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Preface

In the last decade, the field of visible light communication (VLC) has evolved rapidly. Com‐
pared to the traditional radio frequency wireless communications (RFWC), VLC has many
advantages, such as worldwide availability, high security, large bandwidth, immunity to ra‐
dio frequency interference, and unlicensed spectrum. Due to its superiority, VLC has be‐
come a complementary solution to the overcrowded RFWC.

Having seen the rapid developments of VLC in recent years, I feel that there is a need for a
new textbook on this topic. This book intends to introduce the latest research progress in
VLC, which covers four important aspects of VLC: (a) the novel modulation techniques for
VLC, (b) the multiple-input multiple-output (MIMO) techniques for VLC, (c) the collabora‐
tive communication techniques for VLC, and (d) the practical applications of VLC. I have
tried to make the book as useful as possible as a resource for researchers, engineers, scien‐
tists, and students interested in understanding and designing VLC systems.

The book is organized into seven chapters and describes various topics related to VLC.
Chapter 1 investigates a low-complexity modulation technique—spatial modulation for VLC.
This chapter first introduces the principle of optical spatial modulation, and the error per‐
formance of optical spatial modulation is also analyzed. After that, comparison between op‐
tical spatial modulation and conventional modulation techniques is presented. In Chapter 2,
a real-time software-defined adaptive MIMO VLC is experimentally demonstrated. This
chapter shows the nonlinear modulation characteristics of the light-emitting diode in VLC,
including nonlinear electrical-optical characteristics, nonlinear modulation bandwidth, and
the effects of the nonlinear modulation on VLC performance. Then, the adaptive MIMO
VLC is proposed, and the experimental setup and results are presented. Chapters 3–5 focus
on the optical orthogonal frequency-division multiplexing (OFDM) techniques. Specifically,
Chapter 3 designs the transceiver for direct current-biased optical (DCO)-OFDM in MIMO
VLC. The model and the design for the conventional receiver in DCO-OFDM are first intro‐
duced. To suppress the clipping noise, advanced receiver design for DCO-OFDM is pro‐
posed. Then, the transceiver for MIMO DCO-OFDM is designed. Chapter 4 proposes an
index modulation-aided OFDM for VLC. The existing optical OFDM techniques are sum‐
marized. After that, the index modulation-aided OFDM for VLC is analyzed. The challenges
and opportunities are discussed for the deployment of index modulation-aided OFDM in
VLC systems. Chapter 5 investigates the peak-to-average-power ratio (PAPR) reduction
schemes for optical OFDM-based VLC. In this chapter, the Gaussian blur-based PAPR re‐
duction scheme and the OFDM pulse-width modulation (PWM)-based PAPR reduction
scheme are proposed to mitigate the PAPR. In Chapter 6, a collaborative VLC/infrared opti‐
cal wireless (IROW) system is proposed. This chapter introduces the imaging VLC system,
five IROW systems, and collaborative VLC/IROW system. Then, adaptive rate technique is



proposed to evaluate the performance of the imaging VLC system. Finally, in Chapter 7, VLC
is applied to the intelligent transportation system. The vehicular VLC (V2LC) is investigat‐
ed. The transmitter, the receiver, and the channel for the V2LC are introduced. Then, the
security implications of V2LC and the possible approaches to secure the vehicular commu‐
nication are studied.

I would like to thank all contributors of the book, who have made it what it is; without
them, the book would never have been realized. Many thanks are also directed to Prof.
Ming Chen and Prof. Jun-Bo Wang at Southeast University for introducing me to the area
and for fostering my early explorations in VLC. I also express my sincere gratitude to Prof.
Yongjin Wang at Nanjing University of Posts and Telecommunications for his support. The
book editor would like to acknowledge the open research fund of the National Mobile Com‐
munications Research Laboratory, Southeast University (No. 2017D06) and NUPTSF (No.
NY216009), the open research fund for Jiangsu Key Laboratory for Traffic and Transporta‐
tion Security (Huaiyin Institute of Technology) (No. TTS2017-03), and the open research
fund of Key Laboratory of Intelligent Computing & Signal Processing (Anhui University) for
their support of VLC-related research activities.

Finally, special thanks are extended to the publishing process manager Ms. Martina Usljebr‐
ka for her tremendous effort in organizing the logistics of the book, including the editing
and promotion that allowed this book to happen.

Dr. Jin-Yuan Wang
Nanjing University of Posts and Telecommunications

Nanjing, China
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Chapter 1

Spatial Modulation – A Low Complexity Modulation

Technique for Visible Light Communications

Hammed G. Olanrewaju,

Funmilayo B. Ogunkoya and Wasiu O. Popoola

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68888

Abstract

In visible light communication (VLC), the fundamental limitation on the achievable data
rate/spectral efficiency is imposed by the optical source, particularly the phosphor-
converted white light emitting diode (LED). These low-cost white LEDs favoured in
solid-state lighting have very limited modulation bandwidth of less than 5 MHz, typi-
cally. This imposes a severe limitation on the attainable data rate. This is recognised in
the literature and has led to the emergence of techniques such as multiple-input-multiple-
output (MIMO) VLC systems as a means of addressing this challenge. The MIMO
approach takes advantage of the multi-LED/multi-receiver structure to improve perfor-
mance. In this chapter, we shall be discussing spatial modulation (SM) as a novel low-
complexity MIMO technique for the VLC system. The SM technique exploits the spatial
location of the individual LED as an additional degree of freedom in data modulation.
Moreover, the chapter includes the comparison analysis of the SM technique with other
traditional methods of modulation such as on-off keying (OOK) and pulse position
modulation (PPM).

Keywords: spatial modulation, optical wireless communication, visible light commu-
nication, space shift keying

1. Introduction

The need for high data rate transmission to meet the demands of existing and emerging data-
intensive applications and services is one of the key elements driving the research in the area
of wireless communications access technology. Visible light communication (VLC) system,
with its significantly large inherent optical spectrum, is a promising technology capable of
delivering high data rates. However, one of its major drawbacks is the limited modulation

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



bandwidth of light emitting diodes (LEDs). This limitation prevents some of the conven-
tional wireless modulation techniques from fully exploiting the huge optical spectrum in
achieving high-speed communications. To fully utilise the inherent resources of VLC while
mitigating the effects of this limitation, a multiple-input multiple-output (MIMO) access
technique such as spatial modulation (SM) is an attractive option.

SM technique in VLC facilitates efficient management of the limited LED modulation band-
width in a power-efficient manner without sacrificing the complexity of the system. A study in
Ref. [1] proposed SM for optical wireless systems using the same principle of SM for a radio
frequency (RF) system [2]. One of the interesting features of VLC is the possibility of the system
to serve a dual function of data transmission by intensity-modulating LEDs alongside their
primary purpose of illumination. In practice, an LED luminaire usually has multiple LEDs used
for illumination due to the limited luminous flux of an individual LED. Thus, SM leverages the
spatial dimensions of these multiple LEDs as an additional degree of freedom for high data rate
transmission [1]. The information sequence to be transmitted is mapped to symbols chosen
from the signal constellation points of a digital modulation technique. The fundamental con-
cept of SM relies on these spatially separated LEDs considered as spatial constellation points,
which are utilised to convey additional information bits [3]. During a symbol duration, the
transmit bits are mapped to one of the spatial constellation points, thereby activating one
transmit unit only at a particular time instance. The strength of channel correlation between
the transmit-receive unit plays a significant role in the performance of the SM technique.
Hence, there is a need for intensive research on performance enhancement schemes of SM.

Various optical SM techniques in VLC reported in the literature to enhance the data rate include
spatial pulse position modulation (SPPM) proposed in Ref. [4], where a combination of space
shift keying (SSK) and pulse position modulation (PPM) is considered. The idea was later
generalised in Ref. [5] by activating multiple LEDs during each symbol’s duration in order to
increase the number of bits transmitted at a time instance. The use of optical space shift keying
(OSSK) [6], spatial pulse amplitudemodulation (S-PAM) [7], and generalised space shift keying
(GSSK) [8] to boost VLC spectral efficiency using SM has equally been investigated.

The focus of this chapter is to address the error performance challenges of SM in VLC. A detailed
description of the conventional SM and different variants of SM is presented. Analytical expres-
sions for the error performance evaluations of these variants are derived in the presence of VLC
channel impairments and additive white Gaussian noise (AWGN). These solutions are com-
pared with computer-based simulations to validate the closed-form expressions. Furthermore,
the attainable data rate using SM is quantified by comparing the spectral efficiency of SM with
the classical modulation techniques such as on-off keying (OOK) and PPM.

2. Principle of optical spatial modulation

2.1. Generation and detection

In a VLC system with Nt LED transmitting unit and Nr receivers (photodetectors (PD)), using
optical SM technique, only one of the LEDs is active during any symbol duration while the
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rest of the LEDs is idle. For applications in VLC, an idle LED is driven by only the DC bias
required to turn on the LED for illumination, while the active LED is driven by the sum of
the DC bias and a current swing whose magnitude is dependent on the digital signal
modulation imposed on the optical carrier. At the transmitter, the information bits to be
transmitted are grouped into data symbols, and the block of information bits in each data
symbol is mapped onto two information carrying units, namely spatial and signal constella-
tions points. The total number of bits transmitted per symbol is given by M ¼ log2ðLNtÞ,
where L denotes the number of the digital signal constellation points. The spatial modulator
at the transmitter maps the first log2(Nt) most significant bits of each symbol to the spatial
constellation point, which is used to select the LED that will be active, while the remaining
log2(L) bits are mapped to the signal constellation point. The signal constellation point is
conveyed by the transmitted digital signal modulation such as pulse amplitude modulation
(PAM) [9], PPM [4], and orthogonal frequency division multiplexing (OFDM) [10], among
others. For instance, if PAM is used for signal modulation, the signal constellation point
determines the intensity level of the optical signal that will be emitted by the active LED. As
an illustration, the encoding mechanism for an optical SM scheme with Nt = 4, L = 4, and M =
4 bits/symbol is shown in Figure 1. Considering the first data symbol which consists of bits
‘1101’, LED 4 is selected to be activated based on the first two most significant bits, ‘11’. The
remaining two bits, ‘01’, are encoded in the signal constellation point ‘S2’.

The signal emitted by the active LED propagates through the optical wireless channel. At the
receiving end, the radiated signal is detected by one or more PDs. The channel condition of
each transmitter-receiver path is described by the channel impulse response h(t), and this is
typically fixed for a specified configuration of the transmitter, receiver, and any intervening
reflectors [11]. Due to the differences in the spatial location of each LED, the optical signal
emitted by each LED experiences different channel conditions. That is, the channel imprints
a distinct signature on the signal emitted by a given LED, which makes it unique compared
to the signal emitted by other LEDs. Considering an optical MIMO system realised through
intensity modulation and direct detection (IM/DD), assuming line-of-sight (LOS) paths

Figure 1. An illustration of the encoding mechanism of an optical SM technique.
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between the transmitters and the receivers, with negligible temporal delay [7], the Nr � Nt

optical MIMO channel’s gain matrix H is given by:

H ¼
h11 h12 ⋯ h1Nt

h21 h22 ⋯ h2Nr

⋮ ⋮ ⋱ ⋮
hNr1 hNr2 ⋯ hNrNt

2
664

3
775 (1)

where hij is the channel’s path gain between the i-th PD and the j-th LED. Using the baseband
channel model for the VLC system, (Nr � 1)-dimensional vector of the received electrical signal
can be expressed as:

rðtÞ ¼ RHsðtÞ þ nðtÞ, (2)

where R is the responsivity of the PD, and s(t) is the (Nt � 1)-dimensional vector of the transmit-
ted signal. The noise vector n(t) is the sum of receiver thermal noise and ambient light shot noise;
it is usually modelled as independent and identically distributed AWGN.

At the receiver, the detector exploits the uniqueness of the channel condition associated with
each transmit-receive channel path to estimate the transmitted data symbol. Thus, a prior knowl-
edge of channel impulse response (CIR) of all the transmit-receive paths is required at the
receiver. In practice, the CIR can be obtained through channel estimation technique. According
to the maximum likelihood (ML) criterion, the detector computes the Euclidean distance
between the received signal and the set of possible signals from all the LNt combinations of LED
index and digital signal modulation index and decides in favour of the combination associated
with the smallest Euclidean distance. The estimate of the transmitted signal is obtained as:

Ŝ ¼ arg mins ∈ Sǁr� RHsǁ2, (3)

where S is the set of all possible LNt signals.

2.2. Variants of optical spatial modulation

Due to its promising potentials as highlighted in Section 1, SM has been implemented for VLC
systems in various forms. Differences in these variants include, but are not limited to, the
inclusion or exclusion of digital signal modulation, the type of digital signal modulation
employed, and the number of optical sources that are activated concurrently. Brief descriptions
of some reported variants of optical SM are provided as follows.

Optical space shift keying (OSSK): This is a class of optical SM technique, which does not
involve the use of digital signal modulation scheme. The source information is encoded solely on
the spatial position of the LEDs. As in the conventional optical SM described above, OSSK
activates a single LED in a given symbol duration. The total number of bits transmitted per
symbol in OSSK is log2(Nt). Due to the absence of digital signal modulation, the transceiver
requirement such as synchronisation is reduced, and the detection complexity at the receiver is
lowered [12]. However, the drawback of not using signal modulation in OSSK is that the achieved
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transmission rate is lower than conventional SM schemes. This limitation can be addressed by
adding signal modulation and/or employing a large array of optical sources and activating
multiple sources concurrently. An illustration of OSSK modulation scheme with four LEDs
is depicted in Figure 2. Two information bits are transmitted per SSK symbol, and the first two
bits, ‘01’, are transmitted by activating LED 2.

Generalised spatial shift keying (GSSK): In GSSK, multiple LEDs can be activated during a
symbol duration, and information on the transmitted symbol is encoded solely on the indices
of the activated LEDs. As in OSSK, signal modulation is not used in GSSK. The GSSK modu-
lation scheme can be implemented by activating a fixed number of sources, Na, (1 < Na < Nt) in
any symbol duration and varying the indices of the activated sources based on the bits
contained in the symbol to be transmitted [13]. The scheme can also be implemented by
varying both the number and the indices of the activated sources based on bits of the data
symbol to be transmitted [8, 14, 15]. Considering the latter implementation of GSSK, a total of
Nt bits are transmitted per data symbol as against log2 (Nt) in OSSK. As described in Ref. [8],
the number and position of ones (1s) in the bits of the symbol to be transmitted determine the
number and the indices of the LEDs that will be activated. During a symbol duration, each
activated LED transmits a return-to-zero (RZ) pulse of fixed but predefined width and a peak
power Pt. For any data symbol with Nt data bits, except when all the bits are zero, the LEDs
whose positions correspond to the bit value one are activated to transmit a pulse with duty
cycle τ, while all the other LEDs are idle, where 0< τ ≤ 1. However, when the data bits are all
zero, all the LEDs are activated, but they transmit a pulse with duty cycle (1 – τ). As an
illustration, the pulse pattern for a 2-LED GSSK scheme is shown in Figure 3.

Spatial pulse position modulation (SPPM): This is an optical SM scheme that combines SSK
with PPM [4]. In SPPM, only one LED is activated to transmit optical data signal in any given
symbol duration, and the activated LED transmits an L-PPM pulse pattern, where L is the
number of PPM time slots in a symbol duration. By combining SSK with PPM in SPPM, the
spectral efficiency of PPM can be improved while still retaining its energy efficiency. In SPPM
scheme, a total of log2 (LNt) bits are transmitted per symbol. The SPPM scheme is illustrated in
Figure 4 for the case of Nt = 4, L = 2, and M = 3 bits/symbol. The two most significant bits of
each symbol determine the index of the LED that will be activated while the last bit determines

Figure 2. An illustration of OSSK modulation using four LEDs.
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the pulse position in the PPM pulse pattern. As an example, symbol ‘3’ with binary represen-
tation ‘011’ is transmitted by activating LED 2 to transmit a pulse in the second time slot.

Spatial pulse amplitude modulation (S-PAM): S-PAMmodulation scheme combines SSK and
PAM. The encoding mechanism in S-PAM is done in a similar fashion to SPPM. The S-PAM
scheme employs a K-PAM scheme for its signal modulation, where K represents the number of
optical intensity levels that can be emitted by the activated LED. For instance, the k-th intensity
level can be defined as [7]:

Ik ¼ 2kI
K þ 1

, for k ¼ 1, …, K; (4)

where I is the mean emitted optical power. A total of log2(LK) bits are transmitted during each
symbol duration, where the first log2(Nt) most significant bits of each symbol determine the

Figure 4. An illustration of intensity modulation for SPPM scheme using four LEDs.

Figure 3. An illustration of the pulse pattern for GSSK scheme using two LEDs.

Visible Light Communications6



index of the LED that will be activated while the remaining log2(K) is used to determine the
intensity level of the emitted optical radiation.

Generalised spatial modulation (GSM): Like the generalisation of SSK to GSSK, SM schemes
can be generalised by activating multiple LEDs in each symbol duration and making each
activated LED transmit the same or different digital signal modulation. Such schemes are
referred to as generalised spatial modulation (GSM) [5, 16–18]. GSM offers spectral efficiency
gain by increasing the number of bits transmitted during each symbol duration. For instance,
the GSSK scheme described above can be combined with PPM to develop a generalised SPPM
(GSPPM) scheme [5] with a total number of Nt + log2(L) bit/symbol. The active sources must,
however, be synchronised to avoid inter-symbol interference (ISI).

In the GSPPM scheme [5], during a given symbol duration, one or more LEDs can be activated
to concurrently transmit the same L-PPM pulse pattern. The most significant Nt bits of each
symbol constitute the spatial constellation point, which determines the indices of the activated
LEDs, while the remaining log2 (L) bits make up the signal constellation point, which is con-
veyed by the position of the pulse in PPM signal. LED activation in GSPPM is done in a similar
fashion to the GSSK scheme, albeit with a slight modification. That is, the number of ones (1s)
in the spatial constellation point determines the number and the indices of the active LEDs, but
pulse inversion (PI) technique is employed in GSPPM instead of the RZ pulses used in GSSK.
The PI technique entails using bipolar pulses such that for all spatial constellation points,
except when all the bits that constitute the spatial constellation are zeros, the activated LEDs
are driven with electrical pulse signals of amplitude V volts. When all the bits that constitute
spatial constellations are zeros, all the LEDs are activated, but they are driven with an electrical
pulse signal of amplitude –V volts. By using bipolar pulses, GSPPM requires a DC bias to
convert the negative pulses to positive voltages required in IM/DD VLC. Although this implies
additional power consumption, however, for applications in VLC, this may not be a drawback
since DC bias will be required when the LEDs are used for illumination. The GSPPM scheme is
further illustrated in Figure 5, for the case of Nt = 2 and L = 2. As an example, to transmit

Figure 5. An illustration of GSPPM scheme.
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symbol ‘1’, with binary equivalent ‘001’, because the first two bits which are used to select the
spatial constellation point are both zeros, the two LEDs are activated and are driven by –V
volts while the last bit of the symbol, ‘1’, indicates that the pulse be transmitted in the second
time slot.

2.3. Contrast with spatial multiplexing, spatial diversity, and repetition coding

Beside SM, other MIMO transmission techniques that have been considered for VLC include
repetitive coding (RC) and spatial multiplexing (SMP). In RC, the same information is simul-
taneously transmitted from all the transmitters, and the transmitted signals add up construc-
tively at the receiver. In essence, RC offers diversity gain, which makes it more robust to
channel the correlation compared to SMP and SM. However, since RC does not provide spatial
multiplexing gains, large signal constellation sizes will be required to achieve high spectral
efficiency. In contrast, SMP enables high data rates by transmitting different kinds of informa-
tion from each transmitter. The drawback of SMP is that it requires sufficiently low channel
correlation. SM is more robust to correlated channels compared to SMP, and it provides larger
spectral efficiency compared to RC [7].

In terms of complexity, the optical SM constitutes a low complexity technique of increasing the
achievable transmission rates in VLC systems. Compared to other spectrally efficient modula-
tion schemes like the optical OFDM [19] and PAM, the SM technique is not as sensitive to
nonlinearity effects of the system components [4, 20]. Hence, SM-based VLC systems do not
require the complex pre-distortion algorithm to compensate for device nonlinearity. Moreover,
since only one or a few LED(s) is active in each symbol duration, inter-channel interference
(ICI), which results from multiple and concurrent signal transmission, is reduced in optical SM
as compared to RC and SMP. Hence, receiver design is made simpler and ML-optimum
performance can be achieved at a reduced decoding complexity [21].

The computational complexity of the ML-based detection of optical S-PAM is compared with
that of RC and SMP in Table 1 [22]. The computational complexity is defined as the total
number of required mathematical operations, that is, multiplications, additions, and subtrac-
tions that are required for ML detection. Table 1 shows that, to achieve equal spectral effi-
ciency, the detection of SM is less computationally intensive compared to RC and SMP. Because
SM conveys additional bits via the spatial domain, it employs a smaller digital signal constel-
lation size to achieve the same spectral efficiency as RC.

MIMO technique Number of mathematical operations at the receiver

RC Lð2NtNr þNr � 1Þ
SMP LNt ð2NtNr þNr � 1Þ
SM LNtð3Nr � 1Þ

L denotes the size of digital signal constellation.

Table 1. Computational complexity at the receiver of RC, SMP, and SM techniques [22].

Visible Light Communications8



3. Error performance of optical spatial modulation

In this section, the error performance of four variants of optical SM technique is analysed and
closed-form expressions for their symbol error are derived. These expressions are validated using
Monte-Carlo simulations. The optical SM variants considered are SPPM, OSSK, GSSK, and
GSPPM. In the following, without any loss of generality, a MIMO VLC system, Nt = 4 and Nr =
2, is considered. The LOS channel gain matrix, H, is obtained from the simulated indoor optical
channel, which is performed based on the ray-tracing algorithm in Ref. [23]. The normalised LOS
channel matrix is obtained as:

H ¼ 1 0:3118 0:2496 0:1283
1 0:3925 0:2709 0:1578

� �
(5)

3.1. Error performance analysis of SPPM

As described in Section 2.2, the data symbol in SPPM is conveyed by the index of the active
LED and the pulse position of the transmitted PPM signal. These two parameters must be
estimated at the receiver in order to demodulate the transmitted symbol. Hence, error perfor-
mance analysis will involve evaluating the probability of the correct pulse position and LED
index detection. Considering that an SPPM symbol is transmitted by activating the j-th LED to
transmit a pulse in the m-th PPM time slot, the transmit signal vector smj ðtÞ can be expressed as:

smj ðtÞ ¼ ½ 0,⋯, xmj ðtÞ,⋯,0 �⊺: (6)

The nonzero entry, xmj ðtÞ, positioned at the index of the active j-th LED, is the L-PPM signal

imposed on the optical carrier emitted by the active LED. Without loss of generality, using
rectangular pulse shaping, the L-PPM signal with amplitude Pt can be defined by:

xmj ðtÞ ¼
Pt; forðm� 1ÞTc ≤ t ≤mTc
0 ; elsewhere

�
(7)

where Tc = T/L is the duration of each PPM time slot and T is the symbol duration. The receivers
employ a unit energy receive filter, fc(t), which is matched to the PPMwaveform and is given by:

f cðtÞ ¼
1ffiffiffiffiffi
Tc

p rect
t� Tc=2

Tc

� �
: (8)

where rectðxÞ ¼ 1 for jxj < 1=2. The outputs of the matched filters (MF) are sampled at the rate
1=Tc to obtain the samples of each PPM time slot. For Nr PDs and L-PPM, the Nr � L array of
the outputs of the matched filters in each time slot and for all PDs can be expressed as:

Y ¼ Xm
j þN

¼ ½ 0 ⋯hj

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ESPPM
S

q
⋯0 � þ ½n1 ⋯nm⋯nL �

¼ ½ y1, ⋯ym, ⋯yL �
(9)
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where Xm
j is the ðNr � LÞ-dimensional array of the samples of noiseless matched filter output

and N is the Gaussian noise at the output of the matched filter with variance σ2n ¼ N0=2.

ESPPM
s ¼ ðRPtÞ2Tc is the transmit energy of the SPPM symbol. The column vector hj represents

the channel gain from the j-th LED to all the PDs, that is, the j-th column of the channel matrix

H. Using ML detection criterion, the estimate of transmitted symbol, â ¼ ½m̂, ĵ�, is obtained as:

â ¼ ½m̂, ĵ� ¼ arg maxm, jpðYj Xm
j Þ (10)

½m̂, ĵ� ¼ arg maxm, jDðYj Xm
j Þ (11)

The joint probability density function of Y conditioned on Xm
j is given by:

pðYj Xm
j Þ ¼

1

ðπN0ÞLNr=2
exp �kY� Xm

j k2F
N0

" #
, (12)

and the Euclidean distance metric DðY,Xm
j Þ is computed as:

DðY,Xm
j Þ ¼ kY� Xm

j k2F (13)

where k � kF denotes the Frobenius norm. The detection process entails obtaining the estimated
pulse position,cm, from:

m̂ ¼ arg maxm
XNr

i
yi, m

� �
, (14)

and then estimating the index of the activated LED from the minimum Euclidean distance
metric using the ML detection criterion.

Let the probability of a correctly decoded pulse position be defined by Pc, ppm ¼ pðm̂ ¼ mÞ; then,
the probability of correctly decoding the LED index given that the pulse position has been

correctly decoded can be expressed as Pc, tx ¼ pð̂j ¼ j j m̂ ¼ mÞ. Therefore, the probability of
correct symbol detection is given by:

PSPPM
c; sym ¼ Pc; tx � Pc; ppm ¼ pð̂j ¼ j j m̂ ¼ mÞ � pðm̂ ¼ mÞ (15)

and the probability of symbol error is obtained as:

PSPPM
e, sym ¼ 1� PSPPM

c, sym ¼ 1� ðPc, tx � Pc, ppmÞ (16)

Probability of correctly detecting the index of the activated LED. To evaluate the probability
of correctly decoding the LED index, we shall first find the pairwise error probabilities (PEP).

Consider that the activated LED transmitted a pulse in slot m, the PEPj!k
m , that the receiver

decides in favour of LED k instead of LED j is given by:
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PEPj!k
m ¼ p

�
DðY,Xm

j Þ > DðY,Xm
k Þ
�
¼ p ym � hj

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ESPPM
S

q����
����
2

F
> ym � hk

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ESPPM
S

q����
����
2

F

 !

¼ Q khj � hkkF

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ESPPM
S

2N0

s0
@

1
A ¼ Q khj � hkkF

ffiffiffiffiffiffiffiffiffiffiffiffi
γSPPM
S

2

s0
@

1
A (17)

where Qð�Þ denotes the Q-function, and γSPPM
S ¼ ESPPM

S =N0 is the transmit signal-to-noise ratio
(SNR) per SPPM symbol. For Nt equiprobable LEDs, the probability of error in decoding the
index of the activated LED conditioned on a correctly decoded pulse position is obtained as:

Pe; tx ¼ 2
Nt

XNt�1

j¼1

XNt

k¼jþ1

PEPj!k
m ¼ 2

Nt

XNt�1

j¼1

XNt

k¼jþ1

Q khj � hkkF

ffiffiffiffiffiffiffiffiffiffiffiffi
γSPPM
S

2

s0
@

1
A, (18)

and the probability of correctly decoding the index of the activated LED is computed as:

Pc; tx ¼ 1� 2
Nt

XNt�1

j¼1

XNt

k¼jþ1

Q khj � hkkF
ffiffiffiffiffiffiffiffiffiffiffiffi
γSPPM
s

2

r !2
4

3
5 (19)

Probability of correctly detecting the transmitted pulse position. Given that the j-th LED is

activated to transmit a pulse in slot m, then the PEPj
m!q that the receiver decides in favour of

slot q instead of slot m can be expressed as:

PEPj
m ! q ¼ p

�
DðY,Xm

j Þ > DðY,Xq
j Þ
�

(20)

where,

DðY,Xm
j Þ ¼

����ym � hj

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ESPPM
S

q ����
2

F
þ ðyqÞ2 ¼ ðnmÞ2 þ ðnqÞ2 (21)

DðY,Xq
j Þ ¼ ðymÞ2 þ

���� yq � hj

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ESPPM
S

q ����
2

F

¼
����hj

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ESPPM
S

q
þ nm

����
2

F
þ
����nq � hj

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ESPPM
S

q ����
2

F
(22)

Therefore,

PEPj
m ! q ¼ p

�
ðnq � nmÞ⊺hj >

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ESPPM
S

q
khj k2F

�
¼ QðkhjkF

ffiffiffiffiffiffiffiffiffiffiffiffi
γSPPM
S

q
Þ: (23)

For Nt equiprobable LEDs, the union bound technique [24] gives the probability of error in
decoding the transmitted pulse position as:
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Pe, ppm ¼ 1
Nt

XNt

j¼1

�
ðL� 1Þ � PEPj

m ! q

�
¼ 1

Nt

XNt

j¼1

�
ðL� 1Þ �QðkhjkF

ffiffiffiffiffiffiffiffiffiffiffiffi
γSPPM
S

q
Þ
�

(24)

Thus, the average probability of correctly decoding the transmitted pulse position is:

Pc; ppm ¼ 1� 1
Nt

XNt

j¼1

L� 1ð Þ �Q khjkF
ffiffiffiffiffiffiffiffiffiffiffiffi
γSPPM
S

q� �� �2
4

3
5 (25)

By combining Eqs. (16), (19), and (25), the union bound on the average probability of symbol
error of the SPPM scheme is derived as [4]:

PSPPM
e; sym ≤ 1� 1� 2

Nt

XNt�1

j¼1

XNt

k¼jþ1

Q khj � hkkF

ffiffiffiffiffiffiffiffiffiffiffiffi
γSPPM
S

2

s0
@

1
A

2
4

3
5

ðL� 1Þ
Nt

XNt

j¼1

1
ðL� 1Þ �QðkhjkF

ffiffiffiffiffiffiffiffiffiffiffiffi
γSPPM
S

q
Þ

� �2
4

3
5 (26)

The expression in Eq. (26) indicates that for a given SNR, the error performance of SPPM strongly
depends on the individual channel path gain of each transmitter-receiver link as well as the
difference between these channel gain values. The error performance plots for different system
configurations are shown in Figure 6. For the case ofNr = 1,Nt = [2, 4], and L = [2, 8], the achieved
symbol error rate (SER) is plotted against the SNR per bit γb = γs/M. To validate the analysis,
simulation results are also included. Figure 6 shows that the analytical bound in Eq. (26) agrees
with the simulation results. The slight deviation observed at SER > 10�2 is due to the union
bound techniques used in the analysis.

Moreover, as L increased from 2 to 8, the γb required to achieve an SER of 10�6 reduced by about
2 dB for Nt = [2, 4]. This shows the energy efficiency benefit that PPM adds to SPPM. Using more
LEDs results in higher attainable data rate, but this requires distinct channel gains for all the
LEDs and higher SNR. This explains why using two LEDs require up to about 16 dB less in SNR
than using four LEDs, as shown in Figure 6.

3.2. Error performance analysis of OSSK

Using the description of the OSSK scheme provided in Section 2.2, OSSK can be viewed as a
subset of SPPM scheme in which L = 1, and Tc = T. The transmitted symbol in SSK is deter-
mined by simply estimating the index of the activated LED. Therefore, the error performance
analysis of OSSK is equivalent to the process of evaluating the probability of error in detecting
the active LED in SPPM. By using L = 1 in the formulation of the error performance analysis of
SPPM, the union bound on the average probability of symbol error of the SSK modulation
scheme is obtained as:

Visible Light Communications12



PSSK
e; sym ≤

2
Nt

XNt�1

j¼1

XNt

k¼jþ1

Q khj � hkkF

ffiffiffiffiffiffiffiffiffi
γSSK
S

2

s0
@

1
A (27)

where γSSK
s ¼ ESSK

s =N0 is the transmit SNR per SSK symbol. ESSK
s ¼ ðRPtÞ2T is the transmit

energy per symbol. Note that Eq. (27) is the same as Eq. (18), and it can also be obtained by
simply substituting L = 1 in Eq. (26). This conforms with our description of OSSK as being
equivalent to an SPPM scheme with L = 1.

Using the closed-form expression in Eq. (27), the SER of OSSK is plotted against the SNR per bit
γb in Figure 7. The plot shows a very tight match between the simulation and the theoretical
analysis. It can be observed that at an SER of 10�6, compared to Nr = 1, using Nr = 2 provides an
SNR gain of about 2.5 and 7 dB for Nt = 2 and Nr = 4, respectively. This implies that the
dependency of optical SM on decorrelated channel can be relaxed by using multiple PDs.

3.3. Error performance analysis of GSSK

According to the GSSK scheme described in Section 2.2, during a symbol duration, the number
and the indices of the active LEDs are determined by the bits of the data symbol to be
transmitted. Using Nt LEDs, there are 2Nt possible GSSK symbols. Considering a single symbol
duration, T, in which symbol v, for v ¼ 0, …, ð2Nt � 1Þ, is transmitted, the (Nt � 1)-dimen-
sional vector of the transmitted signal, s(t), can be expressed as sðtÞ ¼ τPtav, where
av ¼ ½a1, …, aNt �⊺ is the LED activation vector for symbol v, and τ is the duty cycle of the
transmitted optical pulse as explained in Section 2.2. The entries of av are binary digits, with

Figure 6. Error performance plot of SPPM for Nt = [2,4], Nr = 1, and L = [2, 8].
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‘1s’ as the indices of activated LEDs and ‘0s’ as the indices of the idle LEDs. The (Nr � 1)-
dimensional vector of the received electrical signal, r(t), is given by:

rðtÞ ¼ τRPtHav þ nðtÞ, for 0 < t < T: (28)

For tractability, wv ≜Hav is defined as the vector of the channel gains associated with the
transmission of the GSSK symbol v. Hence,

rðtÞ ¼ τRPtwv þ nðtÞ, for 0 < t < T: (29)

As an illustration, considering a 2-LED GSSK system with Nr PDs, the received signal for all
possible GSSK symbols is obtained as shown in Table 2. To estimate the transmitted symbol,
the output of the matched filter, sampled at the rate 1/T, is given by:

y ¼ xv þ n (30)

where xv ¼ wv

ffiffiffiffiffiffiffiffiffiffiffiffi
EGSSK
S

q
and energy per symbol EGSSK

S ¼ ðRPtÞ2τT. Considering that GSSK sym-

bol v is transmitted, the pairwise error probabilities, PEPv ! u, that the receiver decides in favour
of symbol u instead of symbol v are expressed as:

Figure 7. Error performance plot of OSSK for Nt = [2, 4] and Nr = [1, 2].

v Binary equivalent Activated LED wv r(t)

0 00 LED 1 and LED 2 h1 + h2 ð1� τÞRPtðh1 þ h2Þ þ nðtÞ
1 01 LED 1 h1 τRPth1 þ nðtÞ
2 10 LED 2 h2 τRPth2 þ nðtÞ
3 11 LED 1 and LED 2 h1 + h2 τRPtðh1 þ h2Þ þ nðtÞ

Table 2. LED activation for GSSK modulation using two LEDs.
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PEPv ! u ¼ p
�
Dðy, xvÞ > Dðy, xuÞ

�

¼ p y�wv

ffiffiffiffiffiffiffiffiffiffiffiffi
EGSSK
S

q����
����
2

F
> y�wu

ffiffiffiffiffiffiffiffiffiffiffiffi
EGSSK
S

q����
����
2

F

 !

¼ Q kwv �wukF

ffiffiffiffiffiffiffiffiffiffiffiffi
EGSSK
S

2N0

s0
@

1
A ¼ Q kwv �wukF

ffiffiffiffiffiffiffiffiffiffiffiffi
γGSSK
S

2

s0
@

1
A:

(31)

where γGSSK
s ¼ EGSSK

s =N0 is the transmit SNR per GSSK symbol. For 2Nt equiprobable GSSK
symbols, the union bound on the probability of symbol error of GSSK modulation is given by [8]:

PGSSK
e, sym ≤

2
2Nt

X2Nt�1

v¼1

X2Nt

u¼vþ1

PEPv ! u ¼ 2
2Nt

X2Nt�1

v¼1

X2Nt

u¼vþ1

Q kwv �wukF

ffiffiffiffiffiffiffiffiffiffiffiffi
γGSSK
S

2

s0
@

1
A : (32)

Without loss of generality, using τ = 1, the closed-form expression derived for the SER of GSSK
in Eq. (32) is validated by tightly matched simulation results as depicted by the error perfor-
mance plots in Figure 8 for the cases Nt = [2,4] and Nr = [1,2].

3.4. Error performance analysis of GSPPM

The performance analysis of GSPPM scheme entails combining the detection process in GSSK
with the pulse position detection in SPPM. The transmitted symbol consists of the spatial constel-
lation point, which determines the active LED and the pulse position of the transmitted PPM
signal. Let λ denote pulse inversion constant associated with each spatial constellation point; λ =
�1 if all the bits that constitute the spatial constellation point of the data symbol are zeros and
otherwise λ = +1. Considering a single symbol duration, if the active LEDs transmit a pulse in the
m-th time slot, the (Nr � 1)-dimensional vector of the received electrical signal is given by:

rðtÞ ¼
�
Rλvxmj ðtÞ

�
wv þ nðtÞ, for 0 < t < T: (33)

where v denotes the spatial constellation point of the transmitted symbol. Other variables are
as defined previously. As an illustration, considering a two-LED GSPPM system, the signal
received in the pulse position of the transmitted PPM signal is obtained as shown in Table 3.

The error performance analysis will involve evaluating the probability of correctly estimating
the spatial constellation point and the pulse position. The detection of the transmitted spatial
constellation in GSPPM is equivalent to the detection of the transmitted GSSK symbol in
Section 3.3. Hence, the probability of correctly detecting the transmitted spatial constellation
is obtained as [5]:

Pc, scp ≤ 1� 2
2Nt

X2Nt�1

v¼1

X2Nt

u¼vþ1

Q kλvwv � λuwukF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γGSPPM
S

2

s0
@

1
A (34)
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where γGSPPM
s ¼ EGSPPM

s =N0 is the transmit SNR per GSPPM symbol and EGSPPM
s ¼ ðRPtÞ2Tc

transmit energy of GSSPM symbol. Moreover, using Eq. (25), the average probability of correctly
decoding the transmitted pulse position can be expressed as [5]:

PGSPPM
c; ppm ¼ 1� 1

2Nt

X2Nt

v¼1

ðL� 1Þ �Q kλvwvkF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γGSPPM
S

q� �� �" #
(35)

By combining Eqs. (34) and (35), the union bound on the average probability of symbol error of
the GSPPM scheme is derived as [5]:

PGSPPM
e; sym ≤ 1� 1� 2

2Nt

X2Nt�1

v¼1

X2Nt

u¼vþ1

Q kλvwv � λuwukF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γGSPPM
S

2

s0
@

1
A

2
4

3
5

� ðL� 1Þ
2Nt

X2Nt

v¼1

1
ðL� 1Þ �Q kλvwvkF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γGSPPM
S

q� �� �" # (36)

Figure 8. Error performance plot of GSSK for Nt = [2, 4] and Nr = [1, 2].

Spatial constellation Activated LED wv λv rðtÞ

00 LED 1 and LED 2 h1 + h2 �1 �RPtðh1 þ h2Þ þ nðtÞ
01 LED 1 h1 1 RPth1 þ nðtÞ
10 LED 2 h2 1 RPth2 þ nðtÞ
11 LED 1 and LED 2 h1 + h2 1 RPtðh1 þ h2Þ þ nðtÞ

Table 3. LED activation and received signal for two-LED GSSPM system.
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As shown in Figure 9, the closed-form expression for the theoretical SER of GSPPM in Eq. (36)
is validated by simulation results. Moreover, the plot also highlights the energy efficiency
benefit that PPM adds to GSPPM. As L increases from 2 to 8, the γb required to achieve an
SER of 10�6 reduces by about 2 and 1.5 dB for Nt = 2 and Nt = 4, respectively.

Figure 10. Error performance plot of GSPPM for different channel gains, Nt = 2 and L = 2.

Figure 9. Error performance plot of GSPPM for Nt = [2, 4], Nr = 1, and L = [2, 8].
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Using GSPPM as a case study, the impact of channel gains on the performance of optical SM is
illustrated in Figure 10 with the error performance plot for different channel gain values. The
plots show that the higher the difference between the channel gains, the lower the SNR
required to achieve a given SER. According to Eq. (36), the SER also depends on the absolute
value of the channel gains. For instance, to achieve an SER of 10�6, the normalised channel gain
[h1, h2] = [1, 0.3118] requires about 20 dB less in SNR than the set [h1, h2] = [1, 0.1283] even
though the channel gain separation |h1, h2| for the latter set is higher. Moreover, the effect of
the individual channel gain values becomes more significant as SNR increases. This is
observed in the case of the normalised channel gain sets [h1, h2] = [1, 0.1283] and [h1, h2] =
[0.3118, 0.283]. Both sets require about 29 dB to achieve an SER of 10�6. It can thus be inferred
from Figure 10 that at lower SNR values, the error performance is dictated by the difference in
the channel gains and at high SNR by the value of the smaller channel gain.

4. SM comparison with conventional modulation techniques

A performance comparison among different variants of optical SM and other common modu-
lation schemes used for optical wireless communications is shown in Table 4. These modula-
tion schemes are compared based on the average transmitted optical power Pave, spectral
efficiency ηspec and the number of bits per symbol M. These parameters can be obtained from

the expressions provided in Table 4, where Pmodtype
t represents the transmitted peak optical

power for the stated modulation type ‘modtype’, and τ is the duty cycle of the modulation
schemes that utilise RZ pulse pattern. The spectral efficiency here is defined as the ratio of the
bit rate to the bandwidth requirement of the system, where bandwidth requirement is equiv-
alent to the reciprocal of the pulse duration in each of the modulation scheme.

Considering the case of Nt = 2 and using the expressions in Table 4, the spectral and energy
efficiency of the four optical SM schemes analysed in Section 3 are plotted against the number of
PPM time slots, L, in Figures 11 and 12, respectively. Energy efficiency is expressed in terms of
the SNR required to achieve a representative SER of 10�6, and for a fair comparison, all the
modulation techniques are assumed to have the same Pave as the GSPPM. For the configuration

Modulation type Pave M ηspec

RC RZ-OOK τ
2P

OOK
t

1 τ

RC L-PPM 1
L P

PPM
t log2L 1

L log2L

SSK PSSK
t

log2Nt log2Nt

GSSK NtPGSSK
t

τ
2 þ 1�τ

2Nt

� �
Nt Nt

SPPM PSPPM
t
L

log2ðLNtÞ log2ðLNtÞ
L

GSPPM NtPGSPPM
t
L

1
2 þ 1

2Nt

� �
Nt þ log2L Ntþlog2L

L

Table 4. Comparison of optical modulation schemes.
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described above, as shown in Figure 11, the ηspec of GSSK exceeds the maximum achievable
values in SSK and SPPM by 1 bits/s/Hz and that of the GSPPM scheme by 0.5 bits/s/Hz. The
superiority of GSSK over GSPPM in terms of ηspec is because the pulse duration in GSSK is L
times longer than that of GSPPM, even though GSPPM transmits more bits/symbol. However, in

Figure 11. Spectral efficiency comparison of optical SM schemes.

Figure 12. Energy efficiency comparison of optical SM schemes.
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terms of energy efficiency, Figure 12 shows that GSSK and SSK are less energy efficient when
compared with SPPM and GSPPM. The SNR requirement of GSSK for L = 8 exceeds those of
SPPM and GSPPM by up to 23 and 18 dB, respectively. This can be attributed to the energy
efficiency benefit that PPM adds to both SPPM and GSPPM.

5. Summary

In this chapter, a detailed description of SM signal generation and detection for VLC systems has
been discussed. An overview of different variants of optical SM—OSSK, GSSK, SPPM, S-PAM,
and GSM—with their error performance analysis under VLC channel impairments and AWGN
has been presented. The analyses of the error performance of these variants have been derived
using union bound method and ML criteria. The analytical expressions enabled the theoretical
evaluation of the error probability of optical SM technique in a typical MIMO VLC system.
Results showed a perfect match between theory and simulations. A summary of the differences
between optical SM and other MIMO transmission schemes like SMP, RC, and spatial diversity
has also been discussed. The optical SM is thus a technique capable of delivering high data rates
in the presence of the limitations of the optical front-end devices. This chapter concludes with
the comparison of the spectral and energy efficiency of the variants of optical SM.
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Abstract

Visible light communications (VLC) based on light-emitting diodes (LEDs) merges lighting
and data communications in applications of Internet-of-Things and 5G networks. How-
ever, phosphor-based white LED has a limited linear dynamic range and limited modula-
tion bandwidth. In practical indoor mobile communications, complex channel conditions
change dynamically in real-time, and line of sight (LOS) links may be blocked by obstruc-
tions. We propose a real-time software-defined adaptive multi-input multi-output (MIMO)
VLC system, that both modulation formats (QPSK,16-QAM,64-QAM, 256QAM) and
MIMO reconfigurations (Spatial Diversity and Spatial Multiplexing) are dynamically
adapted to the changing channel conditions, for enhancing both link reliability and spectral
efficiency. Real-time and software defined digital signal processing (DSP) are implemented
by Field Programmable Gate Array (FPGA) based Universal Software Radio Peripheral
(USRP) devices. We theoretically analysed and experimentally evaluated nonlinear electri-
cal-optical properties and modulation characteristics of white LEDs. We demonstrated a
real-time Single-Carrier 256-Quadrature Amplitude Modulation (QAM) 2�2 MIMO VLC,
achieving 1.81% averaged error vector magnitude (EVM), 2�10-5 bit error rate (BER) after
2 m indoor transmission. As an obstacle moved across LOS links, real-time software-
defined adaptive MIMO VLC system enhanced average error-free spectral efficiency of
12 b/s/Hz. This will provide high throughputs for robust links in mobile shadowing
environments.

Keywords: visible light communications, light-emitting diodes, multi-input multi-out-
put, spatial multiplexing, spatial diversity, link adaptation, software-defined, channel
capacity, nonlinear modulation, equalization, constellation optimization, synchronization
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1. Introduction

The world growth in wireless mobile data traffic has led to the development of new technolo-
gies for high capacity and energy-efficient wireless communication systems. This fact results in
an increasing throughput requirement from the next generation mobile communication net-
works (5G), which are expected to address several critical challenges, such as broadband
capacity, spectral efficiency, power efficiency, quality of services, and mobility coverage. Visible
light communication (VLC) system has been accepted as part of the 802.15.7 task group and
proposed as a supplement technology in 5G networks standards. VLC based on light-emitting
diodes (LEDs) merge lighting and data communications in applications due to their energy
efficiency, spectral efficiency, security, and reliability [1]. The white light LEDs have advantages
of long lifetime, energy-efficient, and environmental friendliness. VLC using lighting LEDs
could provide many advantages, such as no electromagnetic interference (EMI), integration
with indoor lighting, available worldwide, and unlicensed bandwidth [2]. The VLC application
shown in Figure 1 is relevant to aerospace, automotive, healthcare industries, 5G networks,
wireless personal area networks (WPANs), Internet-of-Things, and ad-hoc networks, as it
focuses on the development of radio frequency (RF)-interference-free high-bandwidth commu-
nication networks using white light LEDs.

The commercial white light LED utilized for general lighting is mostly based on a blue LED
chip covered by a phosphor layer rather than red-green-red (RGB) LEDs, as phosphor white
LEDs have much lower complexity and cost. However, phosphor-LEDs have limited modula-
tion bandwidth due to the phosphorescent components. Several modulation bandwidth exten-
sion technologies have been investigated, such as optical blue filtering, analogue equalizer,
and digital equalization [3]. However, optical filtering of blue light causes large optical inten-
sity loss and decreases visible light transmission range.

Figure 1. Visible light communication applications.
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The capacity of the VLC system under the limited bandwidth can be enhanced by using high
spectrally efficient modulation formats, such as orthogonal frequency-division multiplexing
(OFDM) [4], Nyquist single-carrier modulation, and carrier-less amplitude and phase (CAP)
modulation [5]. Using bit- and power-loading techniques, OFDM can maximize the transmis-
sion capacity under the constraint bit error rate (BER). However, high peak-to-average-power
ratio (PAPR) of OFDM signal is the crucial challenge for the limited linear dynamic range of
white LEDs and nonlinear modulation characteristics in the VLC system [6, 7]. Implementa-
tion of real-time CAP systems requires relatively high speed and high-resolution analog to
digital converter (ADC), which suffers from high sampling jitter sensitivity. Quadrature ampli-
tude modulation (QAM) architectures have tolerances to nonlinear distortions and sampling
jitter. Despite the complexity of adding analog multipliers, QAM systems reduce the sampling
rate and resolution requirements of A/Ds for real-time applications.

Moreover, LED-based VLC naturally constitutes a multi-input multi-output (MIMO) system,
as large numbers of lighting lamps made up of multiple LEDs are provided by indoor illumi-
nation systems [8]. MIMO transmission techniques can be classified by spatial diversity, spatial
multiplexing, and spatial modulation. Note that 4 � 9 spatial multiplex MIMO VLC using 16-
QAM OFDM is demonstrated at 250 Mb/s per channel over 1 m range [9]. And 4 � 4 spatial
multiplex MIMO VLC using OOK modulation achieved a data rate of 50 Mb/s over 2 m [10].
Also, 2 � 2 MIMO VLC using 4-QAM Nyquist single-carrier with frequency domain equaliza-
tion is demonstrated at 500 Mb/s in 40-cm transmission distance [11]. A wide filed-of-view
receiver using fisheye lens is proposed in the spatial-diversity MIMO VLC system [12, 13].

However, most MIMO VLC systems currently manifest the fixed MIMO technology, static
channel condition estimation, and offline signal processing. In fact, complex channel conditions
are expected to be changed dramatically, and spectral efficiency must be optimized adaptively in
practical indoor wireless mobile communications [14, 15]. For example, the MIMO VLC system
using fixed spatial multiplexing will suffer link interruption, once any sub-channel condition
becomes degraded [16, 17]. Real-time data processing on field programmable gate arrays
(FPGAs) based software-defined device can build a fully real-time reconfigurable and an adap-
tive optical wireless system by upgrading the software [18, 19]. The network architecture should
also be designed to support the adaptive MIMO schemes with distributed smart antenna sys-
tems [20, 21]. Thus, a real-time adaptive MIMO optical wireless system is necessary to deal with
the dynamic complex channel conditions and enhance the robust mobility and link reliability in
future wireless mobile networks.

In this chapter, we propose an adaptive MIMO VLC solution that both modulation schemas
and MIMO schemas are dynamically adapted to the changing channel conditions for enhanc-
ing error performance and spectral efficiency. We experimentally demonstrate a real-time
software-defined single-carrier M-QAM MIMO VLC system by using link adaptation of spa-
tial multiplexing and spatial diversity. The VLC transceivers use independent phosphor-white
LEDs and PIN photodetectors without blue filtering. We theoretically analyze and experimen-
tally evaluate nonlinear electrical-optical properties and nonlinear modulation characteristics
of white LEDs in the VLC system. LED nonlinear modulation characteristics reveal that the
optimized LED drive current that corresponds to minimum BER increases with an increase in
data rate. We explore FPGA-based universal software radio peripheral devices for real-time
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digital signal processing. Software-defined implantation of MIMO VLC can enable an adaptive
and reconfigurable communication system without hardware changes. We measured the error
vector magnitude (EVM), bit error rate (BER), and spectral efficiency performance for single-
carried M-QAM MIMO VLC using spatial diversity and spatial multiplexing. Results show
that spatial diversity MIMO VLC improves error performance at the cost of spectral efficiency
that spatial multiplexing should enhance. With an obstacle moving across line-of-sight (LOS)
links, the average error-free spectral efficiency of adaptive 2 � 2 MIMO VLC achieved 12 b/s/
Hz over 2 m indoor dynamic transmission after an obstruction. Real-time software-defined
adaptive MIMO VLC will enhance spectral efficiency and link reliability in a mobile environ-
ment with shadowing.

2. Nonlinear modulation characteristics of white LED in VLC system

Nonlinear modulation characteristics and limited linear dynamic range of white LEDs are
dependent on drive currents, which determine VLC system performance. The static nonlinear
LED transfer functions for voltage or optical power to current conversion [22] take into account
just clipping effects or continuous-gradient nonlinearity [6]. Moreover, the approximating
polynomial model of LED nonlinearity is only valid for small modulation frequencies [6].
Thus, we theoretically analyze a complete nonlinear modulation model based on rate equa-
tion [7] and experimentally evaluate the effect of LED drive current on nonlinear modulation
characteristics of VLC system [23].

2.1. Nonlinear electrical-optical characteristics of white LED

LEDs are nonlinear devices such as the series resistance and capacitance depend strongly on
the bias current. A nonlinear resistor represents the I-V characteristic of the LED by the
Shockley equation [24]. id ¼ I0 exp qvd=nkTð Þ � 1

� �
, where k is the Boltzmann's constant, q is

the electron charge, T is the junction temperature, n is the diode ideality factor, and vd is the
junction voltage. The factor n is approximately 2 for an InGaN LED. I0 is the reverse saturation
current [24].

However, the LED nonlinear I-V characteristic needs to be modified in order to take into
account parasitic resistances. A series resistance can be caused by excessive contact resistance
or by the resistance of the neutral regions [24]. The equivalent circuit for the transient behavior
of LED is shown in Figure 2. Considering the nonlinear series resistances Rs and parallel
resistance Rp of LED, the I-V characteristic of a forward-biased p-n junction diode (vd ¼ v-IRs,
vd ≫ (kT/q) is given by I � ðv� IRsÞ=Rp ¼ I0 exp q v� IRsð Þ= nkTð Þ½ �. For devices with a high
parallel resistance (Rp ! ∞), the diode I-V characteristic can be written as

I ¼ I0 exp e v� IRsð Þ= nkTð Þ½ � ð1Þ
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For Rp ! ∞ and Rs ! 0, this equation reduces to the Shockley equation.

We measured electrical-optical properties of LED chips. Figure 3(a) shows experimental and
theoretical relationship between drive current I against forward voltage v for a single LED. The
measured LED bias current I against the junction voltage vd characteristic well matches the
theoretical nonlinear I-vd model. Figure 3(b) shows relationship between optical power and for-
wardvoltage for a single LED. LEDoptical power get cut off below the threshold of 10mA@ 2.7 V,
increased within a linear dynamic range of 600 mVaround bias point of 450 mA @ 3.3 V, finally
saturated and decreased beyond 1100 mA @ 3.7 V. This is because nonlinear thermal effects
appear to reduce the internal quantum efficiency and electrical to optical conversion efficiency.
Thus, the LED drive current and linear dynamical range should be optimally designed to avoid
nonlinear distortions in output optical power and degradations in VLC performance [7].

Figure 4 shows LED bias current and output optical power against forward voltage for two
parallel-connected and series-connected LED chips. It can be seen that the nonlinear region of
parallel-connected LED chips fluctuates dramatically above 3000 mA @ 3.5 V due to the larger
forward current thermal effect, whereas the linear modulation dynamic range of the series-
connected LED chips increases to 1200 mV around the optimal DC-bias point 370 mA @ 6.4V
due to the improved impedance. Thus, series-connected LED chips can enhance the linear
dynamic range.

We evaluated VLC transceiver system response at the frequency of 10 MHz along the distance
of 1 m. Using the same transmitter signal amplitude of 100 mV, we measured the receive signal
amplitude for different LED DC-bias power levels. Figure 5 shows the effect of LED forward
voltage and current on the AC signal system response for two and three series-connected LED
chips. It is shown that the received signal and system response fluctuate to decline gradually
with the increase of LED DC-bias current and voltage, because high DC power will lead to a
nonlinear thermal effect that saturated output optical power and degraded AC signal ampli-
tude. As compared, a larger number of series-connected LED chips can mitigate the nonlinear
fluctuation of system response.

Figure 2. The equivalent circuit for the transient behavior of LED.

Real‐Time Software‐Defined Adaptive MIMO Visible Light Communications
http://dx.doi.org/10.5772/intechopen.68919

27



Figure 3. Electrical to optical properties of white LED. (a) DC-bias current against forward voltage and (b) normalized
optical power against forward voltage for single LED.

Figure 4. DC-bias current and normalized optical power against forward voltage for (a) two parallel connected LEDs and
(b) two series-connected LEDs.

Figure 5. DC-bias current and voltage effect on VLC system response for (a) two series-connected LED chips and (b) three
series-connected LED chips. Transmitter signal amplitude is 100 mV.
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2.2. Nonlinear modulation bandwidth of white LED

2.2.1. LED modulation bandwidth due to carrier lifetime

The differential carrier lifetimes in InGaN-based LEDs can be described by the simple ABC
model. This rate equation model considers that the current through the device is made up of
three contributions: a nonradiative current IA due to Shockley-Read-Hall (SRH) recombination
at defect sites, a current IB due to radiative recombination of electrons and holes, and an Auger
current IC due to cubic nonradiative recombination [25]. The total current is thus

I ¼ IA þ IB þ IC ¼ qsdðANþ BN2 þ CN3Þ ð2Þ

where I is the operation current, q is the elementary charge, s and d are the device area and total
thickness of the quantumwells (QWs),N is the carrier density,A, B, and C are the coefficients of
Shockley-Read-Hall (SRH), radiative recombination and Auger nonradiative recombination.

Under small-signal modulation conditions, the luminescence decay is mono-exponential with
the differential time constant [26]. The differential lifetime is then given by the derivative of the
recombination rate with respect to carrier density 1=τs ¼ Aþ BNþ CN2. In the case that linear
and quadratic terms dominate the recombination rate, the simplified expression between
carrier lifetime and bias current can be derived by 1=τ2s ¼ A2 þ 4BI=qV. Thus, the LED electri-
cal-optical 3-dB bandwidth [23] related to the differential lifetime can be obtained

f s ¼
1

2πτs
¼ 1

2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ 4B

qV
I

s
ð3Þ

2.2.2. LED modulation bandwidth due to space-charge capacitance

The common feature of LED is that the large junction over the entire wafer presents a space-
charge capacitance of the junction in parallel with the diffusion capacitance of carrier lifetime.
Figure 2 shows the equivalent circuit for the transient behavior of LED. In addition to the
diffusion capacitance Cd of carrier lifetime, there is the space-charge capacitance Cs of the
depletion layer. The space-charge capacitance [27] is given by Cs ¼ C0= 1� vd=φ

� �m, where
C0 ¼ sc0, c0 is the zero-bias capacitance per unit area, Ø is the barrier voltage, and the exponent
m is 1/2. The LED resistance Rs in the equivalent circuit accounts for the series resistance of the
bulk material and the contact resistances. Thus, the time constant due to the space-charge
capacitance [23] is given by τc ¼ CsRs ¼ RsC0= 1� vd=φ

� �m. The electrical-optical 3-dB band-
width related to space-charge capacitance can be obtained

f c ¼
1

2πτc
¼ 1� vd=φ
� �m

2πRsC0
ð4Þ

2.2.3. Nonlinear modulation bandwidth of white LED

Considering the nonlinear electrical-optical characteristics of LED, substituting Eq. (1) into
Eq. (4), the total LED rise time due to carrier spontaneous lifetime and space-charge capaci-
tance [23] can be defined by
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τLEDðIÞ ¼ τs þ τc ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ 4BI=qV

q þ RsC0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ln I=I0ð ÞnkT=qφp ð5Þ

The total equivalent electrical-optical 3-dB bandwidth due to the differential lifetime and
space-charge capacitance can be expressed by the LED bias current

f LEDðIÞ ¼
1

2πðτs þ τcÞ ¼
1
2π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðA2 þ 4BI=qVÞ½1� ln I=I0ð ÞnkT=qφ�

q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ln I=I0ð ÞnkT=qφp þ RsC0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ 4BI=qV

q ð6Þ

We measured the optical spectrum of different phosphor white LED chips (Osram Ostar) as
shown in Figure 6. It can be seen that a commercial warm white LED (CWLED) contains only
10% blue component of the overall emitted power, while the emitted ultra-white LED light
(UWLED) consists of 41% blue component and less slow yellow component from the phos-
phor. As the modulation bandwidth of blue light is higher than that of yellow component, the
ultra-white LED (UWLED) can be used to improve the modulation bandwidth efficiency [7].

The effect of LED DC-bias current on electrical-optical-electrical (EOE) channel frequency
response of the VLC transceiver is shown in Figure 7. The magnitude of the channel frequ-
ency response is measured by a network analyzer. It can be seen that the magnitude of frequency
response reduced when bias current is less than 100 mA due to clipping of the lower peaks at the
turn on point. For small frequency signals less than 10 MHz, VLC system frequency response

Figure 6. The measured optical spectrum of different white LED chips, inset: Osram white LED.
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magnitudes reduce as LED bias currents increase, due to nonlinear intensity saturation at large
currents. However, for high frequency signals in Figure 7(b), the system response improves with
the increasing DC bias current due to higher optical power detected at the receiver [7].

The comparison of experimental and theoretical relationship between 3-dB bandwidth of the
VLC system and LED bias current is shown in Figure 8. It is found that the 3-dB bandwidth of
the VLC system increases with LED bias current, because the bandwidth due to carrier lifetime
fs in Eq. (3) increases significantly with carrier density and driving current. Furthermore, the
LED bandwidth saturates and approaches to 7 MHz when DC bias current is larger than 250
mA, because the bandwidth due to space-charge capacitance fc in Eq. (4) reduces apparently
with bias current. It is shown that results of experimental measurement of LED bias current-
related equivalent bandwidth well match the theoretical results in Eq. (6). Since the receiver
itself has a relatively large bandwidth (photodetector 150 MHz, amplifier 1 GHz), the system
bandwidth (7 MHz) is limited by the LED module.

As the blue filtering introduces high optical power attenuation, we extend LED modulation
bandwidth without blue filtering. The magnitude of the channel frequency response was
measured by a network analyzer. A first-order equalizer that consists of a capacitor in parallel
with a resistor (R ¼ 1 kΩ, C ¼ 30 pF) is developed to enhance the system bandwidth. Figure 9
presents the frequency response of the equalizer and the corresponding equalized VLC trans-
ceiver system. It can be seen that the optimized analogue equalizer can extend the bandwidth
of the VLC transceiver from 7 to 40 MHz.

2.3. Nonlinear modulation effects of white LED on VLC performance

Figure 10 presents a diagram of experimental measurement setup for the VLC system. The
analogue transmitter front-end superimposed the amplified output signal onto LED bias
current using a bias-tee. The phosphorescent white LED (Osram OSTAR) with four chips
provided 520-lm luminous flux with a 120� opening angle at 700 mA current. An aspheric lens
collimated LED light propagation along line-of-sight paths. A high-speed PIN photodetector
captured LED light by an aspheric convex lens. A low noise transimpedance amplifier (TIA)

Figure 7. (a) The measured EOE channel frequency response of VLC transceiver for different LED DC bias currents and
(b) frequency response versus LED DC bias current for different frequency.
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Figure 8. Relationship between 3-dB bandwidth and average LED current.

Figure 9. Electrical-optical-electrical system frequency response of VLC transceiver without equalization, VLC trans-
ceiver with equalization and the analogue equalizer.
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amplified the photocurrent signal, which bandwidth was extended by a first-order analogue
postequalizer [16]. The received electrical signal was amplified and then connected to a digital
oscilloscope (HP 4396B) and a bit error rate tester (BERT).

A pseudorandom binary sequence (PRBS)-10 OOK-NRZdata streamwith a peak-to-peak voltage
swing of 2.5 V is used to modulate a single LED light. Figure 11 shows the relationship between
the measured bit-error-rate (BER) performance and the date rate of the equalized VLC system for
different DC bias currents. It can be seen that the maximum date rate at DC bias current of 510
mA can achieve 60 Mbps for a BER threshold of 10�3. In contrast, BER performance degraded
obviously for both a low DC bias current of 200 mA and a high DC bias current of 680 mA.

The effect of LED DC bias current on VLC BER performance for different data rates is illus-
trated in Figure 12. For a BER threshold of 10�3, the maximum date rate of 60 Mbps can be
achieved at 510 mA bias current. The smaller bias currents less than 100 mA increased the BER
at low data rates (20 and 32 Mbps). The DC bias current that corresponds to minimal BER
value is used to identify the optimum bias point, where the LED is operating in a linear region
with less probability of clipping the signal peaks. The high BER observed at the large bias
current more than 200 mA is mainly due to the nonlinear thermal effect and the clipping of the
upper peak at the maximum output optical power [7]. For high data rates (40 and 60Mbps), BER
decreases to the minimum value with an increase in LED bias current. This is because relatively
high levels of optical power are required to overcome the received signal-to-noise penalty at a
high data rate. Therefore, the optimized DC-bias current of an LED driver that corresponds to
minimum BER increases gradually with an increase in the data rate. The modulation bandwidth
can be enhanced by reducing parasitic resistances and capacitances of LED, or carrier sweep-out
of the active region. This can help in controlling the dimmable illumination brightness of white
LEDs to match the modulation speed and improve system performance.

Figure 10. Experimental setup of visible light communication system using white LEDs.
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Figure 12. Relationship between VLC bit error rate and LED current for different date rate.

Figure 11. Relationship between VLC bit error rate and date rate for different LED DC-bias currents.
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3. Real-time software-defined adaptive MIMO VLC system

3.1. System model of adaptive MIMO VLC

A MIMO visible light communication system consists of M transmitting antennas (LEDs) and
N receiving antennas (photodetectors). The input data X are mapped by QAM and divided
into M parallel symbol streams xj (j ¼ 1,…, M) to independently modulate a light source. The
transmitted signal after up-conversion takes the form [16]:

xðtÞ ¼ IðtÞ cos ð2πf ctÞ �QðtÞ sin ð2πf ctÞ ð7Þ

where fc is the carrier frequency, I(t) and Q(t) are the modulating signals of in phase and
quadrature components. The received signal is a linear combination of all xj, and the MIMO
channel model can be represented as [16]

y ¼ Hxþ n, ð8Þ

where n is the sum of thermal noise and ambient shot light noise with zero mean and a
variance σ2, and the noise power spectral density is N0. It is assumed that Nt data symbols x1,
x2, …, xNt are chosen randomly, equally likely and independently to form an input data vector

x ¼ ½x1, x2 ,…, xNt �T ∈AM where A is a given modulation constellation. Each Tx transmits inde-
pendent symbols of the same power: <xx*> ¼ Pt/Nt.I, where Pt is the total Tx power, I is the
identity matrix, <> and * denote the expectation and Hermitian conjugation, respectively. The

received signal vector is denoted by y ¼ ½y1 , y2,…, yNr
�T. NotationH denotes anNt �Nr channel

matrix, in which hnm is the real nonnegative coefficient between the nth receiver and the mth
transmitter.

Channel gain of an indoor VLC LOS link is determined by [28]

hnm ¼
ðkþ 1ÞA
2πd2nm

cos kðφÞ cos ðψÞ, 0 ≤ψ ≤Ψ1
2

0, ψ > Ψ1
2

8><
>:

ð9Þ

with ψ is the angle of incidence with respect to the nth receiver axis, and ϕ is the angle of
emergence with respect to themth transmitter axis. dnm is the distance betweenmth transmitter
and nth receiver. Ψ is the field-of-view (FOV) of the receiver, A is the detector area, and k ¼�ln
2/ln(cos(ϕ1/2)), in which ϕ1/2 is the half power angle of the transmitter.

The MIMO system has first to estimate channel estimation coefficients between Tx and Rx, to
de-multiplex signals and retrieve transmitted data. We periodically inserted training sequences
of binary phase shift keying signals in front of the data streams to obtain the channel estima-
tion matrix. Each row of the two-dimensional (2D) array contains two training sequences, one
from each transmitter [16].

t ¼ ts1 0
0 ts2

� �
ð10Þ
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Thus, we can determine the four channel estimates by performing channel estimation on each
training sequence in each row. AnHmatrix detailing channel estimation is logged on receiving
all pilot signals yt.

H ¼ yt
t
¼ y11=ts1 y12=ts2

y21=ts1 y22=ts2

� �
ð11Þ

Zero-forcing (ZF) is the simplest method to estimate the transmitted data, that invert H and
multiply it with the received vector [29]: W�y ¼ xest þ n, where W is the beam former H�1.
However, if H is rank deficient, matrix inversion cannot be performed. The noise vector n will
lead to noise amplification for low values ofH. Thus, the pseudo inverse ofH can be used by [16]:

H† ¼ ðH�HÞ�1H�, ð12Þ

where H* is the conjugated transpose of H. Using the pseudo inverse zero-forcing, the de-
multiplexing and postequalization can be simultaneously realized for an estimate of x.

The adaptive MIMO is mainly based on the approximated expression for the average bit error
rate (BER) of M-ary QAM symbols and channel capacity of the MIMO system. An approxi-
mate expression of average bit error probability of M-ary square QAM can be obtained by

Pb ffi
2

ffiffiffiffiffi
M

p
� 1

� �
ffiffiffiffiffi
M

p
logM2

erf c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2ðM� 1Þγ
s !

ð13Þ

where γ is the received signal to noise ratio (SNR) per symbol, and erfc(x) is the complemen-
tary error function. The analytical error-probability bound for an AWGN SISO channel with
M-QAM modulation is given by [30]

Pb ≤
1
5
exp �1:5

γ
M� 1

� �
ð14Þ

Assuming that signals from individual LEDs are independently equipowered, and a channel
matrix is perfectly known to the receiver [29], spectral efficiency ofMIMO channels is obtained by

S ¼ log2 det IN þ Pt

Ntσ20
HH�

� �� �

¼
XNm

i¼1

log2 1þ Pt

Ntσ20
λ2
i

� �

≤ log2 1þ Pt

Ntσ20
kHk2

� �
ð15Þ

where Nm ¼ minðNt,NrÞ, λ≜ λ2
1,…,λ2

Nm

h iT
is eigenvalue vector of HH�, kk denotes the

Frobenius norm, kHk2¼
XN

i¼1

XM

j¼1

jhi, jj2.
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For a given BERtgt, the maximum spectral efficiency can be obtained by

s ¼ log2ð1þ KγÞ ð16Þ

where K ¼ �3
2lnð5BERtgtÞ.

The adaptive MIMO system can be defined by the constrained optimization problem.

max
MIMO, si, Pi

S ¼ Eλ

XNm

i¼1

siðλÞ
" #

ð17Þ

subject to

Eλ

XNm

i¼1

PiðλÞ
" #

≤Pt ð18Þ

BERiðλÞ ≤BERtgt ð19Þ

MiðλÞ∈ M0,M1,…,Mnf g ð20Þ
MIMOðλÞ∈ SM, SDf g ð21Þ

PiðλÞ ≥ 0, siðλÞ ≥ 0, i ¼ 1,…, Nm ð22Þ

Eq. (17) expresses the optimization strategy that maximizing the spectral efficiency by
adapting the MIMO scheme, transmit rate si and power Pi in each subchannel. Eq. (18) shows
that the average total transmit power cannot exceed Pt, and Eq. (19) requires that at any instant
the BER in any subchannel must remain below a predetermined target level BERtgt. We
consider more practical discrete rate systems in Eq. (20), where we restrict the available
constellation size Mi to a finite set of integers instead of any nonnegative real values. In
particular, we use only square QAMs as the available component modulation schemes; i.e.,
Mi ¼ 4i, i¼ 0, 1,….,N. Based on the conditions of MIMO channel estimations, we can adapt the
MIMO schemes in Eq. (21) such as spatial multiplexing (SM) and spatial diversity (SD) to
maximize the achievable spectral efficiency. Eq. (22) is the nonnegative constraint on power
and rate.The expectation over λ in Eq. (17) implies that we assume the random process λ is
ergodic. These enable the MIMO adaptation in the time domain and spatial domain.

3.2. Experimental setup of adaptive MIMO VLC system

Figure 13 presents a block diagram and experimental setup of this 2 � 2 M-QAM adaptive
MIMO VLC system. The random binary data is generated in Labview and would be first split
into two parallel streams, one for each transmitter (TX) channel. We develop adaptive MIMO
modes control modules, which can adjust the optimal modulation formats andMIMO schemes
to maximize the spectral efficiency and error performance according to the real-time MIMO
channel conditions. We adaptively choose one of MIMO technologies: spatial diversity (SD)
and spatial multiplexing (SM). SD MIMO transmits the same data stream in each Tx to
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improve antenna array gain, while SM MIMO sends different parallel streams over each LED
to enhance spectral efficiency gain. Bit stream is mapped intoM-ary QAM in each channel, and
four types of modulation formats are provided: 4-QAM, 16-QAM, 64-QAM, and 256-QAM.
Thus, there are eight adaptive MIMO modes available for link adaptation (SM-4, SM-16, SM-
64, SM-256, SD-4, SD-16, SD-64, and SD-256). Initially, we choose the default mode of SM-64
(spatial multiplexing 64-QAM). Then channel-training sequences are inserted into the symbol
streams. After adding cyclic prefix (CP) and upsampling, pulse shaping by a raised-cosine
filter is employed.

Data streams are transmitted from the host computer to USRP X310 using 10G SFPþ
Ethernet interfaces. The complex QAM streams are upconverted after digital to analog
conversion (DAC), and generate the real analogue RF signals. The analogue transmitter
front end superimposed the amplified output signal onto LED bias current using a bias
tee. The phosphorescent white LED (Osram OSTAR) with four chips provided 520-lm
luminous flux with a 120� opening angle at 700 mA current. An aspheric lens collimated
LED light propagation along line-of-sight direction. A high-speed PIN photodetector cap-
tured LED light by an aspheric convex lens. A low noise transimpedance amplifier (TIA)
amplified the photocurrent signal, which bandwidth was extended by a first-order ana-
logue postequalizer.

Subsequently, we routed the received signals from each receiver to an RX channel of USRP
X310. USRP X310 is a scalable software-defined radio (SDR) platform for designing and
deploying the next generation wireless communication system. The hardware architecture
integrates two daughterboard slots covering DC-6 GHz with up to 120 MS/s of baseband
bandwidth, 200 MS/s ADC, and 800 MS/s DAC, and dual high-speed SFP(þ) interface ports
for 1/10 Gigabit Ethernet. We set 10 MHz baseband bandwidth due to the limited sampling

Figure 13. Experiment setup for adaptive MIMO VLC.
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rate of daughterboard and analog to digital conversion (ADC). A large user-programmable
Kintex-7 FPGA in a convenient desktop provides best-in-class real-time hardware perfor-
mance [16].

Training sequences are acquired for synchronization and channel estimation, after
downconverting to baseband and down sampling by a matched filter. With removing CP, the
received data streams are processed in an MIMO de-multiplexer. The final streams are then
passed through a QAM demodulator to recover original binary streams. Based on the channel
estimation conditions, the adaptive MIMOmode selection module will calculate and select the
corresponding optimum modes including modulation formats and MIMO schemes. We then
update the three-bit binary code for adaptive MIMO modes and feedback the adaptive mode
code to the transmitter by using RF uplink. In Labview, we measured and analyzed the
constellation diagram, EVM, BER, and spectral efficiency performance for adaptive M-QAM
MIMO VLC system.

4. Results and discussion

In order to achieve adaptive MIMO visible light communication for indoor lighting environ-
ment, we first evaluate efficient estimation approaches to acquire the real-time channel
conditions. Then we measured and compared the error performance and spectral efficiency
of M-QAM MIMO VLC systems using spatial diversity and spatial multiplexing, respec-
tively. Based on the adaptive MIMO mode selection criteria in terms of channel estimation,
we demonstrated the adaptive real-time software-defined MIMO VLC along with different
distance.

4.1. Real-time single-carrier QAM MIMO visible light communication

Figure 14(a) shows the captured waveforms and resulting IQ symbols of RX1 and RX2 for 64-
QAM spatial diversity MIMO VLC. From this figure, we can find the crosstalk and phase offset
between these two RXs, which require MIMO processing in the DSP. The constellation plots
show the signals received by the two Rx NI USRP transceivers.

We recover 2D array of symbols by postequalization with channel estimations and convert
them into the proper 1D array of symbols by performing max ratio combining (MRC) as
shown in Figure 6(b).

Figure 14(c) and (d) shows the recovered signal constellation diagram after channel equalization.
Figure 14(e) shows the final MIMO combined signal constellation plot after performing max
ratio combing (MRC). The measured root mean square (RMS) EVM and BER are 1.73% and zero,
respectively. This reconstructed constellation shows that MIMO system works properly.

We then demonstrate spatial multiplexing MIMO VLC by transmitting different data streams.
Figure 15(a) shows four received I and Q waveforms from each of the two Rx antennas after
downsampling and postequalization, which are combined together by MIMO de-multiplexing
to recover the MIMO RX symbols IQ graph in Figure 15(b). From Figure 14(c)–(e), we can find
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that all the 64-QAM IQ symbol waveforms have been successfully reconstructed in the spatial
multiplexing MIMO VLC system. Furthermore, we measured high-order modulation perfor-
mance for 256-QAM spatial multiplexing MIMO VLC, which constellation diagrams are
depicted in Figure 16. The results show clear constellations and error free transmission in
256-QAM spatial multiplex 2 � 2 MIMO VLC with EVM 1.81%, BER 2 � 10�5 and data rate
160 Mbps along 2 m.

Figure 17 shows comparison of BER versus signal power of a 64-QAM 2 � 2 MIMO VLC
transmission. Compared with spatial multiplexing, the spatial diversity MIMO VLC system
can enhance about 3-dB array gain in BER performance, as the array gain in spatial diversity
MIMO VLC improves the received signal strength.

Figure 14. Spatial diversity 64-QAM 2� 2 MIMO VLC. (a) Rx waveform IQ graph, (b) RXMIMOMRC combined symbol
IQ graph, (c) RX CH0 constellation diagram, (d) RX CH1 constellation diagram, and (e) MIMO combined signal after max
ratio combing diagram.
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4.2. Software-defined MIMO VLC using link adaptation of spatial diversity and spatial
multiplexing

Figure 18 shows the measured EVM and channel response estimation against signal power for
2 � 2 MIMO 4-QAM VLC using spatial multiplexing and spatial diversity. For large symbol
streams T, such that T ≫ N, where N is the number of unique modulation symbols, channel
SNR can be obtained from EVM as SNR ≈ 1/EVM2. As shown in Figure 10, EVM of SM and SD
MIMO VLC decreases correspondingly with an increase of signal power. As EVM approaches
to small value of 2%, both EVMs become saturated due to the limited symbols streams. It is
clear that EVM of spatial diversity system has a power gain of about 3 dB compared to the
spatial multiplexing due to the antenna array gain. Channel SNR estimation from the mea-
sured EVM is dependent on the symbol number, constellation size, and MIMO processing. On
the other hand, we obtain channel SNR directly from a channel response estimation matrix,

Figure 15. Spatial multiplexing 64-QAM 2 � 2 MIMO VLC. (a) Rx waveform IQ graph, (b) RX MIMO IQ graph, (c) RX
CH0 constellation diagram, (d) RX CH1 constellation diagram, and (e) Rx MIMO spatial multiplexing diagram, EVM ¼
1.89%, BER ¼ 0.
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where λi is eigenvalue of channel estimation matrix H. As Figure 10 shows, each
subchannel eigenvalue of channel estimation has a linear relationship with signal power.
Furthermore, original channel estimation matrix is similar for both spatial diversity and
spatial multiplexing MIMO. Thus, we can acquire real-time subchannel SNRs from eigen-
values of channel estimation matrix regardless of MIMO schemes and modulation for-
mats.

BER performance of 4-16-64-256 QAM 2 � 2 MIMO VLC using spatial multiplexing and
spatial diversity is shown in Figure 19, where dots are experimental measurements and lines
are theoretical results. The results show that BER decreases significantly to 10�7 as SNR grows
with a linear dynamic range. Moreover, no nonlinear distortion occurs at high signal power by
using single-carrier M-QAM modulation for the 2 � 2 MIMO VLC system. We can see that
BER of spatial diversity system has about 3-dB SNR gain compared to the spatial multiplexing,
as the array gain in spatial diversity MIMO VLC improves the received signal strength. It is
clear that the experimental measurements well match the theoretical results, which verify

Figure 16. Spatial multiplexing 256-QAM 2 � 2 MIMO VLC. (a) Rx waveform IQ graph, (b) RX MIMO IQ graph, (c) RX
CH0 constellation diagram, (d) RX CH1 constellation diagram, and (e) Rx MIMO spatial multiplexing diagram, EVM ¼
1.81%, BER ¼ 2E-5.
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accurate channel SNR estimation from the channel matrix in M-QAM MIMO VLC. Given the
target BER threshold BERtgt ¼ 10�3, we can establish adaptive MIMOmode criteria in terms of
channel SNR and singular value of channel matrix.

Figure 17. BER performance comparison for spatial diversity and spatial multiplex 64-QAM 2 � 2 MIMO VLC.

Figure 18. EVM and channel estimation against signal power for 2 � 2 MIMO VLC using spatial multiplexing (SM) and
spatial diversity (SD).
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Figure 20 shows spectral efficiency performance of 4-16-64-256 QAM 2 � 2 MIMO VLC using
spatial multiplexing and spatial diversity, where dots are experimental results and lines are
theoretical results. Insets show the corresponding constellation diagrams. The results show
spectral efficiencies of M-QAMMIMO VLC form step like shapes due to the rate discretization
and BER integration. We can see that the spatial multiplexing system has about 3 dB gain in
spectral efficiency compared with spatial diversity due to multiplexing gain of SM. These
bandwidth efficiency enhancements are at the scarification of the degraded error performance.
The experimental measurements well match the theoretical results, which verify channel SNR
estimation and of spectral efficiency of M-QAM MIMO VLC. Thus, we can establish the
adaptive MIMO mode criteria in terms of singular value of channel matrix to maximize the
spectral efficiency.

Based on the established adaptive MIMOmode criteria in terms of channel estimation as shown
in Figure 21, we demonstrate the real-time adaptive MIMO VLC system to maximize spectral
efficiency under target BER threshold. BER performance and spectral efficiency against link
distance for adaptive M-QAM MIMO VLC are depicted in Figures 22 and 23, respectively. The
fixed 64-QAM MIMO VLC using spatial diversity and spatial multiplexing are introduced for
comparison. Insets show the corresponding constellations of adaptive MIMOmodes.

The initial mode is SM-64 (spatial multiplex 64-QAM). As we can see in the figures, as link
distance increases from 0.6 to 1.4 m and 1.9 m, the adaptive modes change to SM-256, SM-64
and SM-16, receptively. Adaptive MIMO VLC increases the error free transmission distance
to 2.2 m compared with 1.7 m for SM-64 and 1.9 m for SD-64. Furthermore, adaptive MIMO

Figure 19. BER performance of M-QAM 2 � 2 MIMO VLC using spatial multiplexing and spatial diversity. Dots are
experimental results and lines are theoretical results.
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Figure 21. Channel estimation against link distance for 2 � 2 M-QAM MIMO VLC.

Figure 20. Spectral efficiency performance of M-QAM 2 � 2 MIMO VLC using spatial multiplexing and spatial diversity.
Dots are experimental results and lines are theoretical results. Insets are the corresponding constellation diagrams.
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Figure 22. BER against link distance for adaptive M-QAMMIMO, spatial multiplexing 64-QAM, and spatial diversity 64-
QAM VLC.

Figure 23. Spectral efficiency against link distance for adaptive M-QAM MIMO, spatial multiplexing 64-QAM, and
spatial diversity 64-QAM VLC.
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VLC enhances the average spectral efficiency to 12 b/s/Hz over 2.2 m distance. Thus, it is
necessary to explore the optimal combination of spatial multiplexing and spatial diversity
for adaptive MIMO VLC to improve spectral efficiency and BER performance for indoor
lighting environment.

4.3. Adaptive software-defined MIMO VLC after a mobile obstruction

Based on the established adaptive MIMO mode criteria in terms of channel estimation matrix,
we demonstrate the real-time adaptive MIMO VLC system to maximize spectral efficiency
under target BER threshold, after propagation beyond an obstruction. An obstacle with a
diameter of 4.5 cm placed in the middle of transmission distance of 218 cm obstructs the line-
of-sight light waves from two LEDs separated by 5 cm. Wemarked the central line between the
two LEDs as a reference position at 0 cm. The obstacle was translated across the line-of-sight
transmission direction from �65 to 65 cm, with dynamical obstruction range of 135 cm.

With the obstacle moving across LOS links, we measured the channel response of subchannels
in Figure 24, and compared the error performance and spectral efficiency of adaptive M-QAM
MIMO VLC with traditional MIMO VLC as shown in Figures 25 and 26. The fixed 64-QAM
MIMO VLC using spatial diversity and spatial multiplexing are introduced for comparison.
Insets show the corresponding constellations of adaptive MIMO modes. The initial mode is
SM-64 (spatial multiplex 64-QAM). As we can see in the figures, as the obstacle moved across
LOS from �65 to 65 cm, the adaptive MIMO modes change to SM-256, SM-64 and SD-256
adaptively with BER less than 10�3. Results show that adaptive MIMO VLC can overcome
these losses by the blockage, thus recover the clear constellation diagrams after propagation

Figure 24. Channel estimation against blockage position for 2 � 2 M-QAM MIMO VLC.
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Figure 25. BER against blockage position for adaptive M-QAM MIMO VLC, spatial multiplexing 64-QAM, and spatial
diversity 64-QAM VLC.

Figure 26. Spectral efficiency against blockage position for adaptive M-QAM MIMO VLC, spatial multiplexing 64-QAM,
and spatial diversity 64-QAM VLC.
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beyond the obstruction. Adaptive MIMO VLC enhanced the average error-free spectral effi-
ciency to 12 b/s/Hz over 2-m indoor transmission with an obstruction, compared with 7.7 b/s/
Hz for SM-64 and 6 b/s/Hz for SD-64. The adaptive MIMO VLC will enhance spectral effi-
ciency and error performance in a real-time combined lighting and communication environ-
ment such as transmission power distribution, environmental blockage, and shadowing.

5. Conclusion

In this chapter, we experimentally demonstrate real-time software-defined multiple-input
multiple-output (MIMO) visible light communication (VLC) system employing link adapta-
tion of spatial multiplexing and spatial diversity. Real-time MIMO signal processing is
implemented by using the field programmable gate array (FPGA)-based universal software
radio peripheral (USRP) devices. Software-defined implantation of MIMO VLC can assist in
enabling an adaptive and reconfigurable communication system without hardware changes.
We propose the adaptive MIMO solution that both modulation schemas and MIMO schemas
are dynamically adapted to the changing channel conditions for enhancing the error perfor-
mance and spectral efficiency. The average error-free spectral efficiency of adaptive 2 � 2
MIMO VLC achieved 12 b/s/Hz over 2 m indoor dynamic transmission. The adaptive MIMO
VLC will enhance performance in a real-time combined lighting and communication environ-
ment such as transmission power distribution, beam forming, communication range, environ-
mental blockage, and shadowing.
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Abstract

Direct current-biased optical-orthogonal frequency-division multiplexing (DCO-OFDM) is
a simple yet spectrally efficient multicarrier modulation scheme for visible light communi-
cation (VLC). But in multiple-input multiple-output (MIMO) scenario, which is more
practical for VLC due to the LED deployment, the research on DCO-OFDM is still limited
and calls for in-depth investigation. In this chapter, we first study the basic modulation
scheme of DCO-OFDM, including the design of conventional receiver without considering
the clipping noise. Secondly, we present a novel receiver for combating clipping distortion
in the DCO-OFDM system, which can reconstruct the clipping noise and subtract it from
the received signal. Thirdly, we generalize the results to MIMO scenario and investigate
the preliminary transceiver design, which is based on the minimum mean-square error
(MMSE) criteria. Based on this, we propose a precoding algorithm to further enhance the
performance. Finally, the symbol error rate performance is compared through computer
simulations to give the reader a whole picture of the performance of MIMO VLC system.

Keywords: clipping noise, DCO-OFDM, iterative reconstruction, transceiver design,
DCO-OFDM

1. Introduction

As an important complementary technique to the fifth generation (5G) wireless communica-
tion system, visible light communication (VLC) is currently enjoying a promising development
in the research area of communication [1]. VLC transmits information with the visible light
emitted by the light emitting diodes (LEDs), which are generally deployed to provide indoor

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



illumination simultaneously. In VLC, simple low-cost intensity modulation and direct detec-
tion (IM/DD) techniques are employed to send information, which implies that the phase
cannot be used to convey any information. Therefore, pulsed modulation schemes such as
pulse position modulation (PPM), pulse width modulation (PWM) or on-off keying (OOK) is
employed in practical VLC systems [2].

In order to combat the inter-symbol interference caused by the indoor optical wireless channel,
orthogonal frequency-division multiplexing (OFDM) has been considered for VLC due to its
inherent robustness to multipath effect [3]. In VLC, the transmitted electrical signal is used to
modulate the light intensity of the LED. For this purpose, the transmitted electrical signal must
be real and non-negative. Therefore, the traditional OFDM needs to be modified to obtain the
real-valued signal, which can be produced by imposing Hermitian symmetry symbols on the
frequency domain subcarriers and then conducting inverse discrete Fourier transform (IDFT)
operation on these frequency domain subcarriers. In general, there are two approaches to
obtain non-negative signal from the above real-valued signal. One approach is asymmetrically
clipped optical OFDM (ACO-OFDM) which is proposed in Ref. [4]. The other approach is the
direct current (DC)-biased optical (DCO-OFDM), which is more spectrally efficient than ACO-
OFDM [5]. The differences between ACO-OFDM and DCO-OFDM are explained in more
detail in Refs. [5, 6].

One major problem of OFDM modulation is its high peak-to-average power ratio (PAPR),
which results from the summation over a large number of subcarriers. Therefore, the time
domain DCO-OFDM signal often has to be double-sided clipped to fit the dynamic linear
range of the transmitter, which inevitably introduces clipping distortion [7]. Although some
papers have analysed the double-sided clipped DCO-OFDM, to our knowledge, few of them
focus on improving the performance of the receiver [8]. In Ref. [9], the authors only analysed
the performance of the double-sided clipped DCO-OFDM in terms of the achievable data rate
and error vector magnitude. In Ref. [8], an optimum DC bias method has been proposed for
the double-sided clipped DCO-OFDM in order to decrease the clipping effects of the transmit-
ter. In Refs. [3–9], only the conventional receiver is utilized in DCO-OFDM. The conventional
receiver for DCO-OFDM usually does not care for the clipping noise and only simply subtracts
the DC bias from the received signal in the process of demodulation. Not surprisingly, it can
only provide suboptimal performance, especially in heavily clipped scenarios. In this chapter,
we are interested in designing the high-performance receiver for DCO-OFDM. First, we ana-
lyse the structure of the transmitted signal. Then, the clipping noise can be modelled as a
certain signal format that is based on the lower and upper clipping bounds. At last, we
propose a new receiver for DCO-OFDM, which reconstructs the clipping noise and decodes
data in an iterative manner by exploiting the signal structure of the clipping noise. The
complexity of the new receiver is comparable with the conventional one. Moreover, the con-
vergence rate of the new receiver is very fast, about 2–5 iterations. Therefore, the proposed
receiver can provide a realistic implementation in the DCO-OFDM system. Simulation results
demonstrate the large performance gains compared to the conventional receiver.

On the other aspect, the low-cost white LED has limited modulation bandwidth, which pro-
hibits high transmission rate of VLC, and optical multiple-input multiple-output (MIMO) can
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help achieve high data rate by utilizing spatial diversity [10]. Therefore, OFDM can also be
deployed together with MIMO in VLC systems to further enhance the bandwidth utilization
efficiency and boost the data rates [11, 12]. Some experimental results have demonstrated that
high data rates up to gigabit/s can be achieved in the MIMO VLC system [12]. In this chapter,
we first describe a MIMO VLC system, which can effectively support the flickering/dimming
control and other lighting requirements [13]. Secondly, in order to drive an LED transmitter,
we illustrate how the dynamic range constraint and dimming control impact the design of
MIMO transceiver [14]. Finally, an advanced method on MIMO transceiver design is proposed
and studied by theoretical analysis and simulation. It turns out that the bit error rate (BER)
performance of the MIMO VLC system could be improved by the advanced joint optimization
method.

For convenience, we summarize the mathematical notations here. Bold and lowercase symbols
(e.g. a) denote column vectors. Specifically, 1 denotes a column vector whose elements are 1.
Bold and uppercase symbols (e.g. H) denote matrices. Specifically,WN denotes the N � N DFT
matrix. The superscripts (�)*, (�)T, (�)H and (�)�1 denote the complex conjugate, transpose,
conjugate transpose and inverse of a matrix/vector, respectively. sign(a) returns the signs of a
(here 0 is replaced by 1), E{ � } denotes the statistical expectation, diag(�) is a diagonal matrix
whose entries on the main diagonal are given by a matrix, Tr(�) is the trace of a matrix, k�k
denotes the Frobenius norm, min(�) denotes an element-wise minimum operator and abs(�)
denotes an element-wise absolute operator.

2. Conventional receiver for DCO-OFDM

2.1. System model of DCO-OFDM

The DCO-OFDM system model considered in this chapter is shown in Figure 1. At the
transmitter, the source bits b (coded or uncoded) are first modulated using M-ary square
quadrature amplitude modulation (QAM) to get the complex signal X. In order to get the real
output of time domain OFDM signal after IDFT operation, the input frequency domain vector
~X of the IDFT module must be symmetrically conjugated, which requires Hermitian symmet-
ric expansion of X. The specific expansion is given as follows:

X ¼ Xð0Þ, Xð1Þ,…,X
N
2
� 1

� �� �T
, Xð0Þ ¼ 0, ð1Þ

~X ¼ ½~Xð0Þ, ~Xð1Þ,…, ~XðN � 1Þ�T, ð2Þ

~XðkÞ ¼

XðKÞ, 0 ≤ k ≤
N
2
� 1

0, k ¼ N
2

X�ðn� kÞ, N
2
þ 1 ≤ k ≤N � 1

:

8>>>>>><
>>>>>>:

ð3Þ
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Here, ~Xð0Þ and ~XðN=2Þ do not carry information and are generally set to zeros. Thus, the
number of unique data carrying subcarriers present is N

2 � 1. Then, the discrete time-domain

real-valued OFDM signal x is generated by applying IDFT operation to ~X as

xðnÞ ¼ 1ffiffiffiffi
N

p
XN�1

k¼0
~XðkÞ exp j2πkn

N

� �
, n ¼ 0, 1,…, N � 1, ð4Þ

where j ¼ ffiffiffiffiffiffiffi�1
p

and N is the size of IDFT. When N is not very small, according to the central limit
theorem, it is reasonable to model x as an independent identical distributed (i.i.d) Gaussian vector
with zero mean. In order to drive the LED and fit the dynamic linear range of the transmitter
simultaneously, the signal should be added with a proper DC bias, which leads to xD as

xD ¼ xþ 1 �D, ð5Þ

where D is the DC bias. In DCO-OFDM, double-sided clipping should be applied to xD to fit
the dynamic linear range of the LED. Then, xD needs to be clipped at both lower and upper
bounds to get xC, which can be described as

xCðnÞ ¼
(CL, xDðnÞ < CL
xDðnÞ, CL ≤ xDðnÞ ≤CU
CU, xDðnÞ > CU

ð6Þ

where CL and CU are the lower and upper clipping bounds, respectively, which need to satisfy
the constraint of CL ≤ xD(n) < CU. We note that Eq. (6) can be rewritten as

xCðnÞ ¼ xðnÞf 1
�
xðnÞ

�
þD � f 1

�
xðnÞ

�
þ CL � f 2

�
xðnÞ

�
þ CU � f 3

�
xðnÞ

�
ð7Þ

by defining

f 1
�
xðnÞ

�
¼

sign
�
xðnÞ þD� CL

�
þ 1

2
�
sign

�
CU � xðnÞ �D

�
þ 1

2
, ð8Þ

f 2
�
xðnÞ

�
¼

sign
�
CL � xðnÞ �D

�
þ 1

2
, ð9Þ

Figure 1. A DCO-OFDM system model.
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f 3
�
xðnÞ

�
¼

sign
�
xðnÞ þD� CU

�
þ 1

2
: ð10Þ

In vector form:

xC ¼ F1xþ f1 �Dþ f2 � CL þ f3 � CU, ð11Þ

F1 ¼ diagðf1Þ ¼ diag
�
f 1
�
xð0Þ

�
, f 1
�
xð1Þ

�
,…, f 1

�
xðN � 1Þ

��
: ð12Þ

At the transmitter, xC is appended with the cyclic prefix (CP) to avoid inter-symbol interference
and then drives the LED.

The optical signal from the LED spreads through the optical channel and then arrives at the
receiver, where a photodetector (PD) can retrieve the electrical signal on the basis of the
intensity of the received optical signal. After removing CP, the received signal in time domain
and frequency domain after DFT is denoted as y and Y, respectively. In VLC, the equivalent
electrical domain channel between xC and y is denoted by h, which may be a direct path and/or
reflected paths. All the components of h are real and non-negative. The frequency domain
channel of h is denoted as H, and we define H = diag(H), which is based on the principles of
OFDM system and the singular value decomposition (SVD) of circle matric. The received
signal in the frequency domain can be expressed as

Y ¼ HXC þ Z ð13Þ

where XC = WN xC and Z is the additive white Gaussian noise in the frequency domain and
each of its sample has zero mean and variance σ2. To facilitate the derivation of the new
receiver in subsection III, we rewrite Eq. (13) by combining Eqs. (7)–(12) as

Y ¼ HWNðF1xþ f1 �Dþ f2 � CL þ f3 � CUÞ þ Z

¼ HWNF1W
H
NXþHWNf1 �DþHWNf2 � CL þHWNf3 � CU þ Z:

ð14Þ

It is worth noting that DC bias D should be carefully designed to reduce distorting the signal x
as little as possible [8], which is beyond the scope of this chapter.

2.2. Conventional receiver design of DCO-OFDM

For the conventional receiver, it does not care for the clipping noise, that is, it models xC as
follows:

xC ≈xD ¼ xþ 1 �D: ð15Þ

Thus, the received signal in the frequency domain is

Y ≈HWNðxþ 1 �DÞ þ Z ¼ H~X þHWN1 �Dþ Z: ð16Þ
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At the receiver, the DC bias is first removed by

Y1 ¼ Y�HWN1 �D ≈H~X þ Z: ð17Þ

Then, based on Eq. (17), the receiver can decode the data. This is a common estimation
problem in wireless communications and there are many available estimation methods. With-
out loss of generality, in this chapter, we select the linear minimum mean-square error
(LMMSE) estimator because of its good complexity-performance trade-off. The estimate of ~X
is given by

~Xconv ¼ ðHHHþ σ2INÞ�1HHY1 ð18Þ

3. Advanced receiver for DCO-OFDM

3.1. Advanced receiver design of DCO-OFDM

While the conventional receiver is simple to implement, it does not suppress the clipping noise
in the process of demodulation, which inevitably degrades the system performance severely,
especially in a heavily clipped case. Here, we propose a novel receiver, which iteratively
reconstructs the clipping noise using the structure of the clipping noise and subtracts it from
the received signal. Then, one can get the signal with less clipping noise. Subsequently, we
conduct the LMMSE on the signal with less chipping noise to obtain the more accurately

detected source bits bb. Based on Eq. (14), the clipping noise is given as

ZC ¼ HWNf1 �DþHWNf2 � CL þHWNf3 � CU: ð19Þ

Here in Eq. (19), reconstructing ZC is dependent on the data ~X since f1, f2 and f3 are functions of
x. Therefore, we propose the following iterative algorithm to decode the data.

Algorithm 1: Proposed iterative for DCO-OFDM

Step 1. Initialization:

Using the conventional receiver that is based on Eq. (18), obtain the estimation of ~X, denoted
by ~Xconv. Then, reconstruct the time domain signal x̂ which is an approximation of x by
performing IDFT operation on ~Xconv.

Step 2. Iteration:

1. Based on Eqs. (8)–(10) and x̂, obtain the estimated values of f1,f2 and f3;

2. Based on Eq. (19), construct the estimated clipping noise ~ZC, and then subtract ~ZC from
the received frequency domain signal Y to get the estimate of

Ysci ¼ Y� ~ZC ≈HWNF1W
H
NXþ Z:

3. If F1 is full rank, go to (4) or otherwise go to (5).
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4. Perform LMMSE on Ysci to obtain ~Xprop, which is an updated estimation of ~X. Then,

construct x̂ based on ~Xprop by performing IDFT operation;

5. Based on WH
NH

�1Ysci ≈F1xþWHH�1Z, or ysci ≈F1xþ zsic, if F1(n, n) = 0, replace ysic(n) with

the former estimation of x(n). Through the updated ysci, obtain ~Xprop, and then construct x̂.;

6. If the algorithm has reached a predefined number of iterations, go to (3) or otherwise go to (1).

Step 3. Demapping:

Extract ~Xprop with indices 1, 2, …, N/2 � 1 and then perform demapping to get the source bit

estimates b̂.

In the following, we address some issues in the process of implementing the proposed receiver
that one should pay attention to.

1. f1 (�) is 0,which corresponds to the negative clipping effects. Thus, F1 cannot be inverted.
Therefore, if we suppose that HWNF1W

H
N could be inverted, using Ysci ¼ Y� ~ZC ≈

HWNF1W
H
NXþ Z with LMMSE will result in bad performance.

2. To get rid of the inversion of F1, we use the following methods: WH
NH

�1Ysci ≈F1xþ
WHH�1Z or ysci ≈F1xþ zsic. If F1(n, n) = 0; then no information could be obtained for x(n)
from ysic (n); thus, we use former estimation of x(n) If F1(n, n) = 1, then x(n) could be
reestimated by ysic (n). After all, x(n) is obtained and ~X could be obtained.

3.2. Numerical results of DCO-OFDM

In this section, we show numerical results of the average uncoded BER performance for the
proposed receiver under different double-sided clipping bounds and different modulation
sizes of QAM and compare it with the conventional receiver. The channels are generated using
the method in Ref. [2] with the following parameters: an empty room of size 8 m � 6 m � 4 m,
the reflection coefficients for the ceiling, the wall and the floor which are 0.8, 0.8 and 0.3,
respectively and the LED is attached 0.1 m below the ceiling and the photodetector is 1 m
above the floor with an 80 degree of field of view (FOV). The LED pointing straight downward
and upward can generate line-of-sight (LOS) and non-line-of-sight (NLOS) channels, respec-
tively. The channels are normalized to have the power 1. The transmit power of x is normalized
to 1, that is σx = 1. The upper and lower clipping bounds are set to be linearly proportional to
σx. The number of subcarriers is N = 64. The DC bias is set to be 3σx.

Figures 2 and 3 present the BER performance with the different double-sided clipping bounds
and the fixed modulation sizeM = 16, in LOS and NLOS channels, respectively. Figure 4 shows
the BER performance with the different modulation sizes and the fixed double-sided clipping
bound (CL = 0, CU = 6σx) in LOS channels. Figure 5 presents the BER performance with the
different modulation sizes and the fixed double-sided clipping bound (CL =0, CU ¼ 5σx) in
NLOS channels. Through simulations, it is observed that the proposed receiver converges after
only 2 iterations for most times. Therefore, 2 iterations are involved for the proposed receiver.
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Figure 2. BER comparison between the proposed receiver and the conventional receiver with different lower and upper
clipping bounds and fixed modulation size M = 16 in LOS channels.

Figure 3. BER comparison between the proposed receiver and the conventional receiver with different lower and upper
clipping bounds and fixed modulation size M = 16 in NLOS channels.
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Figure 4. BER comparison between the proposed receiver and the conventional receiver with different modulation sizes
and the fixed lower and upper clipping bounds (CL = 0, CU = 6σx) in LOS channels.

Figure 5. BER comparison between the proposed receiver and the conventional receiver with different modulation sizes
and the fixed lower and upper clipping bounds (CL = 0, CU = 5σx) in NLOS channels.
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We can obtain several facts from Figures 2–5. First, the proposed receiver outperforms the
conventional one in any case, that is, in both LOS and NLOS and with different double-sided
clipping bounds and different modulation sizes. Second, the signal noise ratio (SNR) gain over
the conventional receiver could be much more than 3 dB, especially when decreasing the
clipping range. Although the SNR gain over the conventional receiver could fade away when
increasing the clipping range, the larger clipping range requires the larger dynamic linear
range of the LED, which is difficult to satisfy in practice. Finally, the proposed receiver can
give better performance when higher order QAM formats are employed. Therefore, the pro-
posed receiver can provide better performance than the conventional receiver.

4. Transceiver design for MIMO DCO-OFDM

In the field of MIMO VLC system, the joint design of precoder and equalizer still need deep
research. In previous works, a simple way to design the transceiver in MIMO VLC systems
was to apply the channel matrix inversion at the receiver side [12]. If the channel matrix is
rank-deficient or not squared, pseudo-inversion operation is used instead. However, these
methods might result in noise amplification if the values of elements in the channel matrix
were low [15]. In Refs. [13, 14], a MIMO VLC system was proposed, which can effectively
support the flickering/dimming control and other lighting requirements. Moreover, in such a
system, the precoder and equalizer can be adaptively optimized according to different input
signals and various illumination levels. Based on Ref. [14], we propose an advanced trans-
ceiver design on MIMO VLC systems, which will be detailed in this section.

4.1. System model of MIMO DCO-OFDM

A MIMO DCO-OFDM system for optical wireless communication is surveyed and simulated
in Ref. [16], and from this research, it is known that an MIMO DCO-OFDM system can be
equivalently split into N parallel MIMO subsystems with single-tap channels in the frequency
domain, where N is the number of subcarriers. Therefore, for simplicity and without loss of
generality, we only investigate a specific subcarrier of the MIMO DCO-OFDM system which
can be modelled as a single-path MIMO subsystem. The result can be readily extended to the
whole MIMO DCO-OFDM system. Figure 6 shows the simplified MIMO subsystem with Nt

LEDs at the transmitter and Nr photodetectors at the receiver. The optical MIMO channel is

Figure 6. The simplified MIMO DCO-OFDM system model.
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modelled as an Nt � Nr matrix, whose element hmn is real-valued and represents the channel
gain between the nth LED and the mth PD.

Here, we assume that the channel response in each transmission period is flat, and the multi-
level pulse amplitude modulation (PAM) is a practical example for this section. Moreover,
PPM or PWM is not considered here because different pulse positions and various pulse
widths (caused by dimming control) from different LEDs can make MIMO detection more
complicated than the case of PAM. Since VLC employs IM/DD technology, the signals must be
real-valued. Thus, all vectors and matrices are real-valued in this chapter.

4.1.1. Transmitter side

From Figure 6, we know that Nt binary data streams are firstly modulated into the source data

vector sðτÞ ¼ ½s1ðτÞ,…, sNtðτÞ�T For convenience, we ignore the time index τ in the rest of this
chapter. Taking into account the actual situation, we assume that the source data sk is zero
mean and bounded as

�bk ≤ sk ≤ bk: ð20Þ

Because of the characteristics of the optical channel, the source data streams cannot drive the
LEDs directly. To meet dimming control and the dynamic-range constraints of LEDs, the source
data vector will bemultiplied by anNt�Nr precoder matrix F and then added by the DC biasing
p = p � 1, which is shown in Figure 6. Such a MIMO VLC transmitter structure was firstly
introduced in Ref. [13] but only the real-valued LED transmission signals were considered.

The transmitted signal can be expressed as y = Fs + p, where we assume that the LED electrical-
to-optical conversion is linearized [17] and the overall gain is chosen as 1 for convenience
without loss of generality. For each LED, we assume that [l, u] (0 < l) is the dynamic-range
constraint, and in order to meet the dimming control, we should have

0 < l ≤ yi ¼
XNt

k¼1

f iksk þ p ≤ u: ð21Þ

Combining with Eq. (20), we know that the signal after precoder satisfies

�
XNt

k¼1

jf ikjbk ≤
XNt

k¼1

f iksk ≤
XNt

k¼1

jf ikjbk: ð22Þ

So, we need

XNt

k¼1

jf ikjbk ≤ u� p, ð23Þ

XNt

k¼1

jf ikjbk ≤ p� l, ð24Þ

Transceiver Design for MIMO DCO-OFDM in Visible Light Communication
http://dx.doi.org/10.5772/intechopen.68887

63



to meet the brightness control of LEDs, and we can rewrite Eqs. (23) and (24) as

absðFÞb ≤minfu� p, p� lg, ð25Þ

where u = u � 1, l = l � 1. The DC bias vector can affect the performance of precoder and
equalizer, and from Ref. [13], we can know that the BER performance is best when the DC bias
is the midpoint of l and u. That is, when p ¼ 1

2 ðlþ uÞ, we can get a high-performance precoder
and equalizer under the constraint of Eq. (25).

4.1.2. Receiver side

From Figure 6, we know that Nr PDs are used to convert the optical signals to electrical signals
at receiver. The received signals can be expressed as

r ¼ Hyþ n ¼ HðFsþ pÞ þ n, ð26Þ

where n is the additive white Gaussian noise (AWGN) with zero mean and independent of the
data. That is, all the noise components are independently identically distributed. After remov-
ing DC components, the signal can be represented by

z ¼ r�Hp ¼ HFsþ n, ð27Þ

and a linear equalizer is used to recover the source data, which is shown as

d ¼ Gz ¼ GHFsþ Gn: ð28Þ

Finally, after the decoding part, the source signal is demodulated from d. There are some
detection methods to estimate the source data, and we utilize the MMSE criterion:

~s ¼ arg mins∈Skd� sk2, ð29Þ

where S is the set of all possible source data vectors.

4.2. Transceiver design of MIMO DCO-OFDM

In this section, we focus on designing the MIMO transceiver with the knowledge of the
channel state information (CSI), which means, given the channel matrix H, we should deter-
mine the procoder matrix F and the equalizer matrix G.

4.2.1. Iterative MMSE transceiver

In order to recover the source data from the received signal, we can formulate the problem
below: design the procoder matrix F at the transmitter and the equalizer matrix G at the
receiver to minimize the MSE between the transmitted data and the recovered data, that is,
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minF,G MSEðd, s,F,GÞ
s:t: absðFÞb ≤minfu� p, p� lg :

ð30Þ

Given the channel matrix H, we have

MSEðd, s,F,GÞ ¼ Efkd� sk2g ¼ EfkGHFsþ Gn� sk2g
¼ E TrfðGHFsþ Gn� sÞðGHFsþ Gn� sÞHg

n o

¼ E Trf½ðGHF� IÞsþ Gn�½sHðGHF� IÞH þ nHGH�g
n o

¼ TrfGHFRsF
HHHGHg þ TrfGRnG

Hg þ TrfRsg � TrfGHFRsg � TrfRsF
HHHGHg,

ð31Þ

where Rs ¼ EfssHg, Rn ¼ EfnnHg. In this chapter, we assume that the source data is indepen-
dent of the noise. Combining Eq. (30) with Eq. (31), an iterative algorithm was developed
in [13, 14], which is briefly shown in next two steps:

1. Updating G as F is given:

Given F, by setting ∂MSEðd, s,F,GÞ
∂G ¼ 0, we have the MMSE equalizer:

G ¼ RsF
HHHðHFRsF

HHH þ RnÞ�1: ð32Þ

2. Updating F as G is given:

Given G, we can update F by minimum Eq. (31), which is linear and contains the element-
wise absolute operator, and it is difficult to use the traditional optimization algorithm to
get F. With the help of matrix multiplication knowledge [18], the objective function of
Eq. (31) can be rewritten as

minFMSEðd, s,F,GÞ ¼ minFvecðFHÞHððHHGHGHÞ⊗RsÞvecðFHÞ � 2vecðFHÞHvecðRsGHÞ:
ð33Þ

So far, the original optimization problem can be transformed into a convex linearly constrained
quadratic programme (LCQP) problem, which can be solved by a software package for convex
programmes called CVX [13]. Through simulations, it is observed that the iterative MMSE
transceiver converges after only five iterations for most times. Therefore, five iterations are
involved for the iterative MMSE transceiver.

4.2.2. Advanced MMSE transceiver

The iterative MMSE transceiver presented in the previous section is a quite smart method to
design the MIMO transceiver, which can effectively support the dimming control, dynamic-
range constraint and other VLC-specific requirements. However, we find that the boundary
condition of Eq. (25) is too harsh for practical applications, which can lead to a waste of
illumination bandwidth. Thus, we propose a coefficient r to enlarge F, that is,
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Fadv ¼ Fite � r, ð34Þ

where Fite is the precoder we get from the iterative MMSE transceiver [14] and Fadv is the
advanced precoder. With r, the elements of Fadv make any signal that satisfies

max
1 ≤ i ≤Nt

XNt

k¼1

f iksk

������

������
¼ min{p� l, u� p}, ð35Þ

which improves the BER performance of MIMO transceiver in practical VLC systems.

Algorithm 2: Advanced algorithm for joint design of F and G

Step 1. Initialization:

1. Estimate channel matrix H and noise parameter Rn;

2. Set illumination constraint [l, u] and modulation scheme (b and Fs).

3. Initialize precoder matrix F0 within the constraint of Eq. (25), for example, F0 ¼ tINt
,

where 0 < t ≤min1 ≤ k ≤Nt
u�p
bk

, p�l
bk

n o
.

Step 2. Iteration:

1. Update Gi with given Fi�1 by using Eq. (32).

2. With Gi, rewrite objective function Eq. (33) and figure out optimal Fi by CVX.

3. i = i + 1.

Step 3. Termination:

kFi�Fi�1k2
kFi�1k2 ≤ 10�3, where 10�3 is the predefined threshold or i = 50, where 50 is the predefined

default max iteration number.

Step 4. Application:

1. Use Fite that we get from Step 3 and Eq. (35); then we can obtain r and Fadv;

2. Update Gadv with Fadv again by using Eq. (32).

3. Apply Fadv and Gadv as MIMO transceivers in practical VLC systems.

4.3. Numerical results of MIMO DCO-OFDM

Here, we assume the channels are flat for simplicity but the results could be extended to
frequency-selective channels with proper modifications. In the previous sections, we have
performed theoretical analysis of the optimal transceiver design for the MIMO VLC systems,
and the advanced iterative MMSE transceiver can be easily implemented into the practical
design of the procoder and equalizer. In this section, we would like to show some simulation
results to verify the proposed MIMO VLC system and the advanced iterative MMSE algorithm.
Through simulations, it is observed that the advanced MMSE transceiver converges after only 5
iterations for most times, which is the same as the iterative MMSE transceiver. In the advanced

Visible Light Communications66



MMSE transceiver, the number of iterations is no more than M, and in each iteration, a matrix
inversion and a CVX operation are needed to be done so the total complexity of the proposed
algorithm is OðMNt

3Þ þOðQÞ, and 0(Q) is the complexity of the CVX operation.

In the simulation, we consider a 5 � 5 MIMO VLC system and we choose the channel matric as

H ¼

0:6386 0:0483
0:4979 0:7962

0:7141 0:4211 0:1484
0:0981 0:9548 0:0805

0:9216
0:3472

0:9709
0:7417

0:0221 0:2788

0:9140
0:7847

0:1895
0:2734

0:7115
0:0700

0:1518 0:0538 0:5241

2
6664

3
7775; the dimming control of LEDs is

selected as l=1 and u=9. We assume the signals and the noise are independently identically
distributed; then, we have Rs ¼ σ2sI5 and Rn ¼ σ2nI5. Because the precoder will adaptively adjust
the transmitted signal power, we set σ2s ¼ 1. Additionally, 2-PAM/4-PAM/8-PAM/16-PAM are
used, thus, bk ¼ 1= 3ffiffi

5
p = 7ffiffiffiffi

21
p = 15ffiffiffiffi

85
p (power normalization, e.g. σ2s ¼ 1). From Ref. [13], we choose

p ¼ 1
2 ðlþ uÞ ¼ 5, andwe can get a high-performance precoder and equalizer under the constraint

of Eq. (25). For the SNR consideration, the noise power is selected from the range [�30, 10] dBm.

Two different MIMO schemes are compared in our simulations: the first scheme utilizes the
MMSE precoder and equalizer derived from the iterative algorithm in Section 5.2.1. In the second
scheme, the advanced MMSE precoder and equalizer derived from the algorithm 2 are used.
Moreover, we take into consideration the impact of dimming control and BER that is simulated
as the metric to evaluate the performance. The simulation results of the BER performance of the
different transceivers with various noise levels in MIMO VLC systems are shown in Figure 7.

Figure 7. BER performance of the iterative MMSE transceivers and the advanced MMSE transceivers with various noise
levels.
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From Figure 7, we can see that the advanced MMSE transceiver is better than the iterative
MMSE transceiver, especially when we use higher-order PAM. In fact, although the
advanced MMSE transceiver is a little complicated than the iterative MMSE transceiver, it
is still acceptable because the BER performance has been significantly improved and the
indoor VLC system is static in most cases. The optical channel matrix does not change
frequently, so the transceivers calculated from our advance MMSE algorithm can be
adopted for a long time.

5. Conclusion

In this research, a novel receiver for DCO-OFDM is proposed. The receiver can accurately
reconstruct the clipping noise in an iterative manner and then subtract it from the received
signal, which can greatly decrease the effects of clipping noise on the system performance.
Simulation results showed that the proposed receiver could achieve significant perfor-
mance gain over the conventional receiver. Based on this, we investigated a MIMO VLC
system with illumination control. In contract to radio frequency (RF) systems, VLC systems
are limited in dynamic range, which means the transmitter should guarantee that the
signal is above the turn-on value l and below the saturation value u of the LED. Under
these VLC-specific requirements, we propose an advanced MMSE transceiver based on the
iterative MMSE transceiver [14]. From our analysis and simulation, we conclude that the
BER performance of our advanced MMSE transceiver is better than the iterative MMSE
transceiver in MIMO VLC system when the DC bias is the midpoint of the dynamic
range [13].
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Abstract

Index modulation-aided orthogonal frequency-division multiplexing(IM-OFDM) is a
promising modulation technique to achieve high spectral and energy efficiency. In this
chapter, the conventional optical OFDM schemes are firstly reviewed, followed by the
principles of IM-OFDM. The application of IM-OFDM in visible light communication
(VLC) systems is introduced, and its performance is compared with conventional optical
OFDM, which verifies its superiority. Finally, the challenges and opportunities of
IM-OFDM are discussed for the VLC applications.

Keywords: index modulation (IM), orthogonal frequency-division multiplexing
(OFDM), visible light communications (VLCs), spectral efficiency, energy efficiency

1. Introduction

Orthogonal frequency-division multiplexing (OFDM) has become a ubiquitous digital com-
munication technique, which is widely employed in visible light communication (VLC) [1].
Since intensity modulation with direct detection is utilized in VLC for low-cost implementa-
tion, the signals modulated on the light-emitting diodes (LEDs) should be real-valued and
nonnegative [2]. Therefore, various optical OFDM schemes have been proposed to satisfy these
constraints, namely DC-biased optical OFDM (DCO-OFDM) [3], asymmetrically clipped opti-
cal OFDM (ACO-OFDM) [4], pulse-amplitude-modulated discrete multi-tone (PAM-DMT) [5],
unipolar OFDM (U-OFDM) [6], and Flip OFDM [7]. In all these optical OFDM schemes,
Hermitian symmetry is utilized on the OFDM subcarriers before inverse fast Fourier transform
(IFFT), so that the time-domain signals are real-valued. To ensure the nonnegativity, DC bias
can be imposed on the resultant signals, leading to low-energy efficiency. Alternatively, special
arrangements on the signals in the time or frequency domain are used in Refs. [3–7] without

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



the need of DC bias, which generate non-negative signals at the cost of spectral efficiency loss.
In order to overcome the spectral efficiency loss while maintaining high-energy efficiency,
several hybrid schemes are proposed [8–11]. For example, inasymmetrically clipped DC-
biased optical OFDM (ADO-OFDM) [8] and hybrid ACO-OFDM (HACO-OFDM) [9], ACO-
OFDM with odd subcarriers is combined with DCO-OFDM and PAM-DMT modulating even
subcarriers for simultaneous transmission, respectively. In layered ACO-OFDM (LACO-
OFDM) [10] and enhanced U-OFDM (eU-OFDM) [11], multiple streams of ACO-OFDM or U-
OFDM are superposed for higher spectral efficiency.

Recently, the index modulation (IM) technique has been introduced to OFDM to enhance its
performance [12, 13], where the information is transmitted not only with the classic amplitude
and phase modulation schemes but also implicitly by the indices of the activated subcarriers.
Compared with classical OFDM, IM-aided OFDM (IM-OFDM) offers a promising trade-off
between the bit error rate (BER) performance and the spectral efficiency by changing the number
of activated subcarriers, the usage of constellation alphabets, and so on. In fact, the primary
concept of IM-aided OFDM was proposed two decades ago, which was termed as parallel
combinatory OFDM [14]. After the development of spatial modulation (SM) (or IM) in recent
years, it attracts extensive attentions. In Refs. [15], subcarrier index modulation (SIM-OFDM) is
proposed, where the status of each subcarrier (ON or OFF) carries one-bit information while the
activated subcarriers are modulated by conventional constellations such as quadrature amplitude
modulation (QAM) and phase shift keying (PSK). Additional bits can be transmitted by the
indices of activated subcarriers, and the energy efficiency is improved with inactivated
subcarriers. However, since the bit rate is unstable for different information bits, it may cause
error propagation at the receiver. To address this issue, enhanced SIM-OFDM (ESIM-OFDM) is
proposed in Refs. [16], where every two subcarriers are paired and only one subcarrier is activated
in each pair. However, the spectral efficiency is reduced since the bits transmitted by indices of
subcarriers are halved. In Refs. [17], OFDM with index modulation (OFDM-IM) is proposed
where subcarriers are partitioned into several subblocks and the information bits are transmitted
by both the indices of activated subcarriers and signal constellations in each subblock. The benefit
of OFDM-IM is that less power is required since only a fraction of the subcarriers is employed for
modulation, while the indices of activated subcarriers can be utilized to transmit extra bits.
However, the inactivated subcarriers waste enormous precious frequency resources and reduce
the spectral efficiency significantly. Moreover, it is shown that although OFDM-IM outperforms
conventional OFDM with low spectral efficiency below 2 bit/s/Hz, it may perform even worse
than OFDM when high-order constellations are utilized to achieve high spectral efficiency [18].
Furthermore, a subcarrier-level interleaving technique is introduced to OFDM-IM in Refs. [19],
which enlarges the Euclidean distances between different transmitted symbols. In Refs. [20],
OFDM-IM is combined with space-time block codes with coordinate interleaving, enhancing its
BER performance due to the additional diversity gain. Besides, generalized schemes of OFDM-IM
have been proposed in Refs. [21, 22], where the number of activated subcarriers of each OFDM
subblock is variable, and index modulation is performed on both the in-phase and quadrature
components of the modulated symbols, respectively. The generalized schemes are capable of
enhancing the spectral efficiency of conventional OFDM-IM significantly. Additionally, [23]
facilitates a spectrally efficient IM-OFDM scheme by employing various constellations and
numbers of activated subcarriers in different subblocks. Moreover, OFDM-IM is also combined
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with multiple-input-multiple-output (MIMO) systems [24, 25], yielding considerable perfor-
mance improvement over conventional MIMO-OFDM. Furthermore, OFDM-IM has been
applied to underwater acoustic communications as well as vehicle-to-vehicle and vehicle-to-
infrastructure applications [26–28], leading to performance gains. Recently, the dual-mode index
modulation-aided OFDM (DM-OFDM) is proposed in Refs. [29], where all the subcarriers are
utilized to carry information unlike OFDM-IM. For each subblock, the subcarriers are divided
into two groupsmodulated by two different constellation modes. The indices of either group can
be used to transmit extra information bits. Therefore, DM-OFDM achieves higher spectral
efficiency than both OFDM-IM and conventional OFDM. The generalized scheme of DM-OFDM
is invoked in Refs. [30] to further enhance the spectral efficiency, where the number of
subcarriers modulated by the same constellation mode is alterable. In addition, the performance
trade-off of IM-OFDM schemes is investigated with theoretical analysis in Refs. [31, 32], which
help to enhance the overall performance of IM-OFDM.

Due to the distinct advantages of IM-OFDM, it is also applied to VLC systems. Considering the
intensity modulation property of VLC, the existent IM-OFDM schemes cannot be directly
introduced to VLC, and several optical IM-OFDM (O-IM-OFDM) schemes [33, 34] have been
proposed. Hence, O-IM-OFDM is investigated in this chapter by introducing the transceiver
design, performing the theoretical analysis, evaluating the numerical results, and pointing out
its challenges and potentials.

The rest of this chapter is organized as follows. Section 2 reviews the optical OFDM schemes
for VLC, while the principles of IM-OFDM for VLC are detailed in Section 3. In Section 4,
several challenges and opportunities are discussed for the deployment of IM-OFDM in VLC,
and conclusions are drawn in Section 5.

2. Optical OFDM for visible light communications

Due to the intensity modulation property, the transmitted signals are constrained to be real-
valued and nonnegative in VLC. Typically, Hermitian symmetry is imposed on the frequency-
domain subcarriers to generate real outputs after the IFFT, and the symbols modulated onto
the subcarriers satisfy

Xk ¼ X�
N�k, k ¼ 1, 2,…, N=2� 1, ð1Þ

where N is the number of subcarriers in OFDM. Moreover, X0 and XN/2 are set to zero for the
same purpose. After the IFFT, the resultant time-domain signal can be formulated as

xn ¼ 1ffiffiffiffi
N

p
XN�1

k¼0

Xk exp j
2π
N

nk
� �

, n ¼ 0, 1,…, N � 1, ð2Þ

which is bipolar, and various techniques have been proposed to obtain nonnegative waveforms
for transmission. When N ≥ 64, the distribution of xn is approximately Gaussian with zero mean.
In the following, DCO-OFDM, ACO-OFDM, PAM-DMT, U-OFDM, and hybrid optical OFDM
schemes are introduced, and the diagram of these schemes is illustrated in Figure 1.
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2.1. DCO-OFDM

A natural way to obtain the unipolar signal is adding a DC bias to the bipolar signal while
clipping the remaining negative signal at zero. We denote the DC bias as xDC, which is usually
proportional to the square root of the electric power of xn in Eq. (2). Since the expectation of xn
is zero, the optical power of the transmitted signal is proportional to the DC bias when
clipping distortion is neglected. A large value of xn leads to small clipping distortion, which is
beneficial to the BER performance at the receiver. However, DC bias does not carry useful
information, which is not energy efficient. Therefore, a trade-off between clipping distortion
and energy efficiency should be made [35].

2.2. ACO-OFDM

In order to avoid DC bias to achieve higher energy efficiency, ACO-OFDM is proposed, which
leaves the even subcarriers unmodulated to obtain an anti-symmetric waveform. For each
positive time-domain signal, there is a negative signal with the same absolute value at certain
position. Specifically, the time-domain signals of ACO-OFDM after the IFFT satisfy [4]

xACO,n ¼ �xACO, nþN=2, n ¼ 0, 1,…, N=2� 1, ð3Þ

whose negative part can be directly clipped at zero (asymmetrically clipped) without information
loss. Therefore, the transmitted signal of ACO-OFDM is written as

xcACO, n ¼ xACO,n þ iACO, n ¼
n xACO,n’ xACO,n ≥ 0;
0, xACO,n < 0 ð4Þ

For n = 0,1,…,N� 1, where iACO,n is the negative clipping distortion of ACO-OFDM. Interestingly,
the FFTof iACO,n denoted as IACO,k only falls on the even subcarriers, which does not interfere with
the useful information. Therefore, a simple FFT can be used at the receiver for detection.

Figure 1. Diagram of optical OFDM schemes for VLC.
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2.3. PAM-DMT

PAM-DMT is also an asymmetrically clipped method to generate nonnegative OFDM signals.
Unlike ACO-OFDM, the imaginary part of all subcarriers is utilized for data transmission,
while the real part is left unused to produce an anti-symmetric waveform. For the imaginary part
of each subcarrier, PAM constellations are employed. The time-domain signals of PAM-DMT
after the IFFT satisfy

xPAM,n ¼ �xPAM,N�n, n ¼ 1,…, N=2� 1, ð5Þ

and the transmitted signal of PAM-DMT denoted as xcPAM, n can be obtained similar to Eq. (4),
while we denote the negative clipping distortion of PAM-DMT as iPAM,n. The FFT of iPAM,n

represented by iPAM,k only falls on the real part of each subcarrier, which does not interfere
with the useful information similar to ACO-OFDM. Therefore, a simple FFT can be employed
for detection at the receiver.

2.4. U-OFDM

In U-OFDM, the signal in Eq. (2) is utilized to generate nonnegative signal. Unlike DCO-OFDM
where the DC bias is used to make the signal unipolar, the OFDM frame is separated into two
frames with the same length. In the first frame, all the positive signals remain the same, while the
negative signals are clipped at zero. In the second frame, all the negative signals are replaced by
their absolute values, while the positive signals are set to zero. At the receiver, the second frame
is subtracted from the first frame to recover the original signal. Afterward, the FFTcan be used to
the resultant signal for detection similar to DCO-OFDM.

2.5. Hybrid optical OFDM

It is noted that, although ACO-OFDM, PAM-DMT, and U-OFDM do not require DC bias, only
half of the resources (in either frequency domain or time domain) are employed compared with
DCO-OFDM. Therefore, their performances are better than DCO-OFDM only when low-order
constellations are used [8]. When high spectral efficiency is required, DCO-OFDM is more
preferred since all the resources are used. Recently, some hybrid optical OFDM schemes have
been proposed to achieve better trade-off between spectral efficiency and energy efficiency.

In ADO-OFDM, the ACO-OFDM signal is superposed by the DCO-OFDM signal, where only
the even subcarriers are modulated by DCO-OFDM to avoid the interference [8]. In this way,
all the subcarriers are utilized for modulation, leading to improved spectral efficiency. At the
receiver, the symbols on the odd subcarriers for ACO-OFDM are firstly demodulated after the
FFT. In order to detect the symbols on the even subcarriers for DCO-OFDM, the clipping
distortion of ACO-OFDM should be eliminated firstly, which is estimated by the recovered
symbols of ACO-OFDM. However, DC bias is still required in ADO-OFDM (although the
power is reduced), which is inefficient in terms of power.

In HACO-OFDM, ACO-OFDM is combined with PAM-DMTwhose even subcarriers are mod-
ulated by PAM [10]. The odd subcarriers in PAM-DMT are also left unused as in ADO-OFDM.
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Therefore, it is very similar to ADO-OFDM at both the transmitter and the receiver. Since PAM-
DMT does not require DC bias, HACO-OFDM is more energy-efficient compared with ADO-
OFDM. However, the real part of even subcarriers is unmodulated, thus its spectral efficiency is
still limited.

To fully utilize the frequency resources, LACO-OFDM is proposed in Ref. [9], where multiple
layers of ACO-OFDM are combined for simultaneous transmission. Different layers employ
different subcarriers to generate the nonnegative ACO-OFDM signals, while successive interfer-
ence cancellation is used at the receiver to recover all the symbols in each layer. Compared with
conventional ACO-OFDM, the spectral efficiency of LACO-OFDM is approximately doubled
with the same constellation order. A similar method is applied to U-OFDM called eU-OFDM,
which combines different depths of U-OFDM to further improve the spectral efficiency [11]. In
different depths, various repetitions are required so that they can be recovered at the receiver.

3. Index modulation-aided OFDM for visible light communications

In this section, two representative IM-OFDM schemes, namely OFDM-IM and DM-OFDM,
will be investigated in terms of their principles and applications in VLC.

3.1. Principles of IM-OFDM

The basic idea of OFDM-IM is to divide the subcarriers into several groups and the indices of
activated subcarriers in each group can be used to convey extra information. We denote the
number of subcarriers in OFDM as N, while m bits are transmitted within one OFDM symbol.
The m bits are split into g groups each consisting of p bits, where we have p = m / g. Besides, the
subcarriers are divided into g subblocks as well, and each subblock has n = N / g subcarriers. In
each subblock of OFDM-IM, k out of n subcarriers are activated for modulation, while the
others are left empty. Therefore, the indices of the activated subcarriers can carry p1 bits index
information, which is given by

p1 ¼ log2
n
k

� �� �
, ð6Þ

where ⌊ � ⌋ denotes the integer floor operator. When M–ary constellation M is used for the
k-activated subcarriers, p2 bits can be transmitted by each OFDM subblock, which is given by

p2 ¼ klog2ðMÞ: ð7Þ

Therefore, the number of total transmitted bits in an OFDM-IM frame is expressed as

m ¼ gðp1 þ p2Þ ¼ g log2
n
k

� �� �
þ klog2 Mð Þ

� �
, ð8Þ

and the spectral efficiency is given by
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γIM ¼ m
N

¼
log2

n
k

� �� �
þ klog2ðMÞ

n
bit=s=Hz: ð9Þ

Take n ¼ 4, k ¼ 2, M ¼ 2, for example. The spectral efficiency of OFDM-IM is 1 bit/s/Hz,
which is identical to the spectral efficiency of conventional OFDM scheme with BPSK modu-
lation. Since only half of the subcarriers are activated in OFDM-IM, the energy efficiency is
improved significantly.

It is shown in Eq. (6) that the number of index bits in OFDM-IM is constant when n and k are
fixed. When high-order constellations are used in activated symbols, the information bits
provided by the index patterns are negligible for the whole spectral efficiency. The spectral
efficiency loss of the inactivated subcarriers cannot be compensated by the index bits. More-
over, frequency resource is very precious, which is unfavorable to be wasted. Therefore, DM-
OFDM is proposed in Ref. [29] to fully exploit the subcarriers and index information.

In DM-OFDM, two constellation sets MA and MB are utilized for each subblock, whose sizes
are MA and MB, respectively. In order to ensure the detection at the receiver, the two constella-
tions sets should have no common constellations points, that is, MA∩MB ¼ ∅. In each
subblock, the subcarriers are divided into two groups A and B, whose index sets are IA and IB.
The symbols in MA and MB are used for modulation in subcarrier groups A and B, respec-
tively. Since IB can be easily determined by IA, we denote IA as the index pattern of the OFDM
subblock, which can be utilized to convey index bits. When k subcarriers are modulated byMA

in each subblock, the number of total transmitted bits of a DM-OFDM symbol is expressed as

m ¼ g log2
n
k

� �� �
þ klog2ðMAÞ þ ðn� kÞlog2ðMBÞ

� �
, ð10Þ

and the spectral efficiency of DM-OFDM is calculated as

γDM ¼ m
N

¼
log2

n
k

� �� �
þ klog2ðMAÞ þ ðn� kÞlog2ðMBÞ

n
bit=s=Hz: ð11Þ

3.2. OFDM-IM for visible light communications

OFDM-IM can be applied to VLC with some modifications. The block diagram of OFDM-IM-
based VLC system [33] is illustrated in Figure 2. Since intensity modulation is utilized in VLC,
Hermitian symmetry is required to generate real-valued signals. Therefore, only half of the
subcarriers are utilized for grouping and bit mapping, while the other half of the subcarriers
can be obtained by simple Hermitian symmetry. After N-point IFFT, the bipolar signals are
passed through the unipolar conversion block to generate unipolar signals for LED emission.
When DC-biased optical OFDM-IM (DCO-OFDM-IM) is considered, a DC bias is utilized,
while the remaining negative signals are directly clipped at zero. When unipolar OFDM-IM
(U-OFDM-IM) is used, the OFDM frame is separated into two frames with the same length
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similar to U-OFDM. All the positive signals are transmitted in the first frame, while the
negative signals are inverted for transmission in the second frame.

Therefore, the spectral efficiencies of DCO-OFDM-IM and U-OFDM-IM are given by

γDCO�IM ≈
log2

n
k

� �� �
þ klog2ðMÞ

2n
bit=s=Hz; ð12Þ

γU�IM ¼
log2

n
k

� �� �
þ klog2ðMÞ

4n
bit=s=Hz: ð13Þ

At the receiver, if U-OFDM-IM is employed, the second frame is subtracted from the first
frame. Afterward, an N-point FFT is performed on the time-domain signals. Unlike conven-
tional optical OFDM where the detection can be performed symbol by symbol, the optical
OFDM-IM requires subblock-by-subblock detection since indices of activated subcarriers are
unknown at the receiver. Without loss of generality, we consider the symbols in one subblock,
where the received symbols after the FFT can be written as

Ri ¼ HiXi þWi, i ¼ 1, 2,…, n, ð14Þ

where Hi, Xi, and Wi denote the channel response, transmitted symbol, and additive white
Gaussian noise (AWGN) with the variance of N0 in the frequency domain, respectively. When
all the symbols are considered in the subblock, Eq. (14) can be rewritten in the vector form as

R ¼ HXþW, ð15Þ

where the diagonal matrix H ¼ diagðH1, H2,…, HgÞ. The optimal receiver employs maximum
likelihood (ML) detection, which considers all the possible subblock realizations with different
activated subcarrier indices and the constellation points by minimizing the metric as follows:

Figure 2. Block diagram of OFDM-IM-based VLC system.
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fÎ, X̂g ¼ argmin
I,X

kR�HXk2, ð16Þ

where I is the index pattern of the activated subcarriers. The ML detector should consider

2
log2

n
k

� �� �
þklog2ðMÞ

possible realizations, whose complexity is very high for large values of n,
k, and M. Therefore, low-complexity detection is required for practical implementation.

In order to reduce the complexity of the receiver, log-likelihood ratio (LLR) detector is pro-
posed by calculating the logarithm of the ratio between a posteriori probabilities of the
frequency-domain symbols being either nonzero or zero. A larger LLR means it is more likely
that the corresponding subcarrier is activated. The LLR for the i-th subcarrier is given by

ηðiÞ ¼ log

XM
t¼1

PrðXi ¼ StjRiÞ

PrðXi ¼ 0jRiÞ

0
BBBB@

1
CCCCA
, 1 ≤ i ≤n, ð17Þ

where St ∈M. Since
XM

t¼1
PrðXi ¼ StÞ ¼ k=n and PrðXt ¼ 0Þ ¼ ðn� kÞ=n, the LLR can be rewrit-

ten as

ηðiÞ ¼ lnðkÞ � lnðn� kÞ þ jRij2
N0

þln
XM
t¼1

exp � 1
N0

jRi �HiStj2
� � !

: ð18Þ

When the activated subcarriers are detected, the symbols on the subcarriers can be demodulated
independently as the conventional optical OFDM. Therefore, the complexity of the LLR detector
for optical OFDM-IM is similar to that of conventional optical OFDM.

3.3. DM-OFDM for visible light communications

The block diagram of DM-OFDM-based VLC system [34] is shown in Figure 3. Unlike other
IM-OFDM schemes where several subcarriers are empty in each subblock, DM-OFDM utilizes
two distinguishable constellation sets to modulate all the subcarriers, thus achieving higher
spectral efficiency. The spectral efficiencies of DCO-DM-OFDM and U-DM-OFDM are given by

γDCO�DM ≈
log2

n
k

� �� �
þ klog2ðMAÞ þ ðn� kÞlog2ðMBÞ

2n
bit=s=Hz: ð19Þ

γU�DM ¼
log2

n
k

� �� �
þ klog2ðMAÞ þ ðn� kÞlog2ðMBÞ

4n
bit=s=Hz: ð20Þ
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Obviously, it is crucial to find the good combinations of two constellation sets in DM-OFDM.
To ensure good BER performance, the minimum Euclidean distance between the two constel-
lations should be equal to that of the points within each constellation. Therefore, one can firstly
design a constellation withMA þMB points and then separate the points into two constellations.

Figure 3. Block diagram of DM-OFDM for VLC systems.

Figure 4. An example of DM-OFDM constellation design for MA and MBwith MA = 8 and MB = 4.
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Specifically, when MA ¼ MB ¼ M, we can employ the points in the 2M–ary QAM constellation.
In Figure 4, an example of DM-OFDM constellation design is provided for MA and MB with
MA ¼ 8 andMB ¼ 4.

The detection of DM-OFDM is similar to that of OFDM-IM in a subblock-by-subblock manner.
When ML detection is used, we have

fÎA, X̂g ¼ argmin
IA,X

kR�HXk2, ð21Þ

which still has high complexity.

The LLR detector for DM-OFDM is given by

ηðiÞ¼ln
MBk

MAðn�kÞ
� �

þln
XMA

t¼1

exp � 1
N0

jRi�HiSAt j2
� � !

�ln
XMB

t¼1

exp � 1
N0

jRi�HiSBt j2
� � !

, ð22Þ

where SAt ∈MA and SBt ∈MB. Different from OFDM-IM, Eq. (22) calculates the logarithm of the
ratio between the a posteriori probabilities of the frequency-domain symbols being modulated
by mapper A and mapper B. When the index pattern is detected, the symbol on each subcarrier
can be demodulated by the corresponding demapper.

3.4. Performance evaluation

The BER performances of OFDM-IM and DM-OFDM schemes are compared with their con-
ventional optical OFDM counterparts in VLC systems. Unlike antennas in the radio frequency
communication systems, LEDs are used in VLC systems, which have nonlinear transfer
characteristics, leading to distortions on the transmitted signal beyond the linear range. The
nonlinearity can be simply modeled as

TðxÞ ¼
Vmin, x < Vmin;
x, Vmin ≤ x ≤Vmax;
Vmax, x > Vmax,

8<
: ð23Þ

where Vmax and Vmin denote the maximum and minimum allowed amplitudes, respectively.

In the simulations, the size of IFFT is set to 256, and the number of subcarriers in each subblock
is 4. In OFDM-IM, 2 subcarriers are activated in each subblock. While in DM-OFDM, two
subcarriers are modulated by mapper A, and the other two subcarriers are modulated by
mapper B. The linear range of LEDs is [0, 1], and the DC bias is set to 0.5 for DCO-OFDM,
DCO-OFDM-IM, and DCO-DM-OFDM. In U-OFDM, U-OFDM-IM, and U-DM-OFDM, no DC
bias is required.

Figure 5 illustrates the BER performances of OFDM-IM and the conventional optical OFDM
schemes, where quadrature phase shift keying (QPSK) and binary phase shift keying (BPSK)
are utilized in OFDM-IM and its conventional counterparts, respectively. In the simulations,
the x-axis Eb/N0 stands for the signal-to-noise ratio per bit. Besides, the input energies into
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Figure 6. Performance comparison between OFDM-IM, DM-OFDM, and the conventional optical OFDM schemes at
higher spectral efficiency.

Figure 5. Performance comparison between OFDM-IM and the conventional optical OFDM schemes.
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LEDs are set as 13 and 13.5 dBm (not including the DC energy) for DC-based and U-based
schemes, respectively. For both cases, OFDM-IM achieves about 0.243 and 0.121 bit/s/Hz spectral
efficiency gains over the conventional DCO-OFDM and U-OFDM. However, it can be seen that
OFDM-IM still outperforms its conventional counterparts at the BER level of 10�3, since enhanced
spectral efficiency leads to reduced average bit energy Eb, yielding smaller required Eb/N0.

When higher spectral efficiency is considered, OFDM-IM might perform even worse than
conventional optical OFDM. Figure 6 shows the BER performances of OFDM-IM, DM-OFDM
and the conventional optical OFDM with a spectral efficiency of 1.453 bit/s/Hz for DC-based
schemes and 0.727 bit/s/Hz for U-based schemes, where the input energies into LEDs are set as
13 and 13.5 dBm (not including the DC energy) for DC-based and U-based schemes, respec-
tively. In conventional optical OFDM schemes, 8 QAM is employed on each subcarrier, while
32 QAM is used in OFDM-IM. In DM-OFDM, the constellations utilized are shown in Figure 4.
From Figure 6, it is shown that OFDM-IM suffers from performance loss compared with
conventional optical OFDM with high spectral efficiency, while DM-OFDM achieves more
than 1 and 2 dB performance gains over U-OFDM and DCO-OFDM at the BER of 10�3, for
the reason that all the subcarriers are used for modulation, and the indices of subcarriers can
provide additional dimension for transmission.

4. Challenges, opportunities, and future research trends

4.1. Dimming compatibility

In VLC systems, illumination is an important function of LEDs. Therefore, the modulation
scheme should be compatible with dimming control. When the required illumination level is
changed, the data rate should not fluctuate too much. In addition, the modulation scheme
should support extreme illumination requirements such as very low or very high intensities.
Several schemes have been proposed for conventional optical OFDM to support dimming
control in VLC [36, 37], which can be extended to the IM-OFDM schemes. Furthermore, given
the property of IM-OFDM, we can use different number of activated subcarriers for various
illumination requirements.

4.2. MIMO transmission

In indoor environments, multiple LEDs are installed to provide sufficient illumination. There-
fore, it is worthwhile to study the modulation schemes in the MIMO VLC systems [38]. For
MIMO transmission, low-complexity transceiver should be designed under the intensity mod-
ulation constraint. Moreover, the index modulation can be utilized in the time domain and
space domain, and multi-dimensional index modulation in time, frequency, and space domains
might be useful to achieve better performance [39, 40].

4.3. Performance improvement

Current researches on IM-OFDM for VLC only consider simple combinations of optical OFDM
and IM. Hybrid optical OFDM schemes introduced in Section 2.5 can be considered to further
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improve the spectral efficiency of IM-OFDM for VLC systems. At the transmitter, IM-OFDM
for VLC suffers from high peak-to-average power ratio (PAPR), causing nonlinear distortions
of LEDs. Thus, efficient PAPR reduction techniques have to be employed to combat with the
nonlinearity of LEDs. Besides, the low-complexity and high-performance receiver design also
requires attention for the deployment of IM-OFDM in low-cost VLC systems.

5. Conclusions

In this chapter, to shed light on the development of IM-OFDM schemes in VLC, we introduce
the principles of optical OFDM and IM-OFDM, which are exemplified by several representa-
tive schemes. It is indicated that various IM-OFDM schemes are capable of enhancing the
energy efficiency or the spectral efficiency compared with conventional OFDM, leading to
improved BER performance. Theoretical analysis and numerical results demonstrate that these
IM-OFDM schemes can enhance the overall performance compared with its conventional
counterparts. Therefore, IM-OFDM would be a promising modulation technique for future
VLC systems. Moreover, the challenges and opportunities are discussed for the deployment of
IM-OFDM in VLC systems, which are beneficial to researchers who are interested in this field.
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Abstract

In this chapter, we propose two novel peak-to-average power ratio (PAPR) reduction
schemes for the asymmetrically clipped optical orthogonal frequency division multi-
plexing (ACO-OFDM) scheme used in the visible light communications (VLC) system.
In the first scheme, we implement the Toeplitz matrix based Gaussian blur method to
reduce the high PAPR of ACO-OFDM at the transmitter and use the orthogonal
matching pursuit algorithm to recover the original ACO-OFDM frame at the receiver.
Simulation results show that for the 256-subcarrier ACO-OFDM system a ~6 dB
improvement in PAPR is achieved compared with the original ACO-OFDM in terms of
the complementary cumulative distribution function (CCDF), while maintaining a com-
petitive bit-error rate performance compared with the ideal ACO-OFDM lower bound.
In the second scheme, we propose an improved hybrid optical orthogonal frequency
division multiplexing (O-OFDM) and pulse-width modulation (PWM) scheme to reduce
the PAPR for ACO-OFDM. The bipolar O-OFDM signal without negative clipping is
converted into a PWM format where the leading and trailing edges carry the frame
synchronization and modulated information, respectively. The simulation and experi-
mental results demonstrate that the proposed OFDM-PWM scheme offers a significant
PAPR reduction compared to the ACO-OFDM with an improved bit error rate.

Keywords: visible light communications, peak-to-average power ratio, optical orthog-
onal frequency division multiplexing, Gaussian blur, pulse-width modulation

1. Introduction

The rapid development of solid state lighting technologies has made the visible light commu-
nications (VLCs) a promising complementary scheme in the widely used radio frequency

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



(RF)-based wireless communications in certain indoor and possible outdoor applications [1].
The main challenge of the VLC technology is the lack of sufficiently large bandwidth for
modulation due to the fact that the white light emitting diodes (LEDs) used for VLC usually
have a very small bandwidth, blue LED (BLED). Therefore, the transmission capacity of the
VLC is limited [2]. In order to address this issue and make good use of the limited BLED with
the aim of increasing the transmission throughput, a number of schemes including (i) blue
filtering at the receiver (Rx) to remove the slow phosphor part of the spectrum, which increases
BLED to �20 MHz but at the cost of high power loss, (ii) high spectrally efficient modulation
schemes, such as a variant of optical orthogonal frequency division multiplexing (O-OFDM),
discrete multi-tone modulation (DMT), and multi-band carrier-less amplitude and phase mod-
ulation, have been extensively investigated in the literature [3].

In intensity modulation and direct detection (IM/DD)-based VLC systems, the traditional
complex and bipolar OFDM is modified to a real and unipolar format [4]. Though OFDM
offers a number of advantages such as efficient use of the spectrum, there are many issues in
OFDM-based VLC systems including (i) a high peak-to-average power ratio (PAPR), (ii)
performance degradation due to non-linear power-current (P-I) characteristics of LEDs, (iii)
limited support for dimming, and (iv) reduced throughput due to the use of longer cyclic
prefix as a result of longer tails of the impulse response. Among these, the high PAPR is by
far the most detrimental to the performance of OFDM-based VLC systems [5]. A higher PAPR
would lead to more severe distortion and clipping because of the non-linear P-I characteristics
of the LED [6]. This leads to a decreased signal-to-quantization noise ratio (SQNR) in both
analog-to-digital (A/D) and digital-to-analog (D/A) converters while not fully utilizing the
wide dynamic range of LEDs [7].

A number of techniques to mitigate the high PAPR requirement in O-OFDM have been reported
in the literature including amplitude clipping [8], trellis coding, which reduces the average
optical power [9], and block coding, which maps the vector of k-information bits to be transmit-
ted and the vector of symbol amplitudes modulated onto the N-subcarrier [10] at the cost of
increased transmission bandwidth. Signal transformation based on selected mapping (SLM) has
also been used to reduce the signal peak values in O-OFDM systems [11]. In Ref. [12], the signal
peak values are reduced by applying a pilot symbol (PS) phase rotation technique to the original
OFDM signal. In Ref. [13], lower-order modulation on subcarriers, which suffers the most
distortion, is used to achieve a high throughput for OFDM-VLC at a sampling rate of six times
the available system bandwidth with reduced PAPR. The phase of PS is chosen based on the
SLM algorithm while the maximum likelihood criterion is used at the Rx to estimate the PS.
These techniques achieve PAPR reduction at the expense of increasing the transmit signal power,
bit error rate (BER), data rate loss, computational complexity, and so on.

In this chapter, we introduce two novel PAPR reduction techniques for multicarrier transmis-
sion-based VLC system with some simulation and experiment demonstrations. The first
scheme is named as Gaussian blur (GB) [14], which is enlightened by the blur operation used
in image processing. The two-dimensional GB has been widely implemented in graphics
software to reduce image noise and details by convolution operations [15]. Similar to this idea
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of blurring images, we apply the one-dimensional GB to the time-domain signal of asymmet-
rically clipped optical orthogonal frequency division multiplexing (ACO-OFDM) system for
reducing the high PAPR in VLC. Simulation results show that for the 256-subcarrier ACO-
OFDM system, a �6 dB improvement in PAPR is achieved in terms of the complementary
cumulative distribution function (CCDF). However, the PAPR problem is only alleviated
temporarily but not eliminated. In addition, considering that the indoor environment (i.e., the
channel) is relatively static with no deep fading, the multipath-induced interference is not a
major issue as is the case in an outdoor environment for RF-based wireless systems, and the
use of O-OFDM needs additional operation to mitigate the high PAPR. Therefore, there is an
open question: are there any advantages in transmitting the OFDM signal over a VLC channel
or does it need to be converted into a digital format to avoid all the issues outlined above. To
address this question, we further propose the second PAPR reduction scheme, which is named
as the hybrid OFDM-PWM modulation [16], for converting the OFDM signal into a pulse-
width modulation (PWM) format prior to IM of the LED in order to mitigate the high PAPR.
The high PAPR in O-OFDM is no longer a major issue in OFDM-PWM as LEDs are only
switched between “on” and “off”. A similar technique is proposed in [17] where a linear
mapping function is used to convert OFDM samples into PWM. However, the required band-
width of proposed scheme in [17] exceeds the O-OFDM scheme, thus leading to a bit error rate
(BER) penalty. In our improved OFDM-PWM scheme, we take advantage of the anti-symmetry
property of the time-domain ACO-OFDM signal and hence convert only the first half of
samples of the ACO-OFDM frame and extend the pulse width of PWM by a factor Nc. This
ensures that the proposed OFDM-PWM has the same bandwidth requirement as the ACO-
OFDM. Simulation and experimental results demonstrate that our proposed OPDM-PWM
scheme has an improved BER performance compared with the original ACO-OFDM. Further-
more, the advantages of the scheme in Ref. [17], such as reduced PAPR, resilience to LED non-
linearity, and higher luminance level, are maintained.

2. The PAPR of O-OFDM and the CCDF of PAPR

OFDM is widely adopted in RF and optical communications including free space optics and
VLC due to its huge data transmission capability, high spectral efficiency, and resilience to the
channel-induced impairments. Although the OFDM modulated waveform has many advan-
tages in both the RF and optical domain, its predominant drawback is that the signal profile
has intermittent peaks that occur throughout the length of the OFDM signal contributing
immensely to the peak-to-average power ratio (PAPR). With non-constant amplitude signals,
it is important to improve the PAPR of those signals. The presence of these high peaks means
that the optical source will have to operate outside its linear region to accommodate the full
amplitude signal swings. This is very undesirable as it increases the level of distortion present
in the transmitted signal, which results in poor system performance. Here, the definition of
PAPR for a discrete ACO-OFDM signal x(n) is given to evaluate the ratio of the maximum
instantaneous power to the average power. To better approximate the PAPR of x(n), the
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O-OFDM signal samples x(n) are obtained by oversampling L times. In [11], it is demonstrated
that a fourfold oversampling factor (L ¼ 4) is enough to provide an accurate measure of the
PAPR value. Thus, the electrical PAPR of a single symbol O-OFDM signal is given as:

PAPR≜
maxjx nð Þj2

E jx nð Þj2
h i for 0 ≤n ≤N � L−1 ð1Þ

where E[.] denotes the statistical expectation, n is the number of samples for each OFDM frame
in the time domain, and x(n) is real and unipolar.

The cumulative distribution function (CDF) of the PAPR is one of the most frequently used
performance measures for PAPR reduction techniques. In the literature, the complementary
CDF (CCDF) is commonly used instead of the CDF itself. The CCDF of the PAPR denotes the
probability that the PAPR of a data block exceeds a given threshold PAPR0 as given by [18]:

CCDF ¼ P PAPR > PAPR0ð Þ ¼ 1−PðPAPR ≤PAPR0Þ ¼ 1−CDF ð2Þ

3. GB-based PAPR reduction scheme

3.1. System overview

The block diagram of the GB-based ACO-OFDM system is depicted in Figure 1. In
ACO-OFDM systems, the time-domain signal needs to be both real and unipolar. The bipolar
signal at the output of Inverse Fast Fourier Transform (IFFT) is converted into unipolar by
clipping the negative value to zero. Unlike the conventional ACO-OFDM system, in our
scheme, the clipped output of IFFT is fed into theGaussian blur (GB) module to generate the
alternative output sequence Si(n). Then, the sequence S(n) with the lowest PAPR is applied to
the optical driver module.

At the receiver side, the received signal is influenced by the noise sources in a real scenario.
The dominant noise source in an indoor wireless optical channel is the ambient light-induced
shot noise [19], which is modeled as the additive white Gaussian noise (AWGN). Thus, the
received signal is given by:

y nð Þ ¼ η � SðnÞ⊗ hþ Z nð Þ, SðnÞ ¼ φ � x nð Þ ð3Þ

where η is the photoelectric conversion efficiency, φ is a standard Toeplitz matrix, φ�x(n) is the
matrix representation of the Gaussian blur operation, x(n) is the original ACO-OFDM signal, S(n)
is the alternative output signal with the lower PAPR, h is the channel response, Z(n) is AWGN
with zero mean and variance of δ2z , and⊗ denotes the convolution operation.

We assume that the channel state information is perfectly known in advance. According to the
transmitter design of ACO-OFDM, a half of the transmitted signals are clipped to be zeros.
Therefore, the time-domain ACO-OFDM signal is a standard sparse signal adopted in the
compressed sensing (CS) theory. Considering the special time-domain structure of ACO-
OFDM symbols with the system complexity, we choose the orthogonal matching pursuit
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(OMP) approach [20], which is widely used in sparse signal reconstruction in our simulation
for recovering the original ACO-OFDM signal. Following the fast Fourier transformation (FFT)
and demodulation process, we regenerate the original binary data stream.

3.2. GB algorithm

GB is a widely used image processing algorithm, which has the advantages of being very
“smooth” and also circularly symmetric, so that edges and lines in various directions are
treated similarly. It is well known that the two-dimensional GB operations are employed as
the convolution in image processing to blur the images. The two-dimensional Gaussian kernel
is defined as:

Gðx, yÞ ¼ 1
2πδ2

� e
− x2 þ y2
� �

2δ2 ð4Þ

Applying GB to the original image I(x, y) by convolving with Gaussian kernel function G(x, y)
to realize the blur operations, we have:

Igðx, yÞ ¼ Iðx, yÞ⊗Gðx, yÞ

¼
X
m,n

Iðm, nÞ � Gðx−m, y−nÞ ð5Þ

Similar to image processing, we apply the GB operation to the one-dimensional ACO-OFDM
signal in optical communications. One-dimensional Gaussian kernel function G(n) is implemented
to convolve with the one-dimensional ACO-OFDM signal x(n) as given by:

SðnÞ ¼
XN

k¼1

Gðn−kÞxðkÞ, n ¼ 1, 2…M ð6Þ

where N and M are the lengths of the ACO-OFDM signal and the alternative output S(n),
respectively.

Figure 1. A block diagram of GB-based ACO-OFDM system is shown. S/P: serial-to-parallel converter, P/S: parallel-to-
serial converter, and PD: photodetector.
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Expanding Eq. (6), we have:

gð0Þ gð−1Þ … gð−N þ 1Þ
gð1Þ gð0Þ… gð−N þ 2Þ
⋮ ⋮
gðM−1Þ gðM−2Þ …gðM−NÞ

0
BB@

1
CCA �

x1
x2
⋮
xN

0
BB@

1
CCA ¼

S1
S2
⋮
SM

0
BB@

1
CCA ð7Þ

Corresponding to the CS theory, matrix g(.) is the measurement matrix φ, matrix x(.) is the sparse
ACO-OFDM signal, and matrix S(.) is the significant measurement, which has a lower PAPR
compared with the original x(.). From Eq. (7), we can see that the g(.) matrix is a standard Toeplitz
matrix and its elements are Gaussian random variables with zero mean and variance of δ2z .
Therefore, only (M þ N−1) elements are used to construct G, which means that only
log2ðMþN−1Þ bits are needed to be transmitted as the side information [21]. In this module, a
“blur” output sequence S(n) is generated by taking the weighted sum of all the elements in x(n)
using the Gaussian distribution coefficients sequence g(n) as the weights. Due to the random
characteristic of the Gaussian function generated by the Matlab software which is used in our
study, the generated output S(n) is not the same as each other. Here, we construct a series of
ToeplitzmatricesTi to obtain the lowest PAPR signal from Si(n), where i is the number of candidate
matrices. Note that we only select the output signal Si(n) with the lowest PAPR for transmission.

Similar to the SLMmethod, the performance of the proposed scheme depends on the value of i
and the elements of T. However, lower PAPR can be potentially attained for all ACO-OFDM
signals as shown in Table 1.

To trade-off PAPR reduction and the system complexity, we have used i ¼ 6 in our simulations
to achieve �6 dB improvement.

3.3. OMP recovery algorithm

The CS technique has been widely applied in signal reconstruction, medical imaging, radar,
remote sensing, and other signal processing fields [22]. The main advantage of this theory is
that it can recover original signals or images from far fewer samples or measurements. To
realize this, CS has two fundamental criteria: (i) the original signal is sparse or compressible
and (ii) the measurement matrix φ satisfies the restricted isometry property (RIP).

Suppose the transmission signal x ∈RN is an N-dimensional sparse signal with sparsity K,
K«N. The sparse reconstruction problem of CS is defined as recovering the sparse signal from
the observed vector of measurements S ∈ RM. The classical mathematical expression of CS
measurement is given as:

S ¼ φxþ z ð8Þ

where φ∈ R (M�N) is a known measurement matrix with M«N and z ∈RM denotes the mea-
surement noise and model error. Note that measurement matrix φ needs to satisfy the RIP:

ð1−δkÞkxk2l2 ≤ kφxk2l2 ≤ 1þ δkð Þkxk2l2 ð9Þ
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where δk is a restricted isometric constant. For more details, please see [23]. Then, by resolving
Eq. (8) with corresponding sparse signal reconstruction algorithm, one can obtain the estima-
tion ~x . Two popular reconstruction algorithms are the convex optimization algorithm and the
iterative greedy pursuit algorithm.

For the ACO-OFDM system, we can see that the asymmetrically clipped output of N-point
IFFT is a sparse signal in the time domain, and the Toeplitz matrix composed of Gaussian
random variables meets the restricted isometry property (RIP) standard as adopted in [23].
Therefore, the OMP algorithm, which has the advantages of lower computation complexity,
rapid recovery speed, and higher reconstruction accuracy compared to other algorithms, can

be employed in our scheme [24]. The equivalent electrical voltage signal ~Y can be employed to
reconstruct ~x as outlined below:

mink~xk1 s:t: T~x ¼ ~Y ð10Þ

where T∈ R(M�N) is the observation matrix φ and ~Y ∈RM denotes the measured values of S.
The OMP algorithm used in this chapter is summarized as below:

Step 1. Setting the residual value r0 ¼ ~Y , pre-recovery ~x ¼ 0, and iterations number n ¼ 1.4*K
(n≥K), where K is the sparsity of x.

Step 2. Finding the max<T(:;col), r0>and its position. Note thatM ≥C�K�log2ðN=KÞ, where C is
a constant, depends on each instance.

Step 3. Calculating the reconstructed ~x by min ∥~Y−T~x∥2 and updating the residual

rn ¼ ~Y−
<T colð Þ, ~Y>

<T colð Þ, T colð Þ>T colð Þ by the least square algorithm.

Step 4. If the criterion has not been satisfied, then return to step 2.

3.4. Simulations and results

Simulations are conducted to compare the most widely used amplitude clipping method, classi-
cal SLM technique and the GB method, and the key parameters adopted are shown in Table 2.

Figure 2 shows theCCDF against the threshold PAPR0 for the unmodifiedACO-OFDM (N¼ 256)
with the classical SLM, amplitude clipping (CL of 0.8), and the proposed method. Also shown is

ith PAPR 1 2 3 4 5 6 7 Original

x1 (dB) 9.0 9.1 8.0 10.9 10.7 9.1 9.3 11.6

x2 (dB) 9.3 9.5 8.4 8.4 9.0 7.7 11 12.4

x3 (dB) 9.0 8.6 7.5 9.1 8.2 8.5 10.4 12.8

Note the simulation results obtained from three random 16-QAM ACO-OFDM signals (256-subcarrier). The numbers in
bold are the minimum PAPR from a set of i- measurements.

Table 1. PAPR reduction results for original ACO-OFDM with GB.
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the plot for the original ACO-OFDMwith no PAPR reduction scheme. The horizontal and vertical
axes represent the threshold for the PAPR and the probability that the PAPR of a data block
exceeds the threshold, respectively. It is shown that at CCDF of 10−3 the PAPR requirements are <
10, �11.5, and > 12 dB for ACO-OFDMs with GB, amplitude clipping, and SLM, respectively,
compared with the < 16 dB for the original ACO-OFDM. From the comparison, we can conclude
that the proposed method offers improved PAPR reduction. Note that the simplest amplitude
clipping method can achieve a much significant PAPR reduction at the cost of the unrecoverable
performance degradation.

Next, we want to recover the original ACO-OFDM signal x(n) from ~Y at the receiver. For
perfect reconstruction of the original signal, the row size of T must meet the following condi-
tion as outlined in [24]:

M ≥C � K � log2ðN=KÞ ð11Þ

In ACO-OFDM, K is N/2. Therefore, M should be larger than the product of C and K to meet
the signal reconstruction requirements. The signal reconstruction accuracy is evaluated by the
reconstruct error (RE), which is given by:

RE ¼ kx nð Þ0−x nð Þk2
kx nð Þk2

ð12Þ

Method Subcarrier Modulation Parameter Length

Clipping 256 16-QAM CL ¼ 0.8 -–

SLM 256 16-QAM i ¼ 6 N/4

GB 256 16-QAM i ¼ 6 M þ N − 1

Table 2. Simulation parameters for PAPR reduction schemes.

Figure 2. PAPR analysis for ACO-OFDM signals (N ¼ 256) with SLM, clipping (CL ¼ 0.8), and GB techniques (i ¼ 6).
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where xðnÞ0 is the reconstructed ACO-OFDM signal and kxðnÞk2 denotes the second moment

norm, kxðnÞk2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jx1j2 þ jx2j2 þ⋯þ jxnj22

q
, n ¼ 1, 2,…,N:

Following a number of simulations with a range of C values shown in Table 3, we found that
RE is reduced significantly with C increased from 1 to 2. However, for C > 2, the improvement
in RE is very small, and SðnÞ is longer than the original signal xðnÞ measured in the time
domain, since M > N. For the trade-off between RE and the data rate, we have selected C ¼ 2
as the optimal value for the proposed system. Therefore, the Toeplitz matrix is a square matrix
TN�N with no incurred bandwidth penalty.

Figure 3 shows the reconstruction results for 256-subcarrier-based ACO-OFDM signal for an
SNR of 30 dB using the OMP recovery algorithm. Note that in typical indoor VLC systems, the
most widely used SNR is 30 dB [19]. We observe the faithful reconstruction of the distortion-
less original signal for an SNR of 30 dB compared to the original ACO-OFDM signal. We have
used 1� e3 random ACO-OFDM signals to calculate the RE over an SNR range of 2030 dB as
shown in the inset in Figure 3. Note that the improvement in RE is < 0.06, which is far below
the acceptable value of < 0:1 for the entire system performance.

Figure 4 illustrates the BER performance against the SNR for the uncoded 256-subcarrier ACO-
OFDM with amplitude clipping and the proposed scheme. In practice, higher peak-to-average
power ratio (PAPR) can lead to non-linear distortions and clipping in systems with peak-power
limitations (PAPR0), thus leading to degradation of the system BER performance. In this
chapter, we define the ideal ACO-OFDM as having an infinite PAPR0 and, therefore, the
adverse effect of higher PAPR of the original ACO-OFDM signal is not considered in the BER

C 1.0 1.5 2.0 2.5 3.0 3.5 4.0

RE 14.25 0.43 0.031 0.022 0.021 0.020 0.017

Data rate 200% 133% 100% 80% 67% 57% 50%

Note that the simulation results are obtained for 256-subcarrier ACO-OFDM with an SNR of 30 dB.

Table 3. RE values and data rate against different C values.

Figure 3. RE analysis for ACO-OFDM (with N ¼ 256) for SNR of 30 dB. The inset shows the RE for 20 < SNR < 30 dB.
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analysis. The BER performance of an ideal ACO-OFDM is used as a reference lower bound as
in reference [25]. Thus, the recovery accuracy of the OMP algorithm is indirectly illustrated by
the BER performance. At a BER of 10−4, the proposed scheme requires only a �2 dB of
additional SNR compared to the ideal ACO-OFDM scheme. For ACO-OFDM with amplitude
clipping, the SNR penalty is almost 5 dB compared to the proposed scheme. It also can be seen
that when the SNR is larger than 20 dB, the BER of the proposed scheme is within the bound of
the forward error correction (FEC) limits. And as for the VLC, these SNR values can be
obtained by the need for illumination. From the results shown in Figures 2–4, we conclude
that the proposed scheme can achieve a significant reduction in PAPR with a competitive
recovery performance.

4. OFDM-PWM-based PAPR reduction scheme

4.1. System overview

The block diagram of the proposed OFDM-PWM scheme is shown in Figure 5, where the
bipolar discrete-time O-OFDM samples x(n) are first generated using the standard ACO-
OFDM process as outlined in Ref. [26] but with no zero clipping operation prior to conversion
to PWM. In the traditional O-OFDM such as DC-biased optical OFDM (DCO-OFDM), a DC
bias is added to the signal before clipping the negative residual signals to ensure positive
signal amplitude. However, due to a high PAPR, the DC bias required is very high, and it is
also necessary to clip the DC-biased signal to clip the negative residue. ACO-OFDM over-
comes the high DC-biased requirements by encoding information only on odd harmonics and
clipping the negative signals at zero, which do not lead to any information loss [26]. Due to the
Hermitian symmetry requirements to ensure a real-time-domain signal and with only odd
subcarriers being used, only one-fourth of the subcarrier is actually encoded with the data. As
a result, the spectral efficiency of ACO-OFDM is half of that of DCO-OFDM [27]. Therefore, the

Figure 4. BER performance against the SNR for 256-subcarrier ACO-OFDM systems with amplitude clipping (CL ¼ 0.8)
and the proposed method (i ¼ 6).
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resulting time-domain signal is a real-valued signal referred to as the O-OFDM frame with
the anti-symmetry property as defined by Armstrong and Schmidt [27] and as shown in
Figure 5 (b):

xk ¼ −xkþN=2, 0 < k < N=2 ð13Þ

where N is the number of IFFT points.

In the OFDM-PWM scheme, since PWM can be used to linearly represent the bipolar signal,
the zero clipping operation in ACO-OFDM is no longer necessary. Due to ACO-OFDM’s anti-
asymmetric time-domain characteristics, the first half of the bipolar samples (with no zero
clipping) is sufficient to represent the entire unipolar ACO-OFDM. Hence, instead of convert-
ing the entire O-OFDM symbol into PWM, converting only the first N/2 samples would be
sufficient, which does not lead to any loss of information. Thus, we discard the unnecessary last
half of samples and save half of the time slots for further compensating the high bandwidth
requirement for PWM, see Figure 6(b) (Digital OFDM-PWM). The generated OFDM-PWM
signal is used for IM of the LED. At the receiver (Rx), the OFDM signal is extracted from
OFDM-PWM, and the standard OFDM demodulation process is thereafter employed, which is
the reverse of the transmitter (Tx) process, as outlined in Ref. [27].

PWM can be generated in the analog or digital domain. In the analogue PWM, the input signal
(i.e., xðnÞ in this case) is compared with a reference carrier signal (i.e., a ramp waveform) of
frequency fc as shown in Figure 6(a). Note that the Nyquist condition fc ≥ 2NTs

−1needs to be
met, where Ts is the OFDM symbol period. In the digital PWM, the digital version of x(n) is
compared with a counter, which rests every 2L where L is the bit resolution adopted in this
chapter. In the PWM scheme, the falling edge carries the information whereas the rising edge is
used for synchronization (more information on PWM can be found in Ref. [28]). Thus, the
converted PWM signal shown in Figure 6(a) is given by:

PWMðtÞ ¼ C, 0 ≤ t ≤ τ
0, τ < t ≤Tc

�
ð14Þ

Figure 5. A block diagram of OFDM-PWM (a) LED frequency response with pre-equalizer, (b) bipolar O-OFDM before
asymmetrical clipping, and (c) received OFDM-PWM waveform. LOS: line of sight.
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where Tc is the OFDM symbol sampling period, C is a constant corresponding to the peak
amplitude of O-OFDM, and τ, given by Eq. (15), is the modulated pulse width that changes
linearly with the instantaneous value of xðnÞ as given by:

τðnÞ ¼ xðnÞ−xmin

K
ð15Þ

where K is the PWM carrier signal slope factor or the modulation index defined as:

K ¼ xmax−xmin

Tc
ð16Þ

Note that xmax and xmin are the maximum and minimum amplitudes of O-OFDM symbols,
respectively. In order to simplify generation of the digital PWM signal, the sampling period is
divided into R discrete intervals with R ≥M, where M is quadrature amplitude modulation
(QAM) modulation order. Therefore, Eqs. (15 and 16) are rewritten in a discrete form as:

K ¼ xmax−xmin

R
¼ ðxðnÞ−xminÞ

Nτ
, n ¼ 1,…, N=2 ð17Þ

where Nτ is the corresponding discrete interval of τðnÞ.

Figure 6. Time-domain waveforms for (a) ACO-OFDM, ramp, and PWM and (b) the process of the digital OFDM-PWM
generation.
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In the converted PWM scheme, see Figure 6(a), the minimum pulse duration τðnÞmin ¼ 1=R is
significantly smaller than Tc. Hence, the bandwidth requirement for PWM is R times higher
than ACO-OFDM. In order to overcome the high bandwidth requirement, the duty cycle of
PWM signal is further extended by a factor ofNc, where 0 ≤Nc ≤R as shown in Figure 6(b)with
blue lines. The value of Nc can be adjusted either to obtain a maximum throughput by setting
Nc ¼ 0 or a required dimming level by setting Nc > 0. In this study, we have increased the
minimum pulse width to R by setting Nc ¼ R (see Figure 6(b)). This ensures that the PWM
pulse duration is at least equal to or greater than Tc, which means that the proposed OFDM-
PWM scheme has the same bandwidth requirement as that of ACO-OFDM. In addition, the
increased time factor Nc is equal to the OFDM sample period, which indicates that we have
taken full advantage of the last half time slots saved from the previous sampling part. Thus,
the transformation from ACO-OFDM to OFDM-PWM is a lossless process. The proposed
OFDM-PWM signal sðnÞ is given by:

sðnÞ ¼ C, 0 ≤NsðnÞ ≤ Nτ þNcð Þ
0, Nτ þNcð Þ < NsðnÞ ≤ 2R

, n ¼ 1,…, N=2

(
ð18Þ

where NsðnÞ is the total number of discrete intervals corresponding to the duty cycle of each
OFDM-PWM signal.

Following the optical to electrical (O-E) conversion at the Rx, the received OFDM-PWM signal
s0ðnÞ is given by:

s0 nð Þ ¼ ηF x nð Þ½ �⊗ hðnÞ þ z nð Þ ð19Þ

where η is the photodiode responsibility, F½:� is the transformation operation from O-OFDM to
PWM, xðnÞ is the bipolar O-OFDM signal, hðnÞ is the channel impulse response, zðnÞ is additive
white Gaussian noise with zero mean and variance of δ2z , and ⊗ denotes the convolution
operation. Note that here we have only considered the line of sight (LOS) propagation path in
order to illustrate the concept.

As for the recovery of the original OFDM signal at the Rx, the sampling rate of OFDM-PWM
must be at least 2R times of the ACO-OFDM signal to accurately detect the trailing edge of s

0
nð Þ.

The total number of discrete intervals of s
0
nð Þ, that is ðNt þ NcÞ, is then estimated from the

trailing edge position, and the first half of xðnÞ is estimated using Eq. (17). Next, the standard
ACO-OFDM demodulation process outlined in [3] is adopted to recover the transmitted signal.

4.2. Simulation results

Figure 7 shows the simulated PAPR for ACO-OFDM, ACO-OFDM with classical selected
mapping (SLM) technique and the proposed OFDM-PWM method. Here, 16-QAM ACO-
OFDM with 256-subcarrier is used as the baseline. The SLM method with six iterations is
employed and compared with the proposed OFDM-PWM. Figure 7 demonstrates that PAPR
requirements at CCDF of 10−3 are �3, >12, and < 16 dB for OFDM-PWM, ACO-OFDM with
SLM, and ACO-OFDM, respectively. This clearly validates that the proposed OFDM-PWM
offers significant PAPR reduction.
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Since the average duty cycle of OFDM-PWM is greater than Tc, the proposed OFDM-PWM
scheme provides a higher illumination level provided that C is equal to the maximum ampli-
tude of ACO-OFDM sample as shown in Figure 8.

Here, we calculate the average optical power of ACO-OFDM and OFDM-PWM to illustrate the
illumination level. For the frame shown in Figure 8, the average power of OFDM-PWM is �4
times as much as the original ACO-OFDM frame. Therefore, C can be set to be smaller than the
maximum amplitude of ACO-OFDM sample to achieve the desired illumination level and
resilience to the PAPR0 limit due to the non-linearity of the LED.

Next, we evaluate the BER performance of the proposed scheme for a line of sight (LOS) VLC
link in Matlab environment. The key simulation parameters adopted in this work are summa-
rized in Table 4.

Since the pulse-width variation in PWM is linearly proportional to the peak-to-peak ampli-
tude, vp-p-OFDM, of the input signal (i.e., in this case, the O-OFDM), we need to know the time
resolution corresponding to the amplitude resolution of the O-OFDM signal. We have selected
a nominal value of R as given by:

R ¼ 100, M ≤ 16
αM, M > 16

�
ð20Þ

where α is an empirical constant, which is set to be four in our simulation, and M is the
QAM modulation order. For example, the values of R for 16- and 64-QAM are 100 and 256,
respectively.

Figure 9 shows the simulated BER performance against the electrical SNR for OFDM-PWM
and ACO-OFDM with 16- and 64-QAM. The simulation results clearly demonstrate that the
OFDM-PWM outperforms ACO-OFDM. For example, at a BER of 10−4, the SNR requirements
are �14 and �18 dB for OFDM-PWM and ACO-OFDM, respectively, for 16-QAM, thus
demonstrating an SNR gain of �4 dB using OFDM-PWM. The SNR gain is higher for the

Figure 7. PAPR analysis for 16-QAM ACO-OFDM signals (N ¼ 256) with SLM and OFDM-PWM.
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higher-order modulation with 64-QAM OFDM-PWM offering a gain of �9 dB compared to
ACO-OFDM.

4.3. Experiment results

The experimental set-up shown in Figure 10 has been developed to demonstrate the working
principle of the proposed concept, validate the simulation results, and compare it with the

Figure 8. One frame of ACO-OFDM and OFDM-PWM with the same data information (R ¼ 100 and 256-subcarriers).

Parameters OFDM-PWM ACO-OFDM

Modulation 16/64-QAM 16/64-QAM

No. of subcarriers 256 256

System bandwidth 10 MHz 10 MHZ

Date rate 40/60 Mbit/s 40/60 Mbit/s

Subdivisions R ¼ 100/256 –

Length of frame 25600/65536 256

Iteration 1000 1000

Table 4. Simulation parameters.
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standard ACO-OFDM under the same conditions. The frame frequency and frame sampling
rate are shown in Table 5.

First, we generate the 16-QAM-based ACO-OFDM and OFDM-PWM signals using the algo-
rithm outlined in Section 4.1. The waveforms are then loaded to the arbitrary function gener-
ator (Tektronix AFG 3022) using the LabVIEW 2014 interface. Following this, the output signal
is pre-equalized using a simple resistance-capacitance (RC) network, see Figure 10(c), and a
DC-bias current Idc of 200 mA is added prior to IM of the LED (Rebel Star 01). Note that

Figure 9. BER performance against the electrical SNR for OFDM-PWM and ACO-OFDM and with 16- and 64-QAM.

Figure 10. (a). The experimental setup for the proposed scheme. (b) The LED and PD, (c) the RC equalizer circuit, and (d)
the DC-bias circuit.
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Idc-ACO-OFDM < Idc-DCO-OFDM, which is mainly used for illumination. Using an RC pre-equalizer
network, BLED is increased from �2 to 12 MHz [29] as shown in Figure 5(a).

In practical VLC systems, LED non-linearity is important and should be considered, which
limits the operating dynamic range, PAPR0, and consequently the SNR. Non-linearity arises
due to the imperfection of the driving circuits and the number of emitted photons not being
proportional to the injected current in the active region. The measured I-V curve for the LED
used in this work is depicted in Figure 11, which shows linear and non-linear regions. A lower
limit is like the turn-on voltage (TOV) and the saturation voltage.

The receiver’s front end consists of an optical concentrator and a photodiode with differential
amplifiers, the outputs of which are captured using a digital oscilloscope (Agilent Infinium
40GSa/s) for further offline processing. The oscilloscope sampling rates are set to 50 M and 5 G
sample/s for ACO-OFDM and OFDM-PWM, respectively. Signals synchronization, down-sam-
pling, and signal recovery are carried out offline. We then evaluate the BER performance of both
ACO-OFDM and OFDM-PWM systems under the same conditions. For higher-order modula-
tions (i.e., 64-QAM), the generated digital OFDM-PWM’s length is 65, 536, which is beyond the
32 K memory of AFG 3022. Therefore, we could only transmit one frame of 16-QAM-based 256-
subcarrier OFDM-PWM due to the limited memory of AFG3022. The received waveforms of
ACO-OFDM and OFDM-PWM are shown in Figure 12(a) and (b), respectively. The square
waveforms shown are used to indicate the period of the OFDM signals. Following the offline
processing, the original ACO-OFDM signal is fully recovered as shown in Figure 12(c).

Figure 13 shows the estimated BER performance, which is obtained experimentally against the
peak-to-peak amplitude, Vp-p values of 16-QAM-based ACO-OFDM and OFDM-PWM sig-
nals. Due to a limited number of transmitted bits, it is not feasible to accurately measure the
BER below the FEC limit of 10−3. Nonetheless, the graph clearly demonstrates the advantage of
OFDM-PWM over ACO-OFDM, where it displays an improved BER performance in both
linear and non-linear regions of the LED. For Vp-p < 2 V, the BER floor for OFDM-PWM is
<5 � 10−3, whereas for ACO-OFDM, it is > 10−1, except at Vp-p of 2, where the BER is 10−2. For
Vp-p > 2 V, the BER performance shows degradation for both schemes. However, OFDM-
PWM is still superior to ACO-OFDM. Since the information is carried in the pulse width,
rather than pulse amplitude as in ACO-OFDM, OFDM-PWM displays a higher resiliency to
the non-linearity of the LED and clipping, thus offering an improved performance.

Parameters OFDM-PWM ACO-OFDM

Frame frequency fframe 39 kHz 39 kHz

Frame sampling fsample 5 G sample/s 50 M sample/s

DC-bias current 200 mA 200 mA

Modulation 16-QAM 16-QAM

No of random bits 256 2561

1Only one-fourth of the subcarrier is allocated for information bits in ACO-OFDM.

Table 5. Experimental parameters.
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Figure 11. The LED I-V plot using polynomial function (Rebel Star 01, LED). TOV: turn-on voltage.

Figure 12. Waveforms of a single frame of 256-subcarrier for: (a) ACO-OFDM, (b) OFDM-PWMwith R ¼ 100, and (c) the
recovered half frame of bipolar signal and the reconstructed ACO-OFDM frame. Note the square wave in (a) and (b) is to
show the period of OFDM waveforms.
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5. Conclusion

In this chapter, we proposed two novel PAPR reduction schemes for O-OFDM-based VLC
systems. The first scheme is implemented in the time domain to mitigate the high PAPR
experienced in ACO-OFDM, which uses the Gaussian blur method with a Toeplitz matrix-
based Gaussian kernel function at the transmitter. We have shown that for 256-subcarrier
ACO-OFDM, a �6dB improvement in PAPR is achieved in terms of CCDF compared with
the original ACO-OFDM. By taking advantage of the special time-domain structure of ACO-
OFDM symbols, the OMP algorithm is employed to efficiently recover the original ACO-
OFDM signal at the receiver. Simulation results have shown that a �6 dB PAPR reduction
requires only a �2 dB of additional SNR compared to the ideal ACO-OFDM scheme at a BER
of 10−4 and with the signal reconstruct error less than 0.1. Then, the second scheme is an
improved modulation scheme based on the conversion of an ACO-OFDM signal to PWM.
The OFDM-PWM offers significant advantages compared with the traditional ACO-OFDM
scheme including lower PAPR, higher luminance, improved BER performance, and enhanced
resiliency to the source non-linearity. The simulation and experimental results both show that a
significant BER improvement can be achieved with OFDM-PWM compared to ACO-OFDM.
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Abstract

Dimming is an important feature of an indoor lighting system where the illumination
level can be controlled by the user. Therefore, integrating a visible light communication
(VLC) system with an illumination system poses some challenges. One of the main
issues is that the light unit should be “ON” all the time to ensure continuous communi-
cation. To ensure acceptance and adoption of VLC systems, an important issue should
be addressed: how to communicate when the lights are “OFF” or partially dimmed. In
this chapter, we propose five new infrared optical wireless (IROW) systems to support
VLC systems when the light is totally turned off or significantly dimmed. To take
advantage of both VLC and IROW, we introduce and implement the concept of a
collaborative VLC/IROW system. In addition, we investigate the impact of partial dim-
ming on the VLC system’s performance, and we propose an adaptive rate technique
(ART) to mitigate the impact of light dimming. Moreover, in the case of no dimming, the
VLC and IROW systems can collaborate to increase the data rate so it is higher than that
in the pure VLC system. We have achieved 10 Gbps in an indoor environment, which
is a 2� increase in the data rate compared with a pure VLC system.

Keywords: collaborative VLC/IROW, delay spread, SNR

1. Introduction

A visible light communication (VLC) system has the potential to become a complementary
technology to its radio frequency (RF) counterpart, and this is due to the hundreds of THz of
license free bandwidth, high security, energy efficiency and immunity to electromagnetic
interference [1]. Despite the advantages presented by the VLC medium, there are several
challenges facing VLC systems to achieve high data rates. These challenges include the low
modulation bandwidth of the light-emitting diodes (LEDs) and inter-symbol interference (ISI)
due to diffuse transmission where the optical signal reaches the receiver through a number
of different paths that result in pulse spread, which in turn leads to ISI. Various techniques

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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have been proposed to mitigate the limitations (low modulation bandwidth of LEDs and ISI) in
VLC systems to achieve high data rates. On-going research activities intend to increase the data
rates of indoor VLC systems by replacing LEDs with visible laser diodes (LDs) coupled with the
use of an imaging receiver instead of the conventional wide field of view (FOV) receiver [2–5].

The concept of VLC systems is based on the use of light units (LEDs/LDs) for both lighting and
communications. Therefore, using light units (i.e. LED or LD) for communications should not
interfere with the light units’ main function (i.e. illumination). A user may arbitrarily dim the
light source in the VLC system to save power, so it is essential to maintain communication in this
case. An infrared optical wireless (IROW) system can be used to collaborate with the VLC system
under partial/full dimming. IROW systems can provide high transmission rates similar to VLC
systems [6, 7]. This is due to the wider modulation bandwidth of the laser sources used in IROW
systems instead of white LEDs. IROW systems can use simple signal processing functionality
and simple modulation formats while having a much higher bandwidth available for future
usage. IROW systems have some additional advantages compared to VLC. For example, light
dimming is not an issue in IR systems, and the uplink implementation using IR is convenient as
it avoids bright visible light next to the user’s equipment, next to a laptop, for example. However,
IROW systems have two major challenges: multipath dispersion due to reflections and sensitiv-
ity to additive shot noise coming from artificial background lighting or sunlight [6, 8].

The received power at the VLC receiver is reduced when the user dims the light to low levels,
and this will lead to a degradation in the signal-to-noise ratio (SNR) and affect the data rate
achievable. Recently, hybrid schemes were proposed to support VLC systems. RF-based sys-
tems are used to supplement the VLC system [9, 10]. However, achieving a high transmission
rate (multi gigabits per second) and security is the most challenging parts. Therefore, the VLC
link needs to collaborate with the IROW connection to provide continuous data transmission.
When the VLC link has recovered (i.e. there is no dimming), the VLC and IROW systems can
cooperate together to increase the data rate at the receiver side.

In this chapter, we addressed the weakness of VLC systems and provide practical solutions
when the light is partially dimmed or totally switched off. Subsequently, we have achieved
data rates more than those reported in Refs. [9, 10]. In this study, we report the use of infrared
systems that utilise a LD source to support the VLC system when the light is totally switched
off. IR optical communication has the same advantages as VLC systems. It can also provide
high transmission data rates similar to VLC systems and potentially higher data rates (data
rates up to 15 Gbps can be achieved) [11]. In addition, we investigate the performance of a VLC
system under the impact of different levels of dimming, propose an adaptive rate technique
(ART) and produce the concept of cooperation between VLC and IROW systems. The VLC
system is able to achieve high data rates (5 Gbps) when the light units are “ON.”However, the
achieved data rate (i.e. 5 Gbps) will decrease as a result of light dimming. Therefore, IROW
systems are proposed to ensure the continuity of the wireless communication and to maintain
the target data rate (5 Gbps), as the IROW system can be used to compensate for the degrada-
tion of the data rate due to dimming in the VLC system. In addition, the IROW system can be
used to increase the data rates so they are higher than the target (5 Gbps) when the lights are
“ON,” and the VLC system is operating normally.
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Five IROW systems are proposed: hybrid diffuse IR (HDIR) with wide field of view receiver,
HDIR with imaging receiver, beam steering IR (BSIR) with imaging receiver, cluster distrib-
uted IR (CDIR) with imaging receiver and a cluster distributed beam steering IR (CDBSIR)
system, to collaborate with the VLC system. The data rates achieved by our proposed backup
systems are 2.5 and 5 Gbps when using a very simple modulation format (on-off keying, OOK)
and avoid the use of relatively complex wavelength division multiplexing approaches. In this
study, we used two types of receivers: wide FOV receiver and an imaging receiver with
selective combining (SC) to choose the best pixel.

The remainder of this chapter is organised into the following sections: Section 2 presents the
simulation environment and VLC/IROW channel model. Section 3 presents the proposed sys-
tems’ configurations. Section 4 introduces the ARTand the impact of dimming on the VLC system
performance. Section 5 introduces the simulation results and discussion of the IROW systems.
Section 6 provides the simulation results and discussion of the collaborative VLC/IROW system in
an empty room. Finally, conclusions are drawn in Section 7.

2. Simulation environment and VLC/IROW channel model

To study the benefits of our proposed systems in an indoor environment, a simulation based
on a ray tracing algorithm was performed in an unoccupied room (empty) with 8 m � 4 m
(length�width) floor dimensions and a height of 3 m to the ceiling. The walls and ceiling were
segmented into small reflective elements (dA). The reflective elements were treated as small
secondary emitters that diffuse the received signal in the shape of a Lambertian pattern with
n = 1, where n is the Lambertian emission order, having a reflectivity of 0.8 for the walls and
ceiling and 0.3 for the floor [12–15]. Element sizes of 5 cm � 5 cm for the first order reflections
and 20 cm� 20 cm for the second order reflections are employed for all arrangements. Previous
work has studied the received optical power within an indoor environment. They found that
most of the received optical power is located within the two first-order reflections (1st and
2nd). Third order and higher reflections are highly attenuated [16]. Hence, two bounces are
considered in our calculations.

In indoor OW communication systems, intensity modulation with direct detection (IM/DD)
is the preferred choice as a result of its reduced cost and complexity [17]. The receiver makes
use of a detector that produces a photocurrent I(t) that is proportional to the received instan-
taneous optical power. The indoor optical wireless IM/DD channel can be given by [18]:

Iðt, Az, ElÞ ¼
XMt

m¼1

RxðtÞ⊗ hmðt, Az, ElÞ þ
XMt

m¼1

Rnmðt, Az, ElÞ ð1Þ

where t is the absolute time and El and Az represent the direction of the arrival in the elevation
and azimuth angles, respectively. Mt is the total number of reflecting elements, x(t) is the
transmitted instantaneous optical power,⊗ denotes convolution, R is the detector responsivity
and I(t, Az, El) is the received photocurrent at a certain location resulting from Mt reflecting
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surfaces. Lastly, nm(t, Az, El) represents the background light noise due to mth reflecting
elements at the receiver. Many parameters can be obtained from the simulated impulse
response, for example, 3 dB channel bandwidth, the delay spread and SNR. The delay spread
of an impulse response is given by [6]:

D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
ðti � μÞ2P2

riX
P2
ri

vuuut ð2Þ

where ti is the delay time associated with the received optical power Pri, and μ is the mean
delay given by:

μ ¼
X

tiP2
riX

P2
ri

ð3Þ

1. The 3 dB channel bandwidth is equal to the frequency when the magnitude response falls
by 3 dB.

2. The SNR of the received signal can be calculated by taking into account the powers
associated with logic 0 and logic 1 (PS0 and PS1), respectively. The SNR is given by [18]:

SNR ¼ RðPs1 � Ps0Þ
σt

� �2

ð4Þ

where R is the receiver responsivity and σt is the standard deviation of the total noise that
is the sum of the shot noise, thermal noise and signal dependent noise. σt can be calculated
as follows:

σt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2shot þ σ2preamplif ier þ σ2signal

q
ð5Þ

where σ2shot represents the background shot noise component, σ2preamplif ier represents the preampli-

fier noise component, and σ2signal represents the shot noise associatedwith the received signal [19].

Bit rates of 2.5 and 5 Gbps are evaluated in our proposed systems. We used the preamplifier
design proposed in Ref. [20]. In this study, we considered the SC method of processing the
electrical signal from different pixels in an imaging receiver. In the SC, the receiver simply selects
the pixel with the largest SNR among all the pixels. The SNRSC is given by Ref. [18]:

SNRSC ¼ Maxi
RðPs1 � Ps0Þi

σti

� �2

1 ≤ i ≤ j ð6Þ

where j represents the number of pixels (j = 50 in our imaging receiver).
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3. Proposed systems’ configurations

In this section, proposed OW systems are presented, analysed and compared to identify a
reliable and high data rate wireless communication system for an indoor user.

3.1. Imaging LD-VLC System

The imaging LD-VLC system used eight lighting fixtures (i.e. RGB-LDs) on the ceiling
connected by fibre optic cable and controlled by a central controller. The imaging LD-VLC
system was introduced in Ref. [2], and it is considered here to investigate its performance
under the impact of different levels of dimming. In addition, it will be integrated with an
IROW system to provide reliable and high data rate services for an indoor user. Figure 1 shows
the architecture of the imaging LD-VLC system.

3.2. IROW Systems

In this section, five IROW systems are presented, analysed and compared to identify the most
appropriate system for use to collaborate with the VLC system (imaging LD-VLC).

3.2.1. Hybrid diffuse IR (HDIR) system employing wide FOV receiver

The HDIR employed one IR transmitter located at the centre of the ceiling, which can provide a
direct LOS link at the receiver on the communication plane (CP). Figure 2 shows the HDIR
communication architecture. In this case, most of the power is gathered from the LOS link,
and the rest of power is collected through reflections. The proposed system (HDIR) uses a

Figure 1. Architecture of imaging LD-VLC system with imaging receiver on communication plane.
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single-wide beam source, typically with a Lambertian pattern where the transmitted optical
signal fully diffuses over the environment. The IR transmitter is connected to all the visible
light sources via fibre links (to link to main network in the building) and simple control circuits
(located at the centre of the room). When the light is dimmed or the received optical power
falls below a certain threshold, a feedback IR signal at a low rate is sent by the receiver to the
controller to switch the link into the backup system (i.e. HDIR). The receiver consists of the
VLC and IR detectors connected through an electronic switch to control their functions. In this
system, we used a conventional single-element wide FOV (90�) photodetector with photo
sensitive area of 1 mm2. The HDIR transmitter is positioned at the centre of the room at (2, 4,
and 3 m), is pointed downwards, and emits 1 W with an ideal diffuse pattern. Exposure to
optical radiation at such power levels can be hazardous to the skin and eyes. Nevertheless,
different techniques can be used to reduce the impact of the high laser power, such as
extending the source size, destroying its spatial coherence using holograms mounted on the
transmitter or the use of arrays of transmitters. Pohl et al. have shown that such a source may
use an integrating sphere as a diffuser to emit optical power in the range from 100 mW to
1 W [21]. Therefore, a transmitter power of 1 W will be assumed in this system.

3.2.2. Hybrid diffuse IR (HDIR) system employing imaging receiver

The HDIR system with imaging receiver has a comparable room configuration and uses the
same IR transmitter as the former system. However, a 50 pixels imaging receiver is used here.
The imaging receiver shows two main pros over the traditional non imaging receivers. Firstly,

Figure 2. Architecture of HDIR with wide FOV receiver on communication plane.
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all detectors share a common concentrator (e.g. a lens). Hence, it can be fabricated with a
smaller size and lower cost. Secondly, all photodetectors can be placed on a single plane.
Therefore, the designer can opt to use a larger number of detectors with small detector areas
and narrow FOV. This will improve the receiver bandwidth (the input capacitance can be
reduced by reduce photodetector area) and mitigate the effect of multipath dispersion. In this
chapter, we employed the imaging receiver design proposed in Ref. [2].

3.2.3. Beam steering IR (BSIR) system employing imaging receiver

In contrast to the HDIR, in the BSIR system, the IR transmitter uses beam steering to direct the
IR beam toward the receiver position. The IR transmitter faces downward at the centre of the
ceiling as shown in Figure 3.

It has been proved that beam steering is an effective approach that can help to maximise the
receiver’s SNR, regardless of the receiver’s FOV, the receiver ’s orientation and the trans-
mitter’s position [5]. However, this technique requires intensive time and calculations on
the processor to generate a hologram at each step. In our new BSIR system, we propose an
efficient stored vocabulary hologram method for beam steering in our backup system. For a
large room of 4 m � 8 m, the floor (i.e. CP) is divided into 512 regions (0.25 m � 0.25 m per
region). The total number of holograms to be stored in our design is N, where N represents
the number of regions into which the CP is divided. This large number of regions has been
chosen to accurately identify the receiver location during its motion (user mobility). Since the

Figure 3. Architecture of BSIR with imaging receiver on communication plane.
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transmitter is fixed at the centre of the room (close to the controller), the transmitter uses a
hologram that steers the beam (narrow direct LOS link) to the optimum location if the
receiver exists in any one of the regions. The idea of finite vocabulary stored holograms has
been recently proposed in VLC systems [5], and it is developed here for the first time in the
BSIR system to improve the performance of the HDIR system.

In the BSIR system, the transmitter emitted 100 mW, where the hologram used n = 45 to focus
the beams within a 0.25 m � 0.25 m area. A small transmitted power (100 mW) is used in our
proposed system to satisfy the eye safety regulations in the indoor OW environment.

3.2.4. Cluster distributed IR (CDIR) system employing imaging receiver

In the CDIR system, IR transmitters are used that utilise LD sources to support the VLC
systems when the light is partially dimmed or totally switched off. The CDIR system employs
more than one IR source and distributes them on the ceiling, that is, each IR source is attached
to a VLC transmitter (i.e. light unit). All IR sources are connected via fibre and a control unit to
perform cluster mechanisms. The new concept of using IR clusters is employed to design a
new geometry that can achieve a good performance in mobile IR communications.

A custom design for the imaging receiver (similar to the one in the previous systems) is used to
reduce the impact of multipath dispersion and ISI. Figure 4 shows the architecture of our
CDIR system. The proposed system consists of eight IR sources, and each is attached to a
visible light source located on the ceiling, which can provide a direct LOS link to the receiver
on the CP. The IR transmitters are connected to all visible light sources through fibre links (to
link to the main network in the building) and simple control circuits. As shown in Figure 4,

Figure 4. Architecture of CDIR when all IR transmitters are “ON”.
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each IR source forms part of a cluster that can cover over 2 m � 2 m. When the light is dimmed
or the received optical power falls below a certain threshold, the receiver sends a feedback
signal at a low rate to the VLC transmitter to switch the link into the supporting CDIR system.
A select the best (STB) algorithm is used (similar to the ones used in Ref. [22]) to select the
optimum link between the IR transmitter and receiver (under mobility, this algorithm can be
called periodically). The first step is to switch ON each IR source individually. Each source uses
a single-wide beam, typically with a Lambertian pattern with n = 1, where n is the Lambertian
emission order (the transmitted optical signal fully diffuses over the environment). The
receiver then computes the received power and the SNR associated with each source. The
receiver sends a signal, at a low rate, back to the control unit conveying the information about
the SNR weight associated with each source to identify the receiver location (the receiver is
located near to the source that has the highest SNR). The transmitter switches ON only the
optimal IR source (source that is nearest to the receiver location) and other sources remain off
to reduce the impact of multipath dispersion.

3.2.5. Cluster distributed beam steering IR (CDBSIR) system

In contrast to the CDIR, in the CDBSIR system, the IR transmitter uses the beam steering
technique to steer the IR beam towards the receiver location. Like CDIR, the CDBSIR system
employs a STB algorithm to select the closest IR transmitter to the receiver. The selected IR
transmitter in the STB algorithm will then apply a finite stored hologram in the system, instead
of a diffuse source (as in the CDIR system). The stored hologram in the proposed system
produces an IR beam to scan an area of 2 m � 2 m and steer the IR beam towards the receiver
location. The floor (2 m � 2 m) under the IR source is subdivided into small areas; for example,
we divided it to 256 subdivisions (0.125 m � 0.125 m) as shown in Figure 5. The IR transmitter
divides the stored holograms into four quadrants with a boundary based on the hologram
transmission angles (�δmin to 0) and (0 to δmax) in both x and y axes. The transmitter first tests
the middle hologram at each quadrant (four holograms will be initially tested) to identify the
sub-optimal quadrant; hence, this will reduce the number of holograms that need to be tested
by a factor of four in the first step. The receiver sends a feedback signal at a low rate that
informs the transmitter about the SNR associated with each hologram. The hologram that
results in the best receiver SNR is identified as a sub-optimum hologram, and the quadrant
that includes this sub-optimum hologram will be divided in the next step into four sub-
quadrants. A number of iterations are carried out until the final optimum location is identified.
The concept of beam steering has been recently proposed in a VLC system [5], and it is
developed here to improve the performance of the CDIR system.

3.3. Collaborative VLC/IROW System

It is desirable to continue to provide a high data rate service, while a user dims the light source
to any level. However, the received power at the VLC receiver is reduced when the user dims
the light to low levels, and this leads to a degradation in the SNR and affects the achievable
data rate. Therefore, a collaborative VLC/IROW system is introduced to address this issue, and
when the VLC has partial dimming, such as 75 or 50%, both the IROW and VLC systems can
collaborate to maintain the target data rate (5 Gbps). The IROW system can be used to
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compensate for the degradation of the data rate due to dimming in the VLC system. It should
be noted that the IROW system sends information at a fixed rate of 5 Gbps. In the case of no
dimming, the VLC and IROW can be used to increase the data rate higher than the maximum
VLC data rate (i.e. higher than 5 Gbps); hence, the achieved data rate will be 10 Gbps instead of
5 Gbps. Figure 6 shows the architecture of the VLC/IROW system. The proposed system
consists of eight IR sources (similar to those used in the CDBSIR system) and eight VLC
transmitters (similar to those used in the imaging LD-VLC system) and employs an imaging
receiver with 50 pixels. In order to eliminate interference between uplink and downlink
channels, the downlink IR channel is used 850 nm and the IR uplink is used 1550 nm.

4. Adaptive rate technique

In this section, we introduce the ART and evaluate the performance of the imaging LD-VLC
system under the impact of multiple levels of light dimming (25, 50 and 75%). The results are
presented in terms of the SNR at different operating data rates (5, 2.5 and 1.25 Gbps).

It should be noted that an SNR equal to 13.54 dB is needed for a 10�6 probability of error
(BER). Therefore, we have chosen BER = 10�6 as the threshold in the imaging LD-VLC, and we
employ an ART to ensure that we have an acceptable quality communication link under
different levels of dimming.

Figure 5. Architecture of CDBSIR system.
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ART is carried out at the receiver and the controller. First, the receiver monitors BER continu-
ously, and when it becomes higher than 10�6, the receiver sends a feedback signal called the
channel quality indicator (CQI) to inform the controller to move to the next transmission rate
(lower transmission rate when the BER becomes higher than 10�6).

In our VLC system, we provide three data rates (5, 2.5 and 1.25 Gbps). For example, when the
receiver is operating at 5 Gbps and the BER becomes higher than 10�6 (i.e. the SNR decrease
below 13.54 dB), the receiver will send CQI_1 to inform the controller to reduce the transmis-
sion rate to 2.5 Gbps. Then, the receiver measures the SNR, and if the BER is still higher than
10�6, then the receiver will send CQI_2 to inform the controller to further reduce the data rate
(i.e. from 2.5 to 1.25 Gbps). Again, if the BER is still higher than 10�6, then the receiver will
send CQI_3 to inform the controller to stop transmission, and the communication link is
disconnected. However, it is desirable to maintain communication, while a user arbitrarily
dims the light source. Therefore, we have introduced a collaborative VLC/IROW system to
address this issue (i.e. degradation in the SNR due to dimming will lead to disconnect in the
communication link).

It should be noted that the ART has two procedures: down convert and up convert. Down convert
is when the controller reduces the data rate due to degradation in the BER (when dimming
occurs). Up convert is when the controller increases the data rate (e.g. from 1.25 to 2.5 Gbps) due
to maintaining a very low BER at the receiver side (i.e. 10�9). The CQI_4 and CQI_5 signals can be

Figure 6. Architecture of VLC/IROW collaborative system.

Collaborative VLC/IROW Systems
http://dx.doi.org/10.5772/intechopen.68474

121



used to inform the controller to increase the data rate from 1.25 to 2.5 Gbps and from 2.5 to 5 Gbps,
respectively.

ART is carried out at the start of a one second frame, and if the BER has changed compared
to the previous frame’s values, then the receiver uses the feedback channel to update the
controller.

The ART (down convert) can be applied according to the following steps:
1. The receiver sends (using an infrared beam) a low data rate control feedback signal (CQI)

to inform the controller that the BER has become lower than 10�6.

2. The controller decreases the current data rate to the lower service (e.g. 5–2.5 Gbps).

3. The receiver estimates the BER, and if it is still below 10�6, it will send another CQI to
inform the controller.

4. The controller further decreases the data rates (e.g. from 2.5 to 1.25 Gbps), and if it receives
another CQI from the receiver, the controller will stop the transmission.

A flow chart of the down convert ART is shown in Figure 7. To evaluate the performance of
the imaging LD-VLC system at different levels of light dimming, the SNR was calculated at
5, 2.5, and 1.25 Gbps. Figure 8 illustrates the SNR of the VLC system when it was operated at
5 Gbps; the imaging LD-VLC system achieved about a 15.66 dB SNR at the room centre
(worst case scenario) when dimming did not exist. However, it can be clearly seen that when
the user dims the light by more than 25%, the SNR is decreased, and the BER becomes higher
than 10�6. This means that the VLC system cannot operate at this data rate (5 Gbps) when
the light is dimmed by more than 25%. Figures 9 and 10 show the SNR of the imaging LD-
VLC system when operating at 2.5 and 1.25 Gbps, respectively. When the imaging LD-VLC
is operated at 2.5 Gbps, it is able to maintain a BER of 10�6 at a dimming level of up to 50%.
On the other hand, the VLC system has the ability to achieve 1.25 Gbps with a BER lower
than 10�6 at deferent levels of dimming (25, 50 and 75%), as shown in Figure 10.

5. Simulation results and discussion of IROW systems

In this section, we evaluate the performance of the proposed support systems in an empty
room in the presence of multipath dispersion, receiver noise, back ground noise (light units)
and mobility. The results are presented in terms of delay spread and SNR.

5.1. Delay spread

A comparison of the channel delay spreads of our proposed systems is given in Figure 11. The
receiver moves along the x = 1 m line in the HDIR (with wide FOV and imaging receiver) and
BSIR systems, which is considered the worst communication path due to its associated high ISI
and path loss. In the CDIR and CDBSIR systems, the receiver moves along x = 2 m, which is
considered the worst communication link. The HDIR system with wide FOV receiver shows
much more signal delay spread due to the wide receiver FOV (FOV = 90�), which accepts a
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Figure 7. Flow chart of ART (down convert case).
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wide range of rays with different path lengths from the transmitter to the receiver. In the HDIR
system with an imaging receiver, the delay spread results are quoted when the system
employs selection combining of the imaging receiver pixels where the pixel with the best SNR
(note the SNR expression accounts for delay spread) is selected. The delay spread of our HDIR
is reduced from almost 1.55–0.1 ns when an imaging receiver replaces the wide FOV receiver.
This is due to the narrow FOV of each pixel, which limits the rays received by using 50 small
FOV (about 21�) pixels and selecting the best imaging receiver pixel. The proposed BSIR

Figure 8. SNR of imaging LD-VLC system operating at 5 Gbps with different levels of dimming (25, 50 and 75%) when
receiver moves at x = 2 m along y-axis.

Figure 9. SNR of imaging LD-VLC system operating at 2.5 Gbps with different levels of dimming (25, 50 and 75%) when
receiver moves at x = 2 m along y-axis.
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system coupled with an imaging receiver reduces the delay spread from 1.55 to 0.07 ns. This is
attributed to two reasons: firstly, due to the narrow FOVs of each pixel in the imaging receiver,
which minimises the number of rays accepted. Secondly, the use of beam steering helps reduce
delay spread. It should be noted that steer the IR beam near to the receiver, not only improves
the SNR, it is also decreases the delay spread by increasing the received power of
LOS component. To further decrease the delay spread, the CDIR and CDBSIR systems are
proposed. The CDBSIR system has the lowest delay spread compared to the other systems.

Figure 10. SNR of imaging LD-VLC system operating at 1.25 Gbps with different levels of dimming (25, 50 and 75%)
when receiver moves at x = 2 m along y-axis.

Figure 11. Delay spread of IROW proposed systems.
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The results show that the CDBSIR system has a lower delay spread than the CDIR system at all
the receiver locations considered. The delay spread for the CDIR system is relatively low (0.03 ns
in the worst case), and this is attributed to two reasons: firstly, due to the narrow FOVs associ-
ated with each pixel in the imaging receiver, and this limitation in the FOV minimises the
number of rays accepted. Secondly, the IR transmitter is very close to the receiver (IR sources
distributed on the ceiling see Figure 4). However, the delay spread can be further reduced (i.e.
less than 0.03 ns) by employing beam steering. The CDBSIR system outperforms the CDIR
system, as it dramatically decreases the delay spread from 0.03 to 0.003 ns (by a factor of 10)
at the room centre. The minimum communication channel bandwidth of the CDBSIR was
29 GHz (where the delay spread is 0.003 ns at points x = 2 m, y = 2 m, 4 m, 6 m).

5.2. SNR

The SNR evaluation of the proposed backup VLC systems was carried out under the impact
of receiver noise, multipath propagation, background noise and mobility. The proposed
systems were set to operate at 2.5 and 5 Gbps. Figure 12 shows the SNR of the proposed
systems when operated at 2.5 Gbps. It can be noted that the HDIR system with wide FOV
receiver does not have the ability to operate at a high data rate. However, when the imaging
receiver is combined with this system, it can perform better than when using the wide FOV
receiver. This is because the imaging receiver has ability to select the signals from the
optimum pixels that monitor the best received signal during mobility. The imaging receiver
uses a large number of detectors with a narrow FOV and small detector area. The HDIR
system coupled with an imaging receiver provides around �2.3 dB at x = 1 m and y = 1 m
(worst case), while the HDIR system with wide FOV can only achieve �24 dB at the same
location. In OOK, a SNR of 15.6 dB is required to achieve BER of 10�9. A considerable
enhancement can be obtained by using the BSIR system, which offers a 33 dB SNR advantage
above the HDIR wide FOV receiver at location x = 1 m, y = 1 m, z = 1 m. This enhancement in
the SNR is due to the fact that the BSIR system has the ability to steer the IR beam close to the
receiver position; hence, the received power will increase. Although improvements were
achieved in the BSIR system SNR, a degradation in the SNR is noted when the receiver is
on the move (mobile). Therefore, the effect of receiver mobility can be reduced by employing
our CDIR system, which is capable of equally covering its environment through the use of a
number of IR transmitters distributed on the ceiling.

From Figure 12, we can notice that the HDIR (with wide and imaging receiver) and BSIR
systems do not able to transfer data higher than 2.5 Gbps; therefore, in Figure 13, we only
present results for the CDIR and CDBSIR at 5 Gbps. Figure 13 shows the SNR of the CDIR and
CDBSIR systems when operated at 5 Gbps. It can be clearly seen that the CDIR system with
imaging receiver does not have the ability to operate at a high data rate. However, when the
beam steering technique is combined with this system, it can perform better. The significant
improvement in the SNR level is attributed to the ability of the beam steering technique to steer
the IR beam towards the receiver location and, thus, increase the power received by the pixels.

It should be noted that only CDBSIR can operate at 5 Gbps. Therefore, we suggested that this
system can collaborate with VLC system.
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6. Simulation results and discussion for collaborative VLC/IROW system

Dimming is an important feature of an indoor lighting system where the illumination level can
be controlled by the user. One of the main issues in VLC systems is that the light unit should be
“ON” all the time to ensure continuous communication. However, the user may dim the light
at any time, and this will severally degrade the performance of the VLC system. In this section,

Figure 12. SNR of IROW proposed systems when operating at 2.5 Gbps.

Figure 13. SNR of two systems operating at 5 Gbps when receiver moves at x = 2 m along y-axis.
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collaboration between VLC and IROW systems (CDBSIR) is proposed to support the VLC
system when the light is dimmed at different levels (25, 50 and 75%). An ART can be used
with the VLC system to manage the reduction in the SNR due to the light dimming and to
establish a high-quality communication link under the impact of dimming. To provide a high
data rate service for an indoor user under different conditions (with\without dimming), an
IROW (CDBSIR) system can be used to support the VLC system. Figure 14 shows the SNR of
the VLC system when the ART is carried out. It can be clearly seen that the data rate dimin-
ishes in a very graceful manner when the light is dimmed beyond 50%. However, when
employing the CDBSIR system, the achieved data rates at the receiver will be 5 Gbps even
though the VLC system is off. It means that the user can dim the lights and maintain a high
quality communication service (5 Gbps and beyond). In the case of partial dimming (50 and
75%) in the VLC system, it can achieve 2.5 and 1.25 Gbps, respectively. Therefore, the collabo-
rating system (VLC/IROW) can always achieve higher than the target data rate (5 Gbps).
For example, 7.5 Gbps (2.5 Gbps from the VLC system and 5 Gbps from the CDBSIR) can
be achieved when the light is dimmed by 50%. In the case of no dimming, 10 Gbps can be
achieved by using both systems (VLC and IROW).

7. Conclusions

In this chapter, we proposed, designed and investigated the concept of a collaborative VLC/IROW
system. In addition, we investigated the impact of partial dimming (25, 50 and 75%) on the
performance of the VLC system. Moreover, we introduced a novel ART to reduce the effect of
the dimming and to create an optimumcommunication link under the impact of partial dimming.

Five novel IROW systems (HDIR with wide FOV, HDIR with imaging, BSIR, CDIR and
CDBSIR) were introduced to support and collaborate with the VLC system in the case of
partial dimming or full dimming (i.e. lights off).

Figure 14. SNR of collaborative systems when receiver moves at x = 2 m along y-axis.
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Simulation results show that the HDIR and the BSIR systems coupled with an imaging
receiver achieved around �2 and 8.2 dB SNR at 2.5 Gbps, respectively. Further improvement
in the SNR can be achieved by introducing a new CDIR system and employing more than
one IR source distributed on the ceiling (attached to the VLC sources). The simulation
results show that the CDIR system can significantly improve the SNR, as well as reduce the
delay spread, compared to other systems. A beam steering technique is also proposed to
further reduce the delay spread and increase the SNR by steering the IR beam nearer to the
receiver at each given location. Simulation results show that the CDBSIR system has
the ability to decrease the delay spread of the CDIR system by 90% from 0.03 to 0.003 ns at
the room centre (x = 2 m and y = 4 m), which leads to an increase in the channel bandwidth
by a factor of 5.5 from 5.5 to 29 GHz. The simulation results show that the CDBSIR system
can significantly improve the SNR. The BER provided by the CDBSIR system is better than
10�6 at 5 Gbps in the worst case scenario. Therefore, we used the CDBSIR to collaborate with
a VLC system.

Simulation results show that the collaborative VLC/IROW system has the ability to achieve 10
Gbps when dimming does not exist and 6.25 Gbps (5 Gbps from the IROWand 1.25 Gbps from
the VLC) in the case of 75% light dimming (worst case scenario). It should be noted that in a
collaborative system, the receiver should employ VLC and IR detectors connected through an
electronic switching mechanism to control their functions.
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Abstract

Vehicular communications are foreseen to play a key role to increase road safety and realize
autonomous driving. In addition to the radio frequency (RF)-based dedicated short range
communication (DSRC) and long-term evolution (LTE) communication technologies,
vehicular visible light communication (V2LC) is proposed as a complementary solution,
utilizing readily deployed vehicle light emitting diode (LED) lights as transmitter with
image sensors such as photodetector (PD) and camera as the receivers. V2LC fundamentals
including transmitter and receiver characteristics with dimming capabilities are reviewed
in this chapter. Depending on the field measurements using off-the-shelf automotive LED
light, communication constraints are demonstrated. Moreover, considering the line-of-sight
(LoS) characteristics, security aspects of V2LC is compared with the DSRC for a practical
vehicle-to-vehicle (V2V) communication scenario. Finally, superiority of V2LC in terms of
communication security with the proposed SecVLC method is demonstrated through
simulation results.

Keywords: vehicular visible light communications, V2V, VLC dimming, V2LC security

1. Introduction

Next-generation mobility trends such as autonomous driving and ride sharing necessitate
various vehicular connectivity schemes. On the other hand, intelligent transportation systems
(ITS) harmonized with vehicular communications aim to reduce traffic congestion, accidents,
air pollution, energy, and time wastage. Upto date, vehicular communications are expected to
provide timely and efficient data dissemination regarding accidents, traffic jams, and road
conditions beyond the drivers’ knowledge.

Currently, RF-based IEEE 802.11p (DSRC) and LTE are the strongest candidates for V2V and
vehicle to everything communications (V2X). However, regarding limited bandwidth and

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



security vulnerabilities of RF-based communications, optical wireless communication is pro-
posed as a complementary technology for vehicular connectivity. Utilizing redundant commu-
nication schemes for vehicular communications is expected to increase road safety while
supporting safer automated driving applications.

LEDs enable flexible vehicle headlight/taillight design, while providing better illumination,
low energy consumption, and longer durability. Hence, LED lights are started to be widely
deployed with new production vehicles. Moreover, vehicle LED lights enable creation of
various illumination patterns to prevent glare from other road users and illuminate the blind
areas better [1]. LED lights illumination requirements and design guidelines are also included
in the automotive light regulations [2], which paves the way for more manufacturers to utilize
LED in their vehicles. Dimming capability of LED lights is another favorable feature for
automotive industry, providing energy efficient vehicular lighting.

Modern vehicles are also equipped with image sensors such as PDs and cameras. PDs are
utilized to detect ambient light levels and rain to automatically activate headlights or wiper
blades, while the cameras are used for driver assistance systems such as lane keeping assistant,
traffic sign recognition, pedestrian detection, and forward collision warning. Hence, usage of
the existing vehicle LED lights and image sensors is foreseen to allow low vehicular visible
light communication (V2LC) system implementation costs.

Visible light communication (VLC) systems with intensity modulation and direct detection
(IM/DD) utilize signal intensity instead of signal phase information. As phase information is
prone to distortions for mobility scenarios, sole dependence on signal intensity of IM/DD
scheme also makes VLC a promising technology for vehicular communications.

Currently, V2V aims to transmit vehicle position and state information to enhance the road
awareness of nearby vehicles. However, with the upcoming autonomous driving features,
high-definition real time road maps, vehicle radar data, high-resolution image, and video data
from on-board cameras are expected to be exchanged between nearby vehicles. These events
driven large size data is required to be conveyed with minimum latency. Furthermore, high
mobility requires higher message update rates resulting with dense message generation. In
order to provide high data rates with minimum latency, hybrid schemes, utilizing various
communication technologies simultaneously, are provisioned to be favorable. It has already
been demonstrated that, communication degradation sourced by packet collisions and conten-
tion with the usage of single scheme such as DSRC can be avoided with a hybrid scheme
employing DSRC and V2LC [3].

Upto date, VLC is reported to achieve multi-Gbit/s data rates for a few meter distances.
Compared to DSRC maximum data rate support with 27 Mbps upto 1000 m distances [4],
Gbit/s data rates make VLC attractive for high data rate vehicular communications. In addition
to higher data rate advantages, with its immunity to malicious jamming with LoS characteris-
tics, VLC is also foreseen to off-load RF networks while providing secure communications for
safety critical applications.

In the literature, various studies investigated V2LC applications. In Ref. [5], LEDs are utilized
as vehicle ambient lights and dome lights are foreseen to act as VLC transmitters. Authors in
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Ref. [6] implemented IEEE 802.15.7 standard to convey information using vehicle LED lights.
In Ref. [7], V2LC system that is based on image sensor and high-speed camera receivers is
demonstrated.

2. V2LC transmitters

LEDs are used in vehicle headlights, turn signals, taillights, and stop lights. LED arrays with
high power form the headlights, fog lights, stop lights, and taillights, whereas single low- or
mid-power LED usage is preferred for turn-signals. High-power automotive LEDs draw upto
700 mA current with a typical luminous flux of 200 lm. Low/mid-power off-the-shelf vehicle
LEDs turn on with the currents between 60 and 300 mA. Higher current requirements are
known to limit the switching capability of LEDs. Furthermore, white LEDs used in the vehicle
lighting are usually phosphor-based and have a 3-dB modulation bandwidth in the order of a
few megahertz. Phosphor-based white LEDs consist of a blue LED component coated by a
phosphor layer. Even though the blue component of LEDs provides upto 20 MHz modulation
bandwidth, slow phosphor relaxation time is known as another limitation for the modulation
bandwidth of the vehicle LEDs. Thus, higher modulation frequencies of LEDs for V2LC are not
considered to be feasible.

Light intensity of an LED source, modulated at an angular frequency of ω is calculated by, [8]

IðωÞ ¼ Ið0Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðωτef f Þ2

q (1)

where I(0) is the light intensity at zero modulation frequency and τeff is the effective carrier
lifetime. It can be inferred that, ω is also upper bounded with the minimum road illumination
requirements as the intensity decreases with the increasingω. Hence, it is also important to avoid
modulation frequencies higher than the 3-dB modulation bandwidth of an automotive LED.

LED light output is linearly proportional to the forward bias current at the linear working
region. Driving LEDs at the linear working region is crucial for generating light levels, propor-
tional to the modulation signals. Linear working region of mid-power LED is depicted in
Figure 1a whereas high-power automotive LED linear working range is shown in Figure 1b.
Figure 2 demonstrates the linear working region variation of an automotive LED aimed to be
used in headlights with respect to temperature. Even though the illumination degradations
linked to nonlinearity of LEDs may not be perceptible with human eye, optical power fluctu-
ations substantially limit the communication performance. Thus, LED nonlinearity should be
considered with the selection of modulation and waveforms for V2LC.

V2LC is foreseen to provide high data rates through the usage of multicarrier modulation
schemes such as orthogonal frequency-division multiplexing (OFDM). However, high peak-
to-average power ratio (PAPR) of OFDM signals necessitates LEDs to work in nonlinear
region, resulting optical power efficiency degradation. Hence, PAPR reduction techniques are
investigated in Refs. [9, 10] to obtain noticeable bit error rate (BER) performance gain for VLC.
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Figure 2. Automotive LED linear working region variation with temperature.

Figure 1. (a) High-power automotive LED bulb; (b) mid power automotive LED bulb linear region.
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LED radiation patterns define the relative optical power strength from the light source. Almost
every single LED chip is designed to emit Lambertian pattern. However, refractions and internal
reflections inside the encapsulating housing describe the final radiation pattern of LEDs. As
vehicle LEDs are encapsulated into housing with reflectors and lenses, pure Lambertian radia-
tion pattern assumption is not practical for V2LC applications employing LED arrays such as
headlights and taillights. However, certain vehicle lights, utilizing single LED, can be approxi-
mated to Lambertian radiation model as detailed in Section 2.2.

2.1. Lambertian model

Single LED sources are generally designed to have Lambertian beam distribution where the
spatial luminous intensity distribution is a cosine function of Lambertian order and half-
intensity beam angle.

Optical channel gain of the Lambertian radiation pattern is defined by,

Hð0Þ ¼
ðmþ 1ÞApd

2πdγ
cosmðϕÞTsðθÞgðθÞ cos ðθÞ, 0 ≤θ ≤θc

0, elsewhere

"
(2)

where d is the inter-vehicular distance, ϕ is the irradiance angle, θ is the incidence angle, θc is
the PD field of view (FOV), Apd is the active receiver area of PD, γ is the path loss exponent,
Ts(θ) is the filter gain, g(θ) is the gain of an optical concentrator calculated by,

gðθÞ ¼
n2

sin2ðθÞ , if jθj ≤ θc

0, if jθj ≥ θc

2
64 (3)

in which n is the internal refractive index of PD and m is the order of Lambertian model
specifying transmitter directivity and obtained by,

m ¼ � ln2
lnð cos∅Þ (4)

where ∅ is the half-intensity beam angle of an LED. The coverage range and radiation pattern
of single LED light is affected by the half-intensity beam angle ∅ such that narrower ∅
increases the illumination range. The average received optical power Pr is computed by;

Pr ¼ Hð0ÞPt (5)

Half-intensity beam angle of a single LED light can be accessed through data sheets provided
by manufacturer. Moreover, PD and optical receiver-related parameters such as Apd, Ts(θ),
g(θ)are also accessible through product specifications. Irradiance (ϕ) and incidence angle (θ)
values can be calculated through the relative locations of the transmitter and receivers on the
vehicle.
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2.2. Approximated Lambertian model

LEDs are encapsulated in automotive light housing with collimating and diffusing optics
including lenses and reflectors. Thus, headlight, taillight, or stop light can be considered as a
single radiation source. Furthermore, the half-intensity beam angle of a single LED is no longer
applicable to Eq. (1) in order to obtain the optical channel gain. Additionally, for mobile
scenarios, path loss component (γ) is directly related to half-intensity beam angle due to rapid
irradiance and incidence angle variations. Single LED light without a lens, emits optical power
within a smaller angle. Thus, path loss exponent is more prone to fluctuations with vehicle
mobility. On the other hand, vehicle LED lights employing either a lens or reflector, provide
increased irradiance angle when compared to a single LED and experience less fluctuations
sourced by the mobility.

Half-intensity beam angle of a vehicle light is not specified by manufacturers and can be
estimated through measurements. In order to model the VLC channel practically, path loss
exponent also needs to be estimated through received optical power measurements for various
light conditions.

Linear least squares algorithm is used in Ref. [11] to estimate the half-intensity beam angle and
path loss exponent. In Figure 3a, optically received power comparison between ideal
Lambertian radiation pattern and the measured power levels from an automotive LED fog
light is demonstrated. Figure 3b depicts the estimated Lambertian radiation pattern whereas
the measured radiation pattern is shown in Figure 3c. Half-intensity beam angle is estimated
to be 50.66� while the path loss exponent is calculated as 1.8139 according to the nighttime
static measurements. It can be observed that, decremented patterns for both the estimated
Lambertian model and the actual measured fog light are consistent. However, the actual
measurements indicate the increased intensity due to vehicle light optics.

Vehicle light irradiance angle upper limits are defined with the automotive lights regula-
tion [12]. According to the regulation, vehicle fog lights are expected to illuminate upto 26� .
viewing angle. In Figure 4, regulation compliant measurement resulted from an off-the-shelf
automotive fog light is depicted. It can be concluded that, received power decreases with both
the increasing distance and angles. Power degradation depending on the incidence angle
should be highlighted, when compared to RF-based vehicular communications. However,

Figure 3. (a) Ideal Lambertian vs. measured model radiation pattern; (b) estimated Lambertian radiation pattern; and (c)
measured radiation pattern.
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apart from the traditional vehicle lights, newly developed custom pattern generating LED
lights such as matrix LED automotive lights are foreseen to provide a flat illumination and
stable optical power, similar to RF radiation [13].

3. V2LC receivers

PDs, PD arrays, or cameras can be employed as V2LC receivers. Depending on the sensors FOV,
location and lens selection plays a key role to realize practical V2LC applications. Sunlight and
artificial background lights are also supposed to be considered at the receiver side. Direct
exposure to sun light causes either saturation or excess shot noise at the image sensors resulting
with inability to detect intensity-modulated signals. In Ref. [14], direct current (DC), suppressing
front-end circuit usage, is proposed to suppress noise sourced by sunlight. Artificial light sources
such as advertising boards and traffic signals are usually operated at the 60 Hz AC voltage and
its harmonics. Hence, modulating V2LC LEDs in the order of at least a few hundred kHz to a
few MHz is beneficial to minimize artificial light noise effects.

PDs target high-rate VLC, whereas cameras are foreseen to support low-rate VLC with posi-
tioning capabilities. Current vehicles with automatic headlight and rain sensors are already
equipped with PDs. On the other hand, the number of vehicles with cameras is increasing to
enable features such as forward collision warning, pedestrian detection, traffic sign detection,
and lane keeping. Both camera and PD sensors are located in the middle of the windshield
above the rear-view mirror. Even though the already deployed image sensors can be utilized
for V2LC, experiments in Ref. [15] located the sensors, around the headlights and taillights to
evaluate the performance dependence to the multipath reflections from the road.

Figure 4. Off-the-shelf automotive fog light received power measurements.
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Responsivity of PDs is a measure of the sensitivity of PD to the light input. It is defined as the
photocurrent ratio (Ip) to the incident light power (P) at a given wavelength by;

Rp ¼ Ip
P

(6)

Figure 5 depicts typical spectral responsivity of a low-cost silicon PD, which can be employed
in vehicles as a V2LC receiver.

Fraction of the incident photons contributing to photocurrent is defined as the quantum
efficiency (QE) of a PD, given as,

QE ¼ Rp observed

Rp ideal
(7)

QE is known as the capability of a PD to convert light energy to electrical energy. In Figure 6,
QE variations sourced by operating temperature are demonstrated.

White LED’s spectral response (Figure 7a) depicts that the blue component is dominant,
whereas for the tail and stop lights, red component in the wavelength interval of 600–640 nm
is dominant (Figure 7b). Hence, it can be concluded that different PDs should be employed for
the front and rear of the vehicles as the front PDs are expected to capture red LED taillights
whereas the rear PDs are foreseen to capture white LED headlights.

V2LC systems can also utilize readily deployed vehicle on-board cameras. Camera usage
effectiveness heavily depends on image processing or computer vision techniques for emitter

Figure 5. Typical spectral responsivity of Si-PD (Thorlabs PDA100A).
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finding and tracking. On-off-keying (OOK) and rolling shutter effect-based modulation
schemes are proposed to be applicable for V2LC applications.

High speed camera with 1000 frames/s (fps) is shown to provide road to vehicle VLC upto 60
m distance at 4 kbps rate with a BER of. 10�3 [16].

Figure 6. Temperature dependence of quantum efficiency.

Figure 7. (a) White automotive LED spectral response; (b) red automotive LED spectral response.
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Using camera with customized image sensor, 10 Mbps data rate is achieved in Ref. [17],
whereas 45 Mbps without bit errors is achieved in Ref. [18].

Currently, off-the-shelf image sensors utilized in the vehicles have extended dynamic ranges
upto 120 dB with approximately 30 fps capture rates. Therefore, off-the-shelf automotive
cameras provide superior detection capabilities for various light conditions but the data rate
is limited to 15 bit/s (bps) or less to satisfy the Nyquist frequency requirement. Furthermore,
additional time needed for image processing to detect and track the LED transmitter, should
carefully be considered to fulfill communication latency requirements (Table 1).

4. V2LC channel

4.1. V2LC dimming support

It is possible to dim LEDs to an arbitrary level depending on the application requirement in
order to save energy. Dimming capability of LEDs makes them also favorable for vehicle
lighting. Depending on day light conditions, vehicle lights are expected to change their bright-
ness to prevent glare and increase road safety while providing energy efficiency with the
dimmed LEDs. Furthermore, dimming capability of vehicle LED lights gains attention in terms
of life span, as dimmed LEDs require less current; hence produce less heat, which extends
lifetime of an LED bulb. Dimming is provided via changing the forward bias current through
the LED. In terms of communication, dimming has crucial effect on signal-to-noise ratio (SNR),
with the achievable data rate and BER. Thus, detailed analysis of dimming effects on V2LC
and proper dimming methods or protocols should be developed to provide the right trade-off
between illumination and communication. Analysis of dimming functionality and efficient
dimming techniques in V2LC systems will contribute to the safety and allow the vehicular
system to have full control over the lighting output.

V2LC systems are foreseen to be designed in a fashion where data transfer is maintained while
the LEDs are dimmed. Two different dimming schemes are proposed at the IEEE 802.15.7
standard [19]. Using OOK modulation, additional time slots for the on and off times are
considered, where these time slots decrease the transfer data rate and keep the maximum
communication distance constant. Furthermore, on and off level light intensities can be
redefined to achieve dimming with OOKmodulation where the data rate is kept constant with
dimming. Adding compensation symbols to match target dim level is classified as the time

Photodetector Wavelength (nm) Responsivity (A/W)

Silicon PN 550–850 0.41–0.7

Silicon PIN 850–950 0.6–0.8

InGaAs PIN 1310–1550 0.85

InGaAs APD 1310–1550 0.8

Table 1. Typical photodetector characteristics.
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domain approach whereas changing intensity levels or frequencies of message symbol occur-
rences is regarded as intensity domain approach [20] in the VLC dimming literature.

Intensity domain approach is utilized with the DC bias scaling. In DC bias scaling, to decrease
brightness up to 25%, OFF symbol DC bias level is increased and ON symbol DC bias level
remains constant. For further dimming upto 75% of the regular illumination, ON symbol bias
level decreases while keeping OFF symbol DC bias level constant.

Compensation symbol adding decreases bandwidth usage, hence limits high data rate com-
munications. Therefore, intensity domain approach provides more advantage in terms of high
data rates.

Figure 8a depicts the received power with dimming support and Figure 8b denotes the DPDR
performance for four dimming levels of a VLC hardware adapted for V2LC using off-the-shelf
automotive LED fog light. Intensity domain approach is utilized where dimming level
0 denotes the minimum intensity and the dimming level 9 denotes the regular brightness level.
Outdoor measurements, emulating platoon distances upto 5 m are conducted at static scenar-
ios where the transmitter and receiver units are aligned at 36 cm height. 100 packets are
conveyed to evaluate the data packet delivery ratio (DPDR) with respect to dimming levels.
Dim level is shown to have crucial effect on communications, as 100% DPDR is achieved with
normal brightness at 10 m distance while no packet delivery is possible at 5 m distance with
dimming. It is eminent to note that, with the intensity domain dimming, even though the
target data rates are preserved, communication reliability decreases as the decreased ON
signal intensity levels lower the detectability of ON-OFF signal differences. However, utilizing
time domain dimming approaches, increased reliability can be expected as the optical power
levels of the message signal remains constant and the power differences between ON and OFF
signals stay more detectable at the receiver.

Experiment results indicated that, knowing the distance from the receiver, vehicle LED dim
levels could be adjusted to ensure reliable data dissemination while preventing sudden glare
for safety reasons. High mobility of vehicles requires adaptive dimming schemes to guarantee
communication reliability with road safety and energy efficiency.

Figure 8. (a) Received power with dimming support; (b) DPDR for four dimming levels.
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Considering the variable pulse-position modulation (VPPM), pulse width is varied to control
dimming. However, changing pulse width, data transfer rate remains constant whereas the
maximum communication range decreases. Vehicle LED lights are already employing pulse-
width modulation (PWM) scheme to prolong the life cycle of LEDs and obtain energy effi-
ciency. Hence, combining pulse-position modulation (PPM) with PWM, VPPM can be deemed
as a favorable modulation technique to utilize dimming property of LEDs. Moreover, for the
applications targeting constant following distances such as platoons, as the maximum com-
munication distance is already limited, keeping transfer rate constant becomes more favorable.
Dimming support for OOK and PPM are well defined and can effectively be utilized. How-
ever, inter-symbol interference with the OOK and PPM limits the achievable spectral efficiency
and Gbit/s data rates.

LEDs dynamic range is crucial to prevent nonlinear distortion sourced by the clipping of
OFDM signals. Hence, linear working region of vehicle LEDs plays a key role for efficient
dimming support of V2LC devices.

5. Secure vehicular communications through V2LC

One promising application area of V2LC is vehicular platoon where a group of cooperative
adaptive cruise control (CACC) vehicles kept in close proximity through DSRC. In the vehicular
platoon, inter-vehicular space gap is less than 15 m at vehicle speeds less than 100 km/h [21]. On
the other hand, VLC communication range has been demonstrated to be 100 m for headlights
and 30 m for taillights [15]. Moreover, the light directivity and impermeability of the optical
signal through vehicles and obstacles provide more secure communication than DSRC by
limiting the transmission area. This limited transmission area restricts the availability of the
data to the attackers, while still allowing communication in the vehicular setting. However,
utilizing only VLC in vehicle platoon may degrade communication, since VLC is sensitive to
environmental effects, i.e., fog, and might have short-term unreachability due to the increase in
the inter-vehicle distance and/or LoS on a curvy road. Thus, IEEE 802.11p and VLC hybrid
architectures are proposed to provide redundancy for better reliability in vehicular pla-
toons [21–24].

Recently, many researchers are aggressively investigating V2LC for different purposes such as
channel characteristics [25, 26], requirements [9, 27–29]. Proposed V2LC schemes were studied
either experimentally [5, 9, 15, 27] or via computer-based simulations using the Lambertian
property of LEDs [26, 28]. Most of the academic research on V2LC has targeted achievement of
high data rates by using advanced modulation schemes [20, 30, 31]. Since the history likes to
repeat itself, a common mistake in novel applications was to underestimate the security
issues [24]. Currently, the V2LC industry is on the same path again where the V2LC applica-
tions have directed researchers focus away from the security issues. However, one of the
features that make the V2LC alternative to the DSRC is security.

In this section, we outline the security implications of V2LC and present the possible
approaches to secure the vehicular communication. Finally, a case study where a secure V2LC
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protocol is presented to enable efficient and secure data sharing among vehicles via the usage
of VLC directionality property.

5.1. Securing vehicular visible light communication

Vehicular network security attacks can be categorized into three parts as demonstrated in
Figure 9. In system level attack, vehicle hardware/software or security certificate is targeted
by either malicious insider in manufacturing level or by an outsider. Via altering critical vehicle
parts such as sensors, a malfunctioning system is intended. Even though the vehicular com-
munication channel is secure, vehicle generates faulty information that has a catastrophic effect
on safety. Furthermore, application and network layer attacks targeting vehicular communica-
tion may have substantial effects on vehicular communications security. Application layer
attacks can be summarized as; spoofing, where an adversary imitates another vehicle within
the transmission range and injects wrong information into the network; replay attack, where
the disseminated packet is stored by adversary and replayed at a later time to ruin vehicular
security, and eavesdropping, where adversary secretly collects the transmitted packet within
its transmission range and processes the packet information. Compared to application layer,
network layer attacks aim multiuser applications where in denial-of-service (DoS) and distrib-
uted DoS communication medium is congested via redundant transmissions. In RF radio
jamming, particular geographical locations are attacked via DoS and vehicles in the area are
disturbed. Research findings on various types of attacks using the actual vehicle have been
presented in the past 5 years [32–35].

In real-world V2LC deployment, the communication needs to be protected against predefined
security attacks. Moreover, to ensure the security in V2LC, three requirements; authentication,

Figure 9. Categorization of vehicular network security attacks.
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confidentiality, and integrity must be satisfied. Authentication confirms the identity of the
vehicle and gives permission to authorized vehicles to access the communication medium.
Confidentiality ensures only the participating vehicles decode the content of messages. Integ-
rity, on the other hand, confirms that the transmitted data is not modified during over the air
transmission. To enable the authentication, confidentiality and integrity for V2LC networks,
physical layer protection, stenographic protection, and cryptographic key generation/manage-
ment security methodologies are foreseen to be exploited.

5.1.1. Stenographic protection

Steganography relies on keeping a secret data within the transmitted message. It can be
combined with VLC where a secret message can be placed in existing communication. In
V2LC, two endpoints share a secret that defines the camouflage of the message within the
communication. Despite the steganography ensures the confidentiality, it suffers from the lack
of authentication and integrity. However, hiding a secret light beam in V2LC is worth investi-
gation for devices that do not have resources to run complex operations.

5.1.2. Cryptographic key generation and management

In cryptographic key generation/management, vehicles use secret keys to secure the VLC
based on either asymmetric cryptography [36] or symmetric cryptography [37, 38]. In asym-
metric cryptography, sender and receiver establish a secret key by using pairs of keys. The
public key can be disseminated publicly, while the private key is only known to the owner.
Sender and receivers agree upon a secret key using a key establishment protocol periodically.
On the other hand, in symmetric cryptography, a shared key between two or more vehicles is
used to maintain a private information link. These secret or shared keys are then used in the
encryption and decryption of the message at the sender and receiver, respectively.

Allowing access to the secret key by two or more vehicles makes symmetric key encryption
vulnerable to security attacks. As an alternative, asymmetric cryptography has been recently
proposed for vehicles where group key is cooperatively established via RF communication [33].
The shared group key is then used to secure the communication among vehicles.

Unlike steganography, cryptography ensures the confidentiality via encryption/decryption,
integrity with hashing, and authentication by using message authentication codes. The resil-
ience of VLC against jamming attack makes it possible to propose a hybrid architecture where
VLC is used for key generation and the generated key is used for securing the both VLC and
RF communications.

5.2. Case study

In the case study, a secure light communication protocol, namely SecVLC, is proposed. The
unique features of SecVLC are as follows:

1. It uses the directionality property of VLC to ensure only target vehicles participate in the
communication.
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2. It utilizes the full-duplex communication where infrared (IR) is the outgoing link to share
a secret key and VLC is the incoming link to receive encrypted vehicle data.

3. It operates with keys generation and share mechanism that is used for the data encryption
and decryption where data packets cannot be decrypted without generated keys.

SecVLC stands for cryptographic key generation/management where vehicles use IR to share a
secret key. After receiving the secret key from the destination, the source encrypts the data
packet based on Advanced Encryption Standard (AES) and transmits the encrypted packet via
light beams in VLC.

SecVLC is implemented in Java on top of Li-1st transceiver software [39] that is integrated in
Keyczar [40] key generation toolkit. Li-1st is the first commercial product of VLC that is
manufactured by pureLifi Ltd [41]. It provides an opportunity to rapidly develop and test
VLC applications that utilize commercial LED infrastructures. Li-1st consists of transmitter
unit (Tx) and PD-based receiver unit (Rx). Tx is attached to two symmetrical LED fog lights [42]
where automotive fog lights are preferred due to their wide and flat illumination pattern to
minimize reflection by fog. On the other hand, Keyczar is an open source toolkit developed by
Google for key generation. Experimental setup parameters are depicted in Table 2.

Two Vishay [43] high-speed infrared emitting diodes are utilized as IR transmitter and IR
receiver for sharing the secret key between source and destination. Both Tx and Rx are
connected to computers for evaluating communication performance. In order to compare the
security vulnerabilities of communication medium, scenarios, where vehicles use DSRC and
visible light data transmission, namely VLC, are evaluated. The DSRC communication sce-
nario is simulated with the convoy driving implemented simulator, VEhicular NeTwork Open
Simulator (VENTOS) [44]. On the other hand, VLC and SecVLC experiments are performed in
an outdoor environment as shown in Figure 10 to take into account the reflections from
vehicles and road. Nighttime outdoor measurements are executed to compensate shot noise,
sourced by diurnal variations. Our experiment emulates the scenarios that are the front of
following vehicle-disseminating commands (i.e., mission orders, mission plan, etc.) with LED

Parameters Value

LED fog lights ground height 36 cm

LED fog lights separation distance 150 cm

Inter-vehicular distance 2–6 m

Data packet size 100 bytes

Li-first modulation Pulse-amplitude modulation

Li-1st error correction Reed–Solomon

Li-1st data rate 5 Mbps

Secret key packet rate 4 bytes

Vishay IR half intensity 18�

Table 2. Experimental setup parameters.
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fog lights to the rear of leading vehicle proceeding on a curved path. Table 2 lists the experi-
mental system parameters.

Performance evaluation of SecVLC focuses on the security analysis of SecVLC where the system
with a malicious insider is investigated. The malicious insider is a vehicle that is positioned on
the road with constant mobility. For each experiment, 100 data packets are sent over the network
and malicious insider tries to extract the data content. In security analysis of SecVLC, malicious
vehicle’s data decoding ratio is analyzed. Data decoding ratio is defined as the ratio of the
number of successfully plain text converted data packets to the total number of transmitted data

Figure 10. V2LC experimental setup.

Figure 11. Data packet decoding rate comparison.

Visible Light Communications148



packets. In this scenario, the malicious vehicle receives the data packets and tries to decode the
data for subsequent processes such as stealing the vehicle identity information.

Figure 11 demonstrates that adversary vehicle can receive the data packet in both DSRC and
VLC scenarios with minimum 70% data packet decoding ratio. In the DSRC, adversary vehicle
overhears the channel if it is located in the transmission range (300 m) of transmitting vehicle.
On the other hand, VLC limits the adversary data reception due to its directional transmission.
However, adversary vehicle still receives the data if it is positioned in headlight coverage.
Compared to DSRC and VLC, SecVLC encrypts the data packet and data content can only be
decrypted with the secret key. Even if the adversary vehicle overhears the channel, it can only
receive plain text control packets transmitted in the initialization phase of the protocol.

Experimental evaluation of SecVLC demonstrates its suitability for securing light-based vehic-
ular communication. In the security analysis of SecVLC, it is observed that despite VLC limits
the data reception due to its directional transmission, it is still possible to receive and decode
the data packet if the adversary is located inside the light coverage. Furthermore, secret key
enabled SecVLC prevents data packet decoding of adversary vehicle even though it is cap-
tured successfully.

6. Conclusion

In this chapter, V2LC key features such as automotive LED characteristics, PD features, dimming
functionality application to vehicle LEDs, and vehicular communication security enhancement
through complementary usage of V2LC are discussed. Apart from indoor VLC, V2LC requires
high power LEDs with collimation and diffuse optics to fulfill long-range road illumination for
all weather and ambient light conditions. High power LEDs limited switching capability, white
LED usage and minimum illumination requirements for road safety upper bound the modula-
tion frequencies.

PD or image sensor selection also plays a key role to realize V2LC practical applications. Receivers
located in front of the vehicle are expected to capture taillights in red color, whereas the rear
optical receiver sensors are foreseen to capture communication signals transmitted through white
LEDs. Furthermore, image sensor or high-speed camera usage is also practiced with various
experiments, and data rates above RF-based DSRC communications are achieved. Image sensor
usage is also deemed favorable due to positioning capabilities of optical image sensors.

LEDs dimming capability enables energy savings prolong LED life and adaptive illumination
for safer traffic. However, considering power and illumination limitations of outdoor environ-
ment, time domain dimming schemes providing more SNR at the receiver are regarded to be
practical, despite the data rate limitations.

Hybrid usage of V2LC and RF-based DSRC enables enhanced security for vehicular commu-
nications. As both technologies can complement each other in terms of data rates, directional
communications and range extension, exploiting both technologies for vehicular networks, are
demonstrated to be practical in terms of security.
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All in all, following advantages of V2LC are believed to make VLC a strong candidate and as a
complementary solution for vehicular communications.

• Low complexity and cost: Due to the much smaller multipath effect, and IM/DD scheme,
V2LC transmitter design is easier when compared to heterodyne communication systems.
Moreover, already deployed LED lights are demonstrated to be capable of supporting V2LC.

• Scalability: V2LC is foreseen to be utilized as a complementary solution for LoS vehicular
communications. Hence, the vehicle density increase in crowded traffic scenarios is not
expected to cause interference, contention, or packet collision issues, which may degrade
the communication performance.

• Security: Malicious attacks and intentional jamming should be made in LoS distances for
V2LC networks. Thus, attacker will be exposed with high possibility.

• Compatibility: Electromagnetic compatibility problem is expected to be minimized with
V2LC as RF and visible light occupy different parts of the spectrum.

Spectrum availability: Recently, growing interest to use DSRC allocated spectrum for Wi-Fi
is declared due to the scarcity of the RF spectrum. However, with VLC, 10,000 times larger
license free spectrum availability is favorable to support multiple V2LC channels simultaneously.
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