the data is sent in parallel sub-streams
modulated over the subcarriers. OFDM for VLC can reduce
the inter-symbol interference and does not require complex
equalizer, however, there are multiple challenges in realizing its
implementation. First, the OFDM technique for RF needs to be
adapted for application in IM/DD systems such as VLC. This
is because OFDM generates complex-valued bipolar signals
which need to converted to real-valued signals. This can be
achieved by enforcing Hermitian symmetry constraint on the
sub-carriers and then converting the time-domain signals to
unipolar signals.

Depending on how the bipolar signals are converted to unipo-
lar, there are two types of OFDM techniques: 1) Asymmetrically-
Clipped Optical OFDM (ACO-OFDM) and 2) DC-biased Optical
OFDM (DCO-OFDM). In ACO-OFDM, only odd subcarriers
are modulated [65] which automatically leads to symmetric
time domain signal. While in DCO-OFDM [64], [66], [67], all
subcarriers are modulated but a positive direct current is added
to make the signal unipolar. [68] presented a comparison of both
the OFDM schemes and showed that LED clipping distortion
is more significant in DCO-OFDM compared to ACO-OFDM.
The biggest challenge in OFDM VLC system is the non-
linearity of LED [69] which is that the relationship between
the current and the emitted light of the LED is non-linear. This
especially affects the OFDM-based VLC systems which have
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Fig. 15. CIE 1931 chromaticity diagram; The seven color codes correspond to
the centers of seven bands dividing the visible spectrum as shown in Table III;
reproduced from [81].

TABLE III
THE SEVEN BANDS USED IN CSK AND THEIR CODE,
CENTER AND CHROMATICITY COORDINATES

Band (nm) | Code | Center (nm) (x, y)
380-478 000 429 (0.169, 0.007)
478-540 001 509 (0.011, 0.733)
540-588 010 564 (0.402, 0.597)
588-633 011 611 (0.669, 0.331)
633-679 100 656 (0.729, 0.271)
679-726 101 703 (0.734, 0.265)
726-780 110 753 (0.734, 0.265)

TABLE IV

VALID COLOR BAND COMBINATIONS THAT CAN BE CHOSEN
FOR BUILDING THE CONSTELLATION TRIANGLE FOR CSK

Band i | Band j | Band k
1 110 010 000
2 110 001 000
3 101 010 000
4 101 001 000
5 100 010 000
6 100 001 000
7 011 010 000
8 011 001 000
9 010 001 000

higher Peak-to-Average Power Ratio (PAPR). The effect of
this non-linearity was studied in [70], [71] and a solution was
proposed to combat it by operating the LED in a small range
where the driving current and optical power are quasi-linear.
Apart from the non-linearity, there is only a limited support for
dimming [72] in OFDM-based modulation schemes. Despite
these challenges, OFDM for VLC holds great potential with
achievable link rates in the scale of multiple gbps [73], [74]
using only single LED.

4) Color Shift Keying (CSK): To overcome the lower data
rate and limited dimming support issues of other modulation
schemes, IEEE 802.15.7 standard [8] proposed CSK modula-
tion which is specifically designed for visible light communi-
cation. CSK has attracted increasing amount of attention from
research community in last couple of years [75]-[80]. As we
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discussed before, generating white light using blue LED and
yellow phosphorus slows down the fast switching ability of
LED and hinders high data rate communication. An alternative
way to generating white light which is recently becoming more
and more popular is to utilize three separate LEDs—Red, Green
and Blue (RGB). This combined source with RGB LEDs is
often referred as TriLED (TLED). CSK modulates the signal
using the intensity of the three colors in the TLED source.
CSK modulation relies on the color space chromaticity di-
agram as defined by CIE 1931 [18] (see Fig. 15). The chro-
maticity diagram maps all colors perceivable by human eye
to two chromaticity parameters—x and y. The entire human
visible wavelength is divided into seven bands as shown in
Table IIT and their centers are marked in Fig. 15. Based on the
diagram, the CSK modulation [8], [80] is performed as follows

1) Determine RGB constellation triangle: The constella-
tion triangle is decided based on the center wavelength
of the three RGB LEDs used in the TLED source.
Table IV shows the valid color band combinations as
proposed by [80] that can be chosen as the constellation
triangle depending on the central wavelength of the RGB
LEDs. For the purpose of illustration, let us assume that
we choose the CSK constellation triangle to be (110, 010,
000) as shown in Fig. 16(a) (example adapted from [80]).
Mapping data bits to chromaticity values: Depend-
ing on 4CSK, 8CSK or 16CSK being used, the chro-
maticity values of symbols can be derived from the
constellation triangle. For our example, Fig. 16(b)—(d)
show how data bits can be represented using the symbols
for 4CSK, 8CSK and 16CSK. Determining the position
of the symbols in the constellation design requires solving
an optimization problem where the distance between the
symbols should be maximized to minimize the inter-
symbol interference. Note that there is an additional
constraint in the problem which ensures that the symbols
should be equally distributed in the triangle so that the
combined light emitted when transmitting different sym-
bols is perceived by the human eye to be white light only.
The optimization problem has been studied in [75]-[78]
as we discuss next. Once the symbol coordinates are
decided, each symbol is assigned a bit sequence (e.g.
in 4CSK, the 4 symbols are assigned 00, 01, 10 and 11
respectively), which is then used to map the incoming bits
to the symbols.

2)

0 0
0 010203040506 0.7 0.8 0 010203040506 0.7 0.8
X X

(© (d)

16. (a) RGB constellation triangle (110, 010, 000) (b-d) Symbols of 4-CSK, 8-CSK and 16-CSK.

3) Determine the intensities of RGB LEDs: The symbols
are transmitted by varying the intensities of the RGB
LEDs. The individual intensities of the three LEDs (P;, P;
and Pj) for each symbol is calculated by solving the
following equations:

xs = Pix; + Pjxj + Prxy 27
ys = Piyi + Pjyj + Py (28)
Pi+Pi+Pg=1 29)

where x; and y; are the chromaticity values of the symbol
(Fig. 16), and (x;, i), (xj, y;) and (xx, yx) are the chromaticity
values of the central wavelength of the RGB LEDs being used
(three points of the constellation triangle). The receiver uses the
R, G and B intensities to decode the transmitted signal.

Dimming support in CSK is simply amplitude dimming
where the driving current of the LEDs is varied to change the
brightness of resultant white light. Also, different from OOK
and pulse modulations, flickering is not a problem with CSK
since no amplitude variation is employed. Due to these advan-
tages, researchers have recently attempted to improve the CSK
scheme of IEEE 802.15.7 by designing its generalized forms
with arbitrary constellation. Authors in [75] presented a CSK
constellation design technique based on Billards equivalent disk
packing algorithm. Similarly, [76] and [77] developed similar
techniques with the use of different optimization algorithms
such as interior point methods. All the constellation design
techniques are designed to meet the color balance requirement
where the TLED source is required to produce any desired color
for illumination. The use of four LEDs (blue, cyan, yellow and
red) was suggested in [78]. With four LEDs, it is possible to
achieve a quadrilateral constellation shape that allows QAM-
like constellation design. The presented system is shown to
be more energy efficient as well as reliable (less inter-symbol
noise) compared to the conventional CSK with 3 LEDs.

The RGB tri-LED can also be used to implement Wave-
length Division Multiplexing (WDM)—a multiplexing tech-
nique commonly used in fiber optics communication. Authors
in [82] proposed modulating separate data streams on three
colors which together multiplex to white light. With the use of
DMT, an aggregate data rate of 803 Mbps was shown to be
achievable using single RGB LED in [82]. Authors in [83] pro-
posed the use of carrier-less amplitude and phase modulation
on WDM VLC system with RGB LED to achieve a data rate of
3.22 Gbps.
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TABLE V
802.15.7 PHY I OPERATING MODE SPECIFICATIONS AND ACHIEVABLE THROUGHPUT

. Optical FEC
MCS | Modulation RLL code clogk rate | Outer code (RS) | Inner code (CC) Data rate (kbps)
0 (15,7) 1/4 11.67
1 (15,11) 1/3 24.44
2 OOK Manchester | 200 KHz (15,11) 2/3 48.89
3 (15,11) none 73.3
4 none none 100
5 (15,2) none 35.56
6 (154) none 71.11
= VPPM 4B6B 400 KHz 15.7) one 544
8 none none 266.6
TABLE VI

802.15.7 PHY II OPERATING MODE SPECIFICATIONS
AND ACHIEVABLE THROUGHPUT

. Optical Data rate
MCS | Modulation | RLL code lock rate FEC (Mbps)
16 RS(64,32) 1.25
17 375 MHz - 5760.128) 2
18 VPPM 4B6B RS(64,32) 25
19 7.5 MHz | RS(160,128) 4
20 none 5
21 R5(64,32) 6
2 15 MHz 560, 128) 96
23 RS(64,32) 2
24 30 MHz I —p560,128) 92
25 OOK 8B10B RS(64,32) 24
% 60 MHz I 5(ig0,128) | 384
27 RS(64,32) 18
28 120 MHz | RS(160,128) 76.8
29 none 96
TABLE VII
802.15.7 PHY III OPERATING MODE SPECIFICATIONS
AND ACHIEVABLE THROUGHPUT
MCS | Modulation | Optical clock rate FEC Data rate (Mbps)

32 4 CSK RS(64,32) 12
3 8 CSK 12 MHz RS(64.32) 18
34 1 CSK RS(64,32) 24
35 § CSK RS(64,32) 36
36 16 CSK 24 MHz RS(64,32) 48
37 8 CSK none 72
38 16 CSK none 96

IEEE 802.15.7 Physical Layer IEEE 802.15.7 [8] standard
has specified three PHY layers for VLC with a total of 30 MCS
(Modulation and Coding Scheme) indexes. These MCS levels
are shown in Tables V-VII. Both PHY I and PHY II utilize
OOK and VPPM for modulation. PHY I utilizes Reed Solomon
(RS) and Convolutional Codes (CC) for Forward Error Correc-
tion (FEC), while PHY II and III mostly reply for RS codes
only for FEC.

As described in [79], “optical clock rate” is an important
parameter for the performance of the PHY layers. PHY 1
utilizes lower optical rate of < 400 KHz. This is because PHY 1
is designed to be usable in outdoor scenarios as well where the
LED transmitters are typically high-power and can switch the
intensity at a slower rate. PHY II is designed to be used indoors
where the optical switching rate can be as high as 120 MHz.
The optical rate is 24 MHz for PHY III which is the current
feasible switching rate for white TriLED.

Depending on the choice of modulation, RLL code, optical
clock rate, FEC code, the three PHY modes can provide differ-
ent data rates. PHY I can provide data rates from 11.67 Kbps
upto 266.6 Kbps. PHY II can achieve data rates from 1.25 Mbps

upto 96 Mbps. PHY III can yield data rates starting from
12 Mbps upto 96 Mbps. Further details of physical layer of
IEEE 802.15.7 are provided in [79].

Table VIII provides a comparison between four major mod-
ulations schemes proposed for VLC. It can be observed that
OFDM and CSK are more suitable for high data-rate applica-
tions in VLC access networks. As we will discuss next, OFDM
is also more suitable for VLC MIMO design, however, more
research is necessary to ensure dimming support in OFDM.
Another advantage of CSK is that it can provide multi-user
access through wavelength multiplexing as we will discuss in
Section IV. Increasing demand of higher data-rates is likely to
drive further research and development of OFDM and CSK for
VLC-based access networks.

C. Multiple Input Multiple Output (MIMO)

In order to provide sufficient illumination, most of the
luminaires typically contain multiple LEDs. These multiple
LEDs can be treated as multiple transmitters that can enable
visible light MIMO communication. In RF communications,
MIMO systems are commonly used (in IEEE 802.11n, Long-
Term Evolution—LTE) to obtain higher data rates. Similarly,
multiple LEDs can be used for higher spectral efficiency in
VLC. Note that there are certain similarities between the VLC
MIMO systems discussed in this section and screen-camera
links (discussed in Section VI-B) as both of them can use an
image sensor as a MIMO receiver. The difference is that unlike
smartphone screens, the multiple LED transmitters considered
here are also used for the illumination. We will provide further
details of the screen-camera links in Section VI-B.

MIMO systems in VLC are difficult to realize compared to
RF communications. In RF MIMO systems, the throughput
gains are largely attributed to spatial diversity (existence of
multiple spatial paths that are diverse in nature). However,
such diversity gains are limited in VLC MIMO because paths
between the transmitter and receiver are very similar (less
diverse) especially in indoor scenarios. This limits the available
spatial diversity of VLC MIMO systems. The other challenge
in VLC MIMO is the design of the receiver as we discuss next.

1) MIMO Receiver: As we discussed in Section I, there can
be two types of receivers in VLC MIMO systems—photodiode
and image sensor. The performance of the system depends on
whether imaging (image sensor) or non-imaging (photodiode)
receiver is used [84].
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TABLE VIII
MAJOR MODULATION SCHEMES AND THEIR CHARACTERISTICS
Modulation Data Rate Dimming Support | Flickering Issue | Comments
OOK Low to moderate Yes High Low-complexity transceiver design
PPM Moderate Yes Low Maximum spectral efficiency with MEPPM
OFDM High No Low Complex design due to LED non-linearity, MIMO support
CSK High Yes Low Requires RGB tri-LED, improved multi-user access

Non-imaging receiver in a MIMO system is a set of
independent photodiodes each with its individual concentrator
optics. The advantage of such a receiver is that a very high
gain can be achieved due to narrow FOV of each photodiode.
The disadvantage, however, is that such a receiver requires
careful alignment with the transmitters because of the narrow
FOV, and the capacity can reduce dramatically even with minor
misalignment.

Imaging Receiver: Since an image sensor contains a projec-
tion lens and a large matrix of photodiodes, it has the potential
to create a high data-rate MIMO link. The projection lens
ensures a large FOV which nearly eliminates the alignment
requirement. The disadvantage of such as a receiver is that
individual photodiodes have limited gain and advance image
processing is required to create an efficient MIMO channel.
Also, the sampling rate of the image sensor is comparatively
lower further reducing the achievable throughput.

The channel models of both imaging and non-imaging re-
ceiver MIMO, and their relative benefits and limitations were
presented in [84]. It was shown in [85] that an “ideal” MIMO
receiver can be a hybrid of imaging and non-imaging sensors
which can achieve high gains of LOS paths using narrow FOV
like photodiodes and can be robust by leveraging non-LOS
paths whenever needed like an image sensor. Authors in [86]
proposed the design of a spherically-shaped receiver that is
made of a large number of photodiodes. Each of the photodiode
has a narrow FOV and points in different direction in the
room. The photodiodes pointing to transmitter LED can receive
the signal with high gain while other photodiodes pointing to
other directions can establish non-LOS channels to increase
spatial diversity. However, using such a receiver incurs cost for
additional hardware. Instead, authors in [87] proposed a way to
improve the lower sampling rate of the image sensor. A token-
based pixel selection method was proposed where instead of
conventional row-scanning approach, only the pixels of interest
are selectively scanned to improve the sampling rate.

2) VLC MIMO Techniques: There are three types of VLC
MIMO techniques proposed in literature [88].

Repetition Coding (RC): This is the simplest technique
where the same signal is transmitted from all the transmitters.
The transmitted signal from all LEDs meet constructively at the
receivers increasing the overall gain.

Spatial Multiplexing (SMP): In SMP, different data is trans-
mitted from each transmitter to a receiver photodiode. With
multiple transmitters and receivers, this type of MIMO creates
multiple parallel SISO streams. The challenge is that receiver
photodiodes have to be accurately aligned to the transmitters
to avoid any inter-channel interference. SMP MIMO for optical
channels has been studied in some of the early works [89]-[91].
In [89], [91], authors proposed optical wireless MIMO com-

munication with subcarrier multiplexing where zero forcing
was utilized to cancel the interference from other transmit
antennas. It was shown that for the transmitter semi-angle
more than 20°, the transmitter-receiver separation should be
more than 1.5 meters for lower BER. The impact of optical
beat interference on OMIMO scheme of [89] was studied in
[90]. Optical beat interference is the signal degradation caused
by multiple transmitters transmitting simultaneously on nearby
wavelengths.

Spatial Modulation (SM): This MIMO technique was pro-
posed by [92]-[95] where only one transmitter transmits data
at any point of time. The constellation diagram is extended to
include the spatial dimension. Each transmitter LED is assigned
a specific symbol and when data bits to be transmitted matches
the symbol, the LED is activated. The receiver estimates which
LED was activated based on the received signal, and uses this to
decode the transmitted data. Since the data is encoded in both
spatial and signal domain, SM achieves much higher spectral
efficiency compared to other techniques.

A comparison of all the three MIMO techniques were pro-
vided in [88]. It was shown that RC is less restrictive in terms of
its requirement for transmitter-receiver alignment but provides
only a limited spectral efficiency. SMP, on the other hand,
requires more careful alignment of transmitter-receiver but also
provides higher data rates compared to RC. SM achieves the
best of both worlds by being robust to correlated channels and
providing higher spectral efficiency. Also, it was shown in [96]
that imaging receivers can obtain much higher SNR when using
SM or SMP technique compared to the non-imaging receivers.

Due to its advantages over other MIMO techniques, SM has
been studied further in recent years. It was shown in [97],
[98] that power imbalance between the transmitter LEDs can
improve the performance of spatial modulation especially when
optical paths between the transmitter and receiver are highly
correlated. Authors in [99] studied the performance of spatial
modulation using an implementation of 4 x 4 MIMO system
and showed that the challenge in achieving higher throughput
with SM is to maintain symbol separation in the constellation
from the receiver’s perspective. Researchers investigated the
performance of spatial modulation in [100] when only partial
channel state information (CSI) is available and concluded that
highly accurate CSI estimation is necessary to realize the full
potential of SM. The use of generalized spatial modulation
was proposed in [97], [101]. Such modulation extends the
original scheme by allowing more than one transmitter to be
active during the a symbol duration. It was shown that due to
additional flexibility of activating multiple LEDs, the general-
ized scheme can achieve higher spectral efficiency compared
to the conventional scheme, however, at the cost of additional
complexity in constellation design.
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Fig. 17. VLC link layer topologies; reproduced from [8].

Optical MIMO for non-LOS diffuse links has not received
much attention. Authors in [102] showed how backward spatial
filter can be used for optical wireless MIMO in diffuse channels
(no precise alignment of transmitter and receiver). With user
movements, such diffuse channel are more likely in practical
scenarios and optimizing MIMO performance for such chan-
nels should be investigated further.

3) Optical Beamforming: Beamforming allows multiple
transmitters to concentrate their signal in a specific direction
based on the receiver location. This type of transmit beamform-
ing is well studied in RF communication and also utilized by
recent WLAN standards such as IEEE 802.11ac. Similar to
RF beamforming, emitting light from multiple LEDs can be
focused towards the receiver to create optical beamforming.
Recently, it was shown in [103] how light emitted from a single
LED can be focused in a specific target direction using Spatial
Light Modulator (SLM). SLM is an additional device that is
required to modulate the phase or amplitude of the visible
light signal. It was shown that significant SNR improvements
can be achieved by using the optical beamforming with any
modulation technique. Authors in [104] derived the transmit
beamforming vectors when multiple LEDs are used to perform
the optical beamforming. Optical beamforming can improve the
performance of a visible light communication link significantly,
however, there is only a limited amount of research done to-
wards this. Performing optical beamforming while meeting the
illumination constraints is an important direction for research
in VLC MIMO systems.

IV. LINK LAYER

When there exists multiple transmitter LEDs and receiver
devices connected to them, it is essential to control the medium
access, device association and device mobility. In this section,
we provide an overview of different techniques proposed in
literature to manage link layer services.

A. Medium Access Control (MAC)

The application scenarios of VLC can be used to identify the
link layer topologies that need to be supported by the MAC
protocols. IEEE 802.15.8 [8] proposes three types of link layer
topologies for VLC as shown in Fig. 17.

1) Peer-to-peer: The peer-to-peer topology involves one
device acting as a coordinator (or master) for the link
between two devices. Both devices can communicate
with each other since the client has an uplink to the
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Fig. 18. (a) IEEE 802.15.7 frame structure includes beacon, Contention-based
Access Periods (CAP) and Contention Free Periods (CFP). (b)—(d) Example
usage of frame structure in different topologies; reproduced from [8].

master. This topology is typically more suitable for high-
speed Near-Field Communication (NFC).

Star: In a start topology, there can be many client devices
connected to a master device which acts as the coordina-
tor. A typical use case of this topology is VLC wireless
access networks. The MAC design is especially challeng-
ing in the star topology due to many bi-directional links
in the same collision domain.

Broadcast: Different from the star topology, the client
devices in a broadcast topology can only receive data
from the master LED transmitter without forming any
uplink. Such topology can be used for broadcasting in-
formation via LEDs throughout the network. Since there
is no explicit association needed, the broadcast topology
simplifies the MAC design.

2)

3)

Three types of multiple access control (MAC) schemes are
proposed for VLC—Carrier Sense Multiple Access (CSMA),
Orthogonal Frequency Division Multiple Access (OFDMA)
and Code Division Multiple Access (CDMA).

CSMA: There are two types of random channel access mech-
anisms proposed by IEEE 802.15.7 standard. In the first type,
the beacons from the coordinator are disabled. Such beacon-
disabled random access uses an unslotted random channel
access with CSMA. Here, if a device wishes to transmit, it
first waits for a random back-off period and then senses the
channel to be busy or not, before transmitting. If the channel
is found to be busy, the device waits for another random period
before trying to access the channel again. In the second type
where the beacons are enabled, the time is divided into beacon
intervals. A superframe within the beacon interval contains
Contention Access Periods (CAP) and Contention Free Periods
(CFP) as shown in Fig. 18(a). If a device wishes to transmit,
it first locates the start of a next back-off slot and then waits
for a random number of back-off slots before performing Clear
Channel Assessment (CCA). If the channel is found to be idle,
the device starts to transmit. If the medium is found to be busy,
the device waits for additional random number of back-off slots
before performing the CCA again.

The beacon-enabled random access also contains contention
free period which consists of multiple Guaranteed Time Slots
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(GTS). This period is used by the coordinator to ensure medium
access to devices with delay or bandwidth constrained appli-
cations. Depending on the requirement, a coordinator can also
assign multiple time slots to one GTS. Fig. 18(b)—(d) show
how different types of slots are used for beacon-disabled access
in peer-to-peer topology, beacon-enabled access in star and
broadcast topologies respectively.

A preliminary version of CSMA/CA-based MAC was im-
plemented on a testbed by [105] with OOK modulation. The
CSMA/CA implementation was extended in [106] for cases
where different LED transmitters have different FOV. It shows
that when transmitters are heterogeneous, avoiding collisions
especially due to hidden terminals is a challenging problem.
It provides design and implementation of Request-To-Send/
Clear-To-Send (RTS/CTS) on OpenVLC platform (discussed in
Section V). Authors observe that when an LED OFF symbol
(logic “0”) is being transmitted by an LED transceiver A, the
receiver node B can use the same optical channel to transmit
information to the LED A at the same time, enabling a bidirec-
tional communication.

OFDMA: OFDMA is a multi-carrier multiple access scheme
where different users are assigned separate resource blocks
(set of subcarriers in time) for communication. Application of
OFDMA for multiple access in VLC is a natural extension to
utilizing OFDM for modulation in physical layer. Two varia-
tions of OFDMA were compared in [107] and it was shown
that power efficiency and decoding complexity are two main
challenges while applying OFDMA to VLC. Authors in [108]
proposed a heuristic solution to subcarrier allocation problem
in the case of interfering transmitters. Considering the spec-
tral efficiency of OFMA, further research is necessary to de-
sign power-efficient and interference-aware resource allocation
schemes for OFDMA. Authors in [109] proposed to use joint
transmission from multiple LEDs using OFDMA to improve
the SINR of the edge users in a room. It was shown that due to
intensity modulation of VLC systems, it is possible to achieve
much better coordinated multi-point transmission compared to
RF systems.

CDMA: Optical CDMA (OCDMA) relies on optically or-
thogonal codes to provide access to the same channel by
multiple users. The principle of optically orthogonal codes is
well-studied for the optical fiber networks [110], [111]. In the
OCDMA for VLC, each device is assigned a code (binary
sequence) such that the data can be encoded in time domain by
turning the LED ON and OFF [112]. These codes are referred
as Optical Orthogonal Codes (OOC) [110]. It was shown in
[112] synchronous OCDMA can be implemented using the
0OOC codes and OOK modulation with LED transmitters. A
limitation of this technique is that long OOC codes are needed
to ensure optimality, which in turn reduces the achievable data
rate of devices. Authors in [113] proposed to address this issue
using Code Cycle Modulation (CCM) where different cyclic
shifts of the sequence assigned to devices are used to transmit
an M-ary information. Since any cyclic shift of an OOC code
(with length L) is considered a symbol, the spectral efficiency
increases by a factor of log, L.

Authors in [114], [115] showed that the CCM OOC codes
can provide higher spectral efficiency, however, they are not
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suitable for providing dimming support. This is because to
achieve a different dimming level (different Peak-to-Average-
Power-Ratio (PAPR)), a new set of OOC codes are required to
be calculated. Two techniques have been proposed to address
this issue in [114] and [115]. In the first method, user’s encoded
binary sequence is multiplied by BIBD (Balanced Incomplete
Block Designs) codewords, and the results are added to gener-
ate a Multi-level MEPPM signal. This way, the dimming level
can be changed by changing the ratio of code-length to code-
weight of the BIBD code, without changing the OOC codes.
In the second technique, the BIBD codes are partitioned in
different subsets for different devices. The MEPPM scheme
is used to generate multi-level signals based on the assigned
subsets. Since this technique provides larger constellation size,
it can ensure higher data rate for each user.

It was also identified in [116] that when there are a large
number of devices sharing the channel access, the OOC codes
are difficult to generate. This has led to design of random
optical codes [116]. It was shown that the random codes are
not optimal, however, their ease of generation and ability to
support a large number of users in multiple access make them
a valid alternative. The performance of the random codes was
studied in [117] where the limits of their spectral efficiency was
also demonstrated. It was shown in [118] that the reflected light
inside a room can increase the inter-symbol interference of the
OCDMA system, and the performance degrades furthermore
as the number of users increase in the system. When utilizing
optical CDMA for multi-user access, authors in [119] proposed
a centralized power allocation algorithm that maximizes the
minimum SINR (Signal to Noise and Interference Ratio) of
all devices. This centralized algorithm achieves improved BER
performance, however, it requires all the LED transmitters to
communicate with each other, which might not be scalable due
to its computational complexity in a large indoor environment
with many LEDs and receivers.

Recently, CSK modulation with RGB tri-LED transmitter
has been combined with OCDMA to achieve multi-user VLC.
[120] and [121] showed how different CSK symbols can be
combined with the CDMA codes of users to simultaneously
transmit data to multiple devices. Lastly, authors in [122]
proposed a hybrid CDMA and OFDM scheme that can achieve
the advantages of both as previously suggested for RF commu-
nication in [123].

Multi-User MIMO (MU-MIMO): Advanced MIMO tech-
niques such as Multi-user MIMO (MU-MIMO) are still to
be designed and developed for VLC. Some early work such
as [124] studied the multi-user MISO (Multiple Input Single
Output) problem where multiple transmitter LEDs (connected
via power-line network in indoor environment) can coordi-
nate to transmit the data to different users while canceling
the inter-user interference using zero-forcing pre-coding.
Authors in [125] designed a precoding MU-MIMO VLC sys-
tem where block diagonalization algorithm was adopted to
eliminate multi-user interference. It showed that such precoding
reduces the receiver-side computational complexity and power
consumption. The SNR and BER performance of the scheme
were studied in [126] and the impact of receiver’s FOV was an-
alyzed. It was discussed in [127] that the block diagonalization
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algorithm for precoding results in performance uncertainty
and requires the number of receiving antennas (photodiodes)
to be no more than the transmitting antennas (LEDs in an
array). [127] proposed to use Tomlinson-Harashima Precoding
algorithm which is shown to achieve better BER performance
compared to the block diagonalization algorithm.

B. Cell Design and Coordination

Cell Design: The requirement of managing access to multi-
ple devices in VLC is different than other types of networks.
This is because the size of a cell can vary depending on how
illumination is provided. For example, it is possible that one
multi-LED luminaire on the ceiling provides illumination to
an entire room. In this case, the luminaire transmits data to
multiple users each possibly with multiple devices. We refer
to this type of cell as an attocell [128]. Based on the required
illumination, it is not difficult to see that radius of an attocell is
no more than 10 meters. The other type of cell is even smaller
in size where the luminaire provides illumination mostly for
personal usage. Such type of luminaires are commonly used to
brighten small spaces in homes and spaces such as desk lamps
etc. We refer to this type of cell as a zeptocell. The typical radius
of a zeptocell is no more than 5 meters and comparatively fewer
devices connect to a zeptocell.

Since multiple bright attocells are typically used for illumi-
nation of large indoor spaces, inter-cell interference is more
severe for attocells. For zeptocell, each luminaire has lesser
brightness compared to the luminaire of an attocell. Also,
the zeptocells are deployed relatively sparsely which means
that the inter-zeptocell interference is not as severe as inter-
attocell interference. The cell design for outdoor scenarios
is discussed in Section VI-B. In indoor spaces, a common
scenario that can emerge in future is when multiple zeptocells
are deployed within the range of one or more attocells. Such
a heterogeneous network (referred as hetnet) is analogous to
today’s cellular networks where many femtocells are deployed
within the range of a macrocell to meet the traffic requirement.
Important problems in such hetnet scenario are managing in-
terference between attocells and zeptocells, and determining
resource-aware association bias towards the zeptocells. Also,
since the primary purpose of installing luminaires is to provide
illumination, it is not clear that whether the resultant cell topol-
ogy is interference-optimal for the communication purpose or
not. Further investigation is needed to determine interference-
optimal cell topology which can maximize the throughput while
meeting the illumination requirements.

In some initial efforts to design VLC cells that provide
improved communication performance and also meet the illu-
mination constraints, [130] and [129] proposed a novel LED
arrangement design. It showed that SNR variation in a room
is significantly high when one LED luminaire is placed at the
center of the ceiling [23]. Although this is a common practice
for illumination, the differences in SNR can cause serious
performance degradation for the users at the edge of the room.
The SNR variation is shown in Fig. 19. Authors in [130], [129]
proposed to use 12 LED luminaires in a circle and 4 luminaires
on the corner (with the same total emitted power) as shown in
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Fig. 19. Rearranging LEDs can result in lower variance of SNR in an indoor
space; reproduced from [129].

Central
Controller

Fig. 20. Device mobility can be managed by the central controller that coor-
dinates the operations of VLC cells; reproduced from [8].

Fig. 19. It was shown that such an arrangement minimizes the
variance of received power at different locations in the room.
The choice of the radius of the circle of LEDs determines
the delay spread of the received signal that can be optimized
based on the spatial distribution of the receivers. In general,
further research is necessary to design LED arrangements that
can optimize communication performance while meeting the
illumination constraints for a variety of indoor layouts such as
homes, hospitals, shopping malls etc.

Cell Coordination: IEEE 802.15.7 [8] provides suggestions
for managing cell design and techniques to reduce inter-cell
interference. It assumes that the LED transmitters in an indoor
environment are connected to a central controller entity that can
coordinate the cell operations and device mobility. A device as-
sociates with a cell for which the signal strength of the beacon is
maximum among all the nearby cells. This is shown in Fig. 20.
The mobility management framework is similar to that of WiFi
or other cellular networks where a device handover occurs when
the device moves from one cell to the other. For managing the
inter-cell interference, the transmitters use frequency hopping
where the controller ensures that interfering cells do not use the
same frequency band at the same time. Note that the support
of frequency hopping depends on the capabilities of the LEDs,
e.g. if the LEDs are RGB LEDs, it is possible to provide many
color bands that can be used for hopping. The cell management,
mobility and inter-cell interference can be simplified with the
use of central controller, however, it is expensive to implement
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Fig. 21. Multiple LED transmitters can jointly transmit to receivers located in
the multi-point joint transmission region; reproduced from [131].

such a controller in practice due to higher deployment cost of
interconnects.

Inter-cell inference is known to be a challenging problem in
any type of cellular network design. From the perspective of
VLC, the inter-cell interference can cause much severe degra-
dation of SINR for the cell edge users. For example, in a room
that has two LED transmitters in two parts of the room, the
users in the middle of the room can experience very low SINR,
which in turn results in low data rate. One of the early solution
to the problem was proposed by [132] for infrared optical
communication where the cells were partitioned into clusters.
Different cells in a cluster used different frequency resources
that are orthogonal to the neighboring cells. The frequency
resources were reused between the clusters. The limitation of
this approach is that bandwidth available to each individual cell
is limited which reduces the achievable data rate. To improve
on such static resource partitioning, authors in [133] proposed
a dynamic resource allocation scheme where a channel resource
is dynamically assigned to devices based on current inference.
This scheme, however, incurs an overhead of additional uplink
communication that is necessary to acquire a channel resource.
Authors in [131] showed how multiple LEDs can transmit
simultaneously to the same receiver using Joint Transmission
(JT). It was shown that in order to synchronize the signals from
multiple LEDs, the transmitters can use different delay values
such that the signal is constructively at the receiver. The JT
technique was further improved by [109] where it was shown
that if the LED transmitters are made of an array of 7 LEDs each
pointing to different directions, the edge users can benefit from
joint transmission from LEDs of different luminaires. The joint
transmission region is shown in an example in Fig. 21. Due to
relatively smaller coverage of typical VLC cells, it is imperative
to design interference avoidance techniques that can ensure
high data rate communication even with dense deployment of
receivers.

V. SYSTEM DESIGN AND REPROGRAMMABLE TESTBEDS

In this section, we introduce the details of VLC system
architecture. Detailed understanding of the system components
can allow researchers to build a VLC platform that can be used
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to evaluate newly design protocols or techniques. We survey the
existing evaluation platforms that provide reprogrammability
and flexibility in VLC system design with the use of commercial
off-the-shelf hardware or software-defined radio platforms.

Fig. 22 shows a schematic diagram of a VLC system with
various components of the transmitter and the receiver. The
transmitter communication module is responsible for modula-
tion and digital to analog conversion of the data. The dimming
module maintains the desirable dimming level for the illumi-
nation. The driver circuit combines the analog input data for
communication and dimming control signal (DC power level),
and superimposes them to drive the LED. The visible light
signals emitted by the LED are then received by the photodi-
ode. Note that both LED and photodiode typically employ a
lens to achieve a specific FOV. The received signal is filtered
using an optical filter of specific wavelength and amplified.
The receiving communication module converts the received
analog signals to digital and demodulates them. If the com-
munication modules are software-defined, various modulation/
demodulation and MAC modules can be programmed and
evaluated. We next survey programmable VLC platforms that
are used in some of the recent research.

We first discuss the low-cost solutions for VLC prototyping.
We then provide how software-defined radios can be used
to create VLC transceivers which provide more flexibility in
design at a higher cost.

A. Low Cost VLC Prototyping Using Commodity Hardware

The objective of such VLC system design is rapid prototyp-
ing with low-cost off-the-shelf hardware.

OpenVLC is an open-source implementation for networked
VLC research [134]. It consists of one BeagleBone Black
(BBB) board [135] as the communication module which im-
plements PHY and MAC layer on Linux. The OpenVLC uti-
lizes a bidirectional front-end which can act as an LED and
a photodiode as well for transmitting and receiving the light
signals respectively. The transmitter and receiver mode can be
switched using a tri-state buffer in the front-end circuit. In its
current form, OpenVLC uses OOK modulation and Manchester
RLL coding at the transmitter. At the receiver, direct detection
is implemented to demodulate the OOK signals. The platform
has been used for evaluation of CSMA/CD MAC protocol in
[106]. Currently, OpenVLC can operate with limited wattage
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Fig. 23. VLC transmitter front-end with 20 LEDs providing 360° coverage;
image from [136].

LEDs reducing its communication range to be less than a meter
and throughput in range of tens of kbps.

Similar to OpenVLC, a low-cost embedded evaluation board
(Atmel ATmega328P [137]) was used in the design of LED-
to-LED communication in [105]. A 2-PPM based PHY and
CSMA based MAC was developed to run on the embedded
boards. In the testbed used in [134] and [105], the FOV of
the LED is limited to the direction of LED’s central axis. This
limits its coverag\textbackslash e to a specific direction. This
limitation was overcome by [136] where authors designed an
LED front end with 20 LEDs as shown in Fig. 23. In the design,
the LEDs are equally spaced to provide coverage in 360°. The
advantage of such front-end is that a VLC node with multiple
LEDs can communicate with multiple other nodes in differ-
ent directions, enabling a multi-hop network of visible light
communication nodes. The developed front-end is based on a
bread-board which can interconnect with popular low-cost eval-
uation boards such as BeagleBone [135], Raspberry Pi [138],
Arduino [139] etc.

As mentioned before, these prototyping allow faster devel-
opment of VLC system at a lower cost which is sufficient in
many research and commercial applications. However, their
performance is often limited by the hardware (processor, ADC-
DAC speeds, LED frequency etc.), which makes them more
suitable for low data-rate applications. The reconfigurability of
such platforms is also limited as implementation of different
PHY or MAC requires significant modifications to hardware
and software design.

B. VLC Prototyping With Software-Defined Radios

The use of software-defined radios allows redesigning var-
ious communication modules (PHY, MAC etc.) with much
greater flexibility. They are more suitable for high data-speed
applications and realistic evaluation of various PHY protocols.

Software-Defined VLC with WARP utilizes WARP platform
boards [140] developed at Rice University as the software-
defined communication module. The WARP platform has been
used widely in RF system implementation and evaluation due to
its flexibility and extensibility. A WARP-based VLC platform
which was recently proposed by [141] is depicted in Fig. 24.
Here, the OOK modulation and demodulation modules are
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Fig. 24. Architecture of the VLC software-radio prototype; reproduced
from [141].

implemented on the WARP boards. The ADC/DAC module is
interfaced with the WARP board. On the transmitter side, the
analog signal and the DC input are combined using a Bias
Tee implemented on the driver circuit. On the receiver side,
the driver circuit implements the filter and amplifier, while the
ADC converts the signal to digital domain and inputs them to
the WARP module. Similarly, authors of [142] demonstrated
the implementation of ACO-OFDM and DCO-OFDM for VLC
using the WARP boards. The WARP boards can be an ideal
platform for developing a hybrid VLC-RF system as shown in
[143]. With the use of different FEC codes, [141] showed to
achieve a data rate of 4 mbps using OOK.

The combination of GNU Radio [144] and USRP (Universal
Software Radio Platform) [145] is another popular software
platform widely used for RF research. [146] developed a VLC
system utilizing the USRP and GNU Radio software. BPSK,
QPSK and 2048 FFT length OFDM modulation schemes were
implemented in the testing, and 2 Mbps data rate was achieved
in the OFDM case. Further, authors in [147] extended the VLC
system by introducing an adaptive modulation for dynamic illu-
mination that can dynamically modify the modulation schemes
in order to meet both the data communications and illumination
requirements of a dual-use VLC system.

The advantage of using software-defined radios is that they
provide improved flexibility because various PHY and MAC
modules can be implemented in software. Also, higher pro-
cessing capacity of the software-defined platforms can provide
high data-rates which is necessary for evaluating VLC in access
network scenarios.

VI. SENSING AND OTHER APPLICATIONS

The image sensor receiver available on today’s mobile de-
vices enables a new direction of research where VLC can be
combined with mobile computing to realize novel forms of
sensing and applications. This sections provides an overview
of such sensing and communication applications.

A. Indoor Localization

Location-based services have observed tremendous growth
in last few years. Mobile device localization in outdoor sce-
narios largely depend on Global Positioning System (GPS).
However, the GPS does not work indoors, requiring alternative
ways of localizing devices. Among the alternatives, WiFi-based
indoor localization has proven to be most attractive where
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existing WiFi AP deployment is leveraged to identify client’s
location. Although low-cost, WiFi-based indoor localization
offers lower accuracy (refer to [148] for overview), and com-
plex multi-path cancellation techniques [149] are required to
improve the accuracy.

Similar to WiFi-based localization, indoor visible light com-
munication system can also be leveraged for accurate localiza-
tion. The advantage of using VLC over WiFi for localization
is that typically there are many more LED luminaires in a
building compared to the number of WiFi APs. It was observed
in [150] that there are 10 times more LED luminaires than the
number of WiFi APs in a typical indoor building. This higher
density can allow more accurate triangulation of the mobile
device resulting in higher accuracy. Epsilon [150] presented
the first practical visible light localization system. In Epsilon,
the mobile device performs receiver side localization by re-
ceiving the light beacons from LED sources. Each LED source
broadcasts a beacon with identity and location information. To
avoid collisions between the beacons of uncoordinated LED
sources, a distributed channel hopping is utilized. The receiver
(a photodiode) on a mobile device receives the beacon from
multiple sources. It utilizes the RSS values of received beacon
to estimate the distance from the received to the LED source.
Based on the distance estimates, the receiver uses trilateration
to obtain its own location. Additionally, if the receiver can see
less than 3 LED sources, the user can actively move the device
to increase the visibility. It was shown that Epsilon can achieve
the location accuracy of ~0.4 meters—compared to 3—6 meters
accuracy achievable in WiFi-based schemes [148].

Another practical visible light localization approach was pre-
sented in Luxapose [151]. Different from Epsilon, in Luxapose,
the receiver is considered to an imaging sensor such as the
smartphone camera. The user takes an image of LED luminaires
using the camera. The image is then analyzed to detect the
beacon information broadcast by the luminaires and the angle-
of-arrival (AoA) of the beacon. Based on the orientation of the
smartphone camera, angle-of-arrival from the luminaires is then
used for triangulation to localize the receiver device. Luxapose
to shown to achieve localization accuracy of ~0.1 meters.
Similar to Luxapose, it was shown in [152] how an imaging
sensor can be used to receive from multiple luminaires each
of which creates a visual landmark. Other variations of visible
light localization include [153] where both RSS and AoA
are used for two-phase hybrid localization. Authors in [154]
showed that 3-D localization with sub-centimeter accuracy is
also feasible using multiple tilted receivers.

With very high accuracy and ability to leverage the existing
lighting infrastructure, visible light localization will on the fore-
front of future location-based services. Commercial products
such as ByteLight [155] are already being available for retail
markets.

B. Screen-Camera Communication

In this section, we take a look at a special application of VLC
where an LCD screen and a camera sensor can communicate
for device-to-device communication. LCD screens and cameras
are widely used in today’s mobile devices such as smartphones,
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laptops, etc. In infrastructure-to-device communication which
we discussed in previous sections, LED luminaire serves a
dual purpose of illumination and communication. On the other
hand, screen-camera communication is a form of device-to-
device communication where information can be encoded in
display screens of smartphone, laptop, advertisement boards
etc., and another device with a camera sensor can capture the
screen and decode the data using image analysis. Due to the
short wavelengths and narrow beams of visible light, LCD
screen—camera links are highly directional, low-interference
and secure. It was first identified in [156], [157] through anal-
ysis and experiments that such links are capable of achieving
hundreds of kbps to mbps of data rates. However, there are three
main challenges in such links as described in [158].

e Perspective distortion is a common phenomenon in
daily life. When we take a look at an image on a rect-
angular screen from a certain angle, the image on the
screen appears more like a trapezoid. In particular, we ob-
serve that some pixels shrink, while others expand. This
same phenomenon is also observed in screen-camera
links where some pixels have better visibility than others
improving their communication reliability.

e Blurring occurs when the camera moves while capturing
the display. The result of blurring is out-of-focus images
where some pixels are blended together. In the fre-
quency domain, blur can be considered a low-pass filter
where high frequency attenuates much more than the low
frequency [158].

e Ambient light is a source of noise which changes the
luminance of the received pixels. This can cause errors
in the information encoded in the pixels, resulting in
information loss at the receiver. In frequency domain,
since ambient light changes the overall luminance, it can
be considered the DC component.

To solve these problems, inspired by traditional OFDM
modulation scheme in RF, PixNet [158] proposed to encode
the information in two-dimensional spatial frequencies. The
main components of PixNet include a perspective correction
algorithm, blur-adaptive OFDM coding and a ambient light
filter. The blur-adaptive OFDM coding is introduced at the
transmitter where bits are first modulated into complex num-
bers and then broken down to symbols, then the symbols are
arranged in a two dimensional Hermitian matrix that guarantees
the output is real. The transmitter treats different frequencies
differently. Since the blur attenuates the high frequencies of
an image, the information is transmitted through low frequency
and protected with a Reed Solomon error correcting code. The
RS code operates on a block size of 255 and 8 bits elements in
one block. Ambient light filter at the receiver can directly filter
the zero frequency caused by the ambient light. Perspective
correction algorithm is partially implemented at the transmitter
and partially at the receiver. It allows the PixNet system to work
with an irregular Sampling Frequency Offset (SFO) caused by
the perspective distortion, and use the SFO to re-sample the
information at right frequencies to correctly recover the bits at
the receiver.
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Fig. 25. Example of 2D COBRA barcode; reproduced from [159].

Another approach for screen-camera communication was
presented in COlor Barcode stReaming for smArtphones
(COBRA) [159]. COBRA is designed to achieve one-way com-
munication between small size screens and low-speed cameras
of smartphones using 2-D color barcodes. At the transmitter, a
header and the CRC checksum are added to the original data.
Then each byte of the data block is mapped to a certain color
to generate a color barcode that can be displayed on the screen.
The novel 2-D color barcode is shown in Fig. 25. The barcode
contains three types of areas—corner trackers, timing reference
blocks and code area in the center. The corner trackers are
used to locate the barcode on the screen using green and red
blocks at top-left and bottom-right corner respectively, and blue
blocks at the other two corners. The corner trackers can then
be used by the camera to detect the black and white timing
reference blocks. These timing blocks are used as reference
for detecting the data blocks in code area. In the code area,
the data (header, payload and CRC checksum) is encoded by
a sequence of color blocks in the code area. For example,
assuming red, green, blue and white colors represent 00, 01,
10, and 11 respectively. In this way, a byte with value of
10110001 can be encoded as “blue white red green.” At the
receiver, COBRA includes a pre-processing component which
selects the best quality for each barcode for further processing
and a code extraction component which decodes the original
information. The COBRA is successfully implemented on An-
droid smartphone, and experimental results show that COBRA
can achieve a throughput of upto 172 Kbps (much higher than
PixNet’s throughput of < 10 Kbps).

The limited available throughput in screen-camera links was
further improved by LightSync. [160]. Authors identify that
improving the frame synchronization between the transmitter
and receiver can nearly double the achievable throughput. In
LightSync, linear erasure coding is used to recover the lost
frames and color tracking is used to decode the data correctly
from imperfect frames. Another coding scheme referred as
Styrofoam [161] addressed the problem of inter-symbol in-
terference due to lack of synchronization by inserting blank
frames in the code pattern. Further, authors in Hilight [162]
introduced a new scheme for screen-camera communication
without any coded images. Leveraging the properties of or-
thogonal transparency (alpha) channel, HiLight “hides” the bits
by changing the pixel translucency instead of modifying the
RGB color. Experimental results demonstrate the feasibility
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of HiLight’s by using the off-the-shelf smartphones. Because
screen-camera link is inherently unidirectional, [163] added
reliability to the communication using tri-level error correc-
tion through packet-frame-block structure. Similarly, authors in
[164] proposed variable rate screen-camera links where instead
of all-or-nothing detection, various intermediate resolutions of
camera can allow lower data rate (analogous to rate adaption of
RF links). The proposed layered coding is shown to achieve
improved reliability at larger distances with minor penalties
in throughput. With increasing popularity of screen-camera
links for near-field communication, it has become necessary
to address the security aspects of the channel. Authors in
[165] showed why is it difficult to secure the screen-camera
communication, and proposed enhancements by manipulating
the screen viewing angles and user motion tracking.

C. Vehicular Communication

In this section, we review the application of VLC in the
vehicular communication. As the VLC based vehicular com-
munication systems are used in the outdoor scenario, they
have one distinguishing characteristic compared to the indoor
applications, namely the non-negligible ambient light interfer-
ence due to background solar radiation and other light sources,
such as the road light, the building lights, etc. Most of the
VLC vehicular communication systems address the problem
and present ways to mitigate the effects of intense ambient
interference.

The VLC applications for vehicular communication fall into
two categories: Vehicle to Infrastructure (V2I) and Vehicle
to Vehicle (V2V). For the V2I applications [166]-[168], they
focus on utilizing the traffic related infrastructure, such as traffic
light, street light etc. to communicate useful information. There
are two types of cells in V2I communications. In the first
type, the street lights whose primary purpose is to provide
illumination can be used for data communication with cars or
pedestrians. Such VLC cells can typically provide coverage
in 50-100 meters range. The other type of outdoor LEDs are
traffic signaling LEDs that can communicate with cars. Since
their primary purpose is not illumination and because they
are always ON (even when there is sunlight), they are more
suitable for applications such as vehicle safety, traffic informa-
tion broadcast etc. On the other hand, the illumination LEDs
are available on streets even where there are no traffic lights,
making them more suitable for high-speed Internet access type
of applications. For the V2V applications [169]-[172], they
mainly work on exploiting the headlights and taillights on
automobile as transmitter, and the photodiode or image sensor
as the receiver to provide reliable communications between
vehicles.

For the VLC based vehicular communication systems, both
types of receivers—the photodiode [169], [171], [172] and the
image sensor [166]-[168], [173], [174] are used. Compared
with the photodiode, if there are different light sources and
each signal is modulated individually, the image sensor can
recognize all of them simultaneously and achieve the parallel
data transmission. Another advantage of the image sensor is
that it is more resistant to the light interference. Since most
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mobile phones have an integrated camera sensor which makes
it an attractive choice for vehicular applications. However, most
image sensors are limited by the rolling shutter scheme which
means they can not capture the whole scene instantaneously
but scan it vertically or horizontally. This limits the sampling
rate for receiving data. On the other hand, the photodiode can
support higher data rates at lower cost, which enables it as
receiving devices for economic systems.

A V2I system was presented in [166] which adopts the
high-speed camera deployed on the automobile to efficiently
and accurately receive the signal from traffic lights. If the
camera is far from LED traffic lights, it is hard to differentiate
each individual data pattern sent out by the LED because
of reduction of pixel size and de-focusing of the LED data
pattern. Hence, the high spatial frequency components of data
pattern are often lost. However, the low frequency components
remain in the pixels, which means that the high-speed camera
can receive the low-frequency LED data pattern contained in
these pixels, even if the camera is far from the transmitter.
To utilize these channel characteristics, the authors proposed
a hierarchical transmission scheme which injects high priority
data to low frequency components and low priority data to
high frequency components to guarantee the high priority data
can be received even when the camera is far away from the
LED traffic lights. When the car approaches the LED traffic
light, it can receive the low priority data in the low frequency
components.

To enable the VLC vehicular communication (VZLC), two
primary key elements should be examined: (i) the feasibil-
ity of V2LC networks in the working condition which ex-
periences noise and interference from solar radiation and
other light sources; (ii) the capability of VZLC networks to
provide efficient services to support vehicular applications.
Liu et al. [169] suggested additional services feasible with
V2LC such as vehicle-to-vehicle broadcasting, infrastructure-
to-vehicle broadcasting, etc. After examining the ability of
V2LC to satisfy the requirements of vehicular applications,
they find V2LC could achieve efficient communication in the
dense vehicular traffic condition. V2LC is more resilient to the
background noise from solar radiation (the diffused sunlight),
but is much more susceptible to the direct sunlight. Besides, the
nocturnal noise coming from idle VLC transmitters as well as
legacy lights with no data transmission abilities has very limited
impact on V2LC, which means V?LC is robust to this kind of
noise.

One of the most important purposes of vehicular communi-
cation systems is to provide road safety. Dedicated Short-Range
Communication (DSRC, which utilizes the 5.9 GHz radio
spectrum) is usually regarded as the most promising technology
to support V2V communication. A comparison between DSRC
and VLC was presented in [173], and following advantages of
VLC over DSRC were outlined

e Lower complexity and cost: Due to the much smaller
multipath effect, the design of VLC transmitter is much
easier than the RF transmitter. Also, the LED lights
already exist in auotomobiles, while RF based systems
incur additional cost of deploying the equipment.
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e Scalability: The RF based V2V communication scales
poorly when the vehicle density increases in the com-
munication range, but for VLC, only the vehicles in the
LOS are in the same contention domain, which means
they experience much less interference.

e Positioning capability: RF based positioning schemes
can not provide sub-meter accuracy. The VLC provides
a promising way to perform relative positioning with
sub-meter accuracy due to the high directivity of visible
light.

e Security: In the VLC scenario, if an attacker tries launch
an attack, it must be within the LOS range of the victim,
which means the attacker will be exposed with higher
possibility. Hence, compared to the RF communica-
tion, VLC also provide a better security in vehicular
communication.

With the communication and positioning capabilities of
VLC, it is possible to accurately construct a map of vehicle’s
surrounding as shown in [171], [172]. Based on the map, a car
can not only obtain the distance from other cars, but it can also
broadcast its real-time speed to the neighbors through the head-
light and taillight. Other vehicles receiving this information can
adjust their speed accordingly (especially useful for self-driving
cars) to maximize the fuel efficiency and minimize the chances
of collisions.

D. Human-Computer Interaction (HCI) Using Visible Light

There is a growing interest in utilizing the wireless com-
munication systems for enabling improved HCI. Recently, RF
communication systems, especially WiFi, has been extended to
perform motion detection [175], gesture recognition [176] and
efficient input detection [177]. Visible light-based interaction
systems are well-studied in research and many similar commer-
cial products are available already. For example, optical mouse
utilizes LEDs and photodiodes to detect fine-grained motion.
Similarly, Kinect [178] system uses a combination of infrared
and visible light to perform accurate 3D-gesture recognition.
However, the problem with such 3D-gesture recognition sys-
tems is that they are expensive mostly because they require
sophisticated image sensors along with advanced graphics tech-
niques to process the captured images.

Some recent research has proposed inexpensive means of
providing richer HCI using visible light. Authors in [179]
showed that human presence or motion causes changes in the
electromagnetic field around the fluorescent lamp. This changes
result in variations in home/office power-line network, hence
the gestures can be recognized by another pluggable module
anywhere on the power-line network. Similarly, it was demon-
strated in [180] how LEDs can be used to receive the visible
light (like a photodiode) and applied it to different sensing
applications. PICOntrol [181] showed how a pico-projector
can be used to emit visible light and enable remote control
to any device that has a simple embedded control unit. The
projected light on the sensor unit provides a GUI where user can
provide various commands to control the physical object. Okuli
[182] presented a system where user’s finger can be precisely
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located within a small workspace using an LED and two
photodiodes, allowing the user to interact with mobile/wearable
devices with small form-factors. Authors in [183]-[185] de-
signed techniques where user’s gesture and complete skeleton
posture can be reconstructed using her shadow (detected via
photodiodes on the floor) to enable a variety of applications
in smart-spaces and person identification. As LEDs become
prevalent, and more and more photodiodes/image sensors are
deployed in indoor environment, visible light sensing and ges-
ture recognition have the potential to solve many contemporary
HClI-related challenges.

VII. SUMMARY AND CHALLENGES

Visible light communication has the potential to provide high
speed data communication with improved energy efficiency
and communication security/privacy. With looming crisis of RF
spectrum shortage, VLC can become a practical augmentation
technology for the existing RF networks. Increasing interest
from research community and industries as well the standard-
ization efforts such as VLCA and IEEE 802.15.7 show that
VLC can be successfully commercialized in coming years.

In this survey, we provided an overview of literature covering
visible light communication, networking and sensing. We first
discussed various components of a visible light communi-
cation system including LED design and type of receivers.
We then provided a comprehensive survey of VLC commu-
nication channel model and its propagation characteristics.
This included a discussion of path loss, multi-path, SNR and
shadowing. With this understanding of channel propagation,
we provided a survey of VLC physical layer modulation tech-
niques. We discussed how different modulation techniques
should be able to provide dimming support and minimize
flickering effect while maintaining higher spectral efficiency.
This included a discussion of four major modulation techniques
(OOK, PPM, OFDM and CSK). It was shown that due to
their higher data rate capacity, OFDM and CSK are likely to
be play an important role in future VLC broadband access
networks. Additionally, feasibility of VLC MIMO as shown
in literature ensures further data rate enhancements. This was
followed by a survey of link layer protocols for VLC. An
elaborate discussion on current CSMA, OFDMA, CDMA and
MU-MIMO protocols was provided. We covered a variety of
inter-cell interference management techniques, and highlighted
the importance of techniques such as LED rearrangement and
joint transmission. A review of existing VLC system platforms
that provide reprogrammability and flexibility of implementa-
tion was then provided with a discussion on low-cost platforms
as well as software-defined platforms. We then provided a
detailed survey of an interesting upcoming field of VLC sensing
where literature on visible light localization, screen-camera
NFC, vehicular networking and VLC-assisted HCI techniques
was reviewed.

Based on the review of current literature on VLC, we now
outline the important challenges that need to be addressed in
near future. Solving these challenges are essential so that VLC
can be deployed in practice as a high-speed mobile networking
technology.
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A. FOV Alignment and Shadowing

The techniques of achieving high data rates in VLC links pri-
marily assume an LOS channel where the transmitter and the re-
ceiver have aligned their field of views to maximize the channel
response. However, in more practical scenarios, receiver move-
ment and orientation changes are common. For example, in
VLC-based indoor access network, user’s smartphone equipped
with a light sensor can move and rotate based on user’s actions.
This means that receiver’s FOV cannot always be aligned with
the transmitter. As we saw in Section III-A, the drop in received
optical power can be significant due to such misalignment. It is
necessary to design techniques that can ensure high data rates
even in the presence of FOV misalignment cases. This requires
design and development of methods that can provide graceful
degradation in data rate using the optical power of reflected
light. Designing such techniques is extremely challenging and
is an important direction of future research.

Apart from the FOV alignment, another critical limitation
is imposed by shadowing events. When an object or human
blocks the LOS, the observed optical power degrades substan-
tially, resulting in severe data rate reduction. As discussed in
Section III-A5, limited research is done to understand/model
the effect of shadowing events on VLC. When the LOS is
blocked by a shadowing event, it is not only necessary to exploit
the reflected optical power of the diffuse channels but it also
necessary to do so in a timely manner as typical blockage
events can be of very short duration (e.g. human passing by).
Thus, it is imperative to design techniques that can quickly react
to changes in received power due to FOV misalignment and
shadowing.

B. Receiver Design and Energy Efficiency

Current VLC receivers either use a photodiode or an imaging
sensor for receiving the VLC signals. The use of photodiode
is more suitable for stationary clients where its FOV can be
aligned to the LED fixture for high received optical power.
On the mobile devices, the imaging sensor can be used since
they have comparatively larger FOV (due to wider concentra-
tion lens), making the mobile device a little more robust to
movements and FOV misalignment. However, due to a large
number of photodiodes, operating imaging sensor is slow and
energy expensive. This can significantly slow down the overall
achievable data rate. This is natural given that imaging sensor
was primarily designed for image and video capture, and not for
the communication. Thus, it is challenging to design a receiver
that can provide robustness to device movements and FOV
misalignment. The receiver should also operate with low energy
consumption to be useful on battery-powered mobile devices
while providing high-speed visible light communication.

C. LED to Internet Connectivity

In order to create a VLC-based broadband access network,
it is necessary to connect the LEDs to Internet. Because the
deployment of LEDs (for illumination purposes) is likely to
be very dense, it becomes a challenging problem to connect
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the large number of LEDs to Internet. The cost of deploying
wired infrastructure (e.g. Ethernet, fiber etc.) can be very high,
which in turn can cancel the benefits of reusing the LEDs
for communication. Providing wireless connectivity is feasible,
however, with dense deployment of LEDs, the interference of
wireless connections can be a limiting factor. This can reduce
the achievable Internet data rate for the LEDs. In some recent
work, power-line communication has been proposed in [186]
as a way to interconnect LEDs. The power-line communica-
tion provides an attractive choice as it can reuse the existing
power line network for communication without additional cost
of cable deployment. However, the use of power line incurs
cost overheads of using Ethernet-to-power modem and power-
to VLC modems. Apart from this cost, the performance and
coverage issues [187] of power line communications should be
addressed for successful power-line and VLC integration. There
is a scope for designing novel techniques that can provide high-
speed Internet connectivity to the LEDs at low cost.

D. Inter-Cell Interference

The dense deployments of LEDs can provide higher ca-
pacity due to smaller cell radius. However, as discussed in
Section IV-B, the VLC small cell architecture puts forward a
challenge of managing inter-cell interference. On one hand,
visible light communication provides less interference since
the visible light is blocked by walls which naturally restricts
its propagation to rooms in indoor spaces. On the other hand,
the LEDs inside a room (in the same collision domain) can
cause severe interference to each other, and the performance
can degrade due to low SINR. The problem can be solved by
employing various techniques such as network MIMO, joint
transmission and LED rearrangement. In network MIMO and
joint transmission, the interfering LEDs can coordinate their
transmissions via interference nulling or synchronization to
ensure high SINR at the receivers. Another method to com-
bat the interference is to rearrange the LEDs such that their
mutual interference is less. For this method, systematic design
and analysis are required for optimizing the communication
performance while meeting the illumination constraints.

E. Uplink and RF Augmentation

Almost all current research in visible light networking fo-
cuses on downlink (from LED luminaire to photodiode/image
sensor receiver) traffic without taking into consideration how
the uplink can operate. Although efficient LEDs are incorpo-
rated in today’s mobile devices as camera flashlight or notifica-
tion indicator, they can not be used directly for communication.
This is because constantly turning on the LED not only con-
sumes significant energy for mobile devices but it also causes
visual disturbance to users while using the devices. Also, VLC
uplink requires that user’s mobile device maintains a direc-
tional beam towards the receiver which can result in significant
throughput reductions when the mobile device is constantly
moving/rotating. To address these challenges, use of other types
of communication has been proposed where RF [188]-[190] or
infrared [191] can be used for transmitting uplink data.
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RF-based uplink transmission is an attractive alternative con-
sidering that WiFi is already omni-present especially in indoor
environments. Operating VLC small cells under the coverage of
WiFi cells (larger range) also ensures that clients have uninter-
rupted connectivity when VLC communication is not available
(e.g. night time, blockage etc.) Utilizing 3G and 4G cellular
networks such as LTE is also feasible, however, they impose ad-
ditional challenges when the indoor wireless network provider
is different than the cellular network provider. Utilizing dif-
ferent communication technologies for uplink and downlink
gives rise to heterogeneous networks (HetNets) [192]-194].
Such networks impose additional practical challenges such as
complex network management for multi-homed clients [195],
throughput asymmetry issues for transport layer [196], link-
layer packet loss management and reliable data delivery etc.
There is only a limited amount of research done in asymmetric
and heterogeneous networking. In order to build robust high-
speed HetNet of VLC and REF, it is crucial that these challenges
are resolved.

F. Mobility and Coverage

In order for VLC to be a ubiquitous mobile technology, it
is necessary that it can provide uninterrupted and high-speed
connectivity in presence of user mobility within a VLC cell and
between the VLC cells. User mobility introduces novel issues
for VLC that are significantly different than RF. For example,
as shown in [141], even in a small VLC cell, the client SNR
varies dramatically (many times within the frame transmission
duration) when user moves within the cell. These fast variations
have to be accounted for when designing various link-layer
techniques such as rate adaptation, frame aggregation etc. In
many indoor places, LED deployment is intentionally made
sparser to leverage the existing sunlight. When using LEDs
for communication, it is necessary that sufficient coverage is
available in all areas of an indoor space. When VLC is used
as augmentation to RF networks, user mobility requires seam-
lessly managing horizontal (VLC to VLC) as well as vertical
(VLC to RF) handover of user devices.

Apart from these challenges, some recent research [197] has
shown the feasibility of eavesdropping on visible light com-
munication from outside a room using the light signals leaked
through the gap between floor and door, keyhole and even par-
tially covered windows. These early insights demonstrate that
further investigations are required to evaluate security/privacy
of VLC in access networks. The challenges described above
primarily stem from the use of mobile devices as receivers.
To successfully build and operate a VLC access network, it is
imperative to address the issues such as device movement, user
mobility and energy efficiency in the design. Most of the current
research in VLC has focused on physical and MAC layer
performance enhancements with stationary devices. Equipped
with these techniques, one of the most important direction
of future research in VLC is the urgent need to address the
issues that arise when utilizing mobile devices in VLC access
networks. As discussed before, researchers have already started
addressing these challenges, and more and more research is
likely to follow the direction in near future.
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