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accuracy (performance metric), 82, 83
additive white Gaussian noise (AWGN). See also interference
and lamp arrangement, 56
channel capacity, 141
dimming strategies, 19-21, 20, 21, 22
algorithm complexity (performance metric), 83
algorithms (indoor positioning), 75-82
ALOHA protocol, 84
analog dimming, 17-21, 20, 21, 22
angle-of-arrival measurement systems, 79-81, 79, 89
angulation (triangulation), 79-81, 79
ANSI E1.11 standard, 111, 112, 112
asymmetrically clipped optical OFDM (ACO-OFDM), 145,
151-152, 151, 153, 154, 154, 155, 160, 164, 165
automobile (ITS in), 4, 4, 201-202, 201

BER. See bit error rate
bidirectional links, 159
bit error rate (BER)
and LED dimming control technique, 61-64, 62
DMT, 164, 165
IPPM, 123-124, 125-130, 127, 129, 130
lamp arrangement, 5659, 57
M-QAM OFDM, 64
OOK, 120-121
plane tilting technique, 49-51, 50, 51
PPM, 121-123
VPPM, 124-125
blinking pattern light extraction, 199-201, 200
blockage (light), 84-85
bridge structure monitoring, 202, 203, 203

camera geometry (computer vision), 196-198, 197
capacity

channel, 59-60, 60, 140-143, 142

dimming, 17-21, 18, 20, 21, 22
channel capacity

arranging VLC lamps, 59-60, 60

LOS, 142

charged coupled device image sensor (CCD), 182
CIM. See color intensity modulation
civil engineering applications, 202203, 203
clipping LED modulation, 153-154
code-division-multi-access (CDMA), 84
color intensity modulation (CIM)
multi-colored LED, 12, 36, 37
multi-colored VLC, 33-37, 34, 35, 36
color shift keying (CSK), 12, 33, 36
complementary metal oxide semiconductor image sensor
(CMOS), 183, 183
computer vision (single view geometry), 196-198, 197
constraint. See lighting constraint
coplanar rotation method, 99-102, 101
Cramer—Rao lower bound performance metric (CRLB),
93-94, 95
CSK. See color shift keying
cyclic prefix, 147-149, 147, 156

data rates
bandwidth congestion, 71, 73, 73
high VLC scenarios, 135-139, 136, 137, 139
1IEEE 802.15.7 standard, 110
increasing around world, 6
indoor VLC systems, 41
real-time mobile, 169
DC-biased discrete multitone modulation, 144, 145-149,
146, 147, 149, 150, 154, 155, 160, 161, 165
diffuse link, 136, 137
dimensionality (performance metric)
camera geometry (computer vision), 196-198, 197
indoor LPS, 83
dimmable visible light communication
and reliable communication, 160-161
capacity, 17-21, 18, 20, 21, 22
indoor, 60-66, 61, 62, 65
ISC in, 13-16, 14, 15
multi-level transmission, 21-33
dimming coding. See inverse source coding
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directed link, 136
discrete multitone modulation (DMT). See also orthogonal
frequency division multiplexing, indoor light
positioning system
advanced multi-color applications, 161-162, 161
enhancement approaches, 155158
implementation, 163-170, 164, 166, 168
lack of standards, 135
system design, 158-170, 162, 164, 166, 167, 168
systems, 143—-155
diversity-combined orthogonal frequency division multiplex,
157
DMT. See discrete multitone modulation

economics
and low-cost multimedia, 71-72
image sensors, 204
LBS, 71
entropy (dimming capacity), 17-21, 18
Ethernet power line communication (PLC)
combined with VLC, 159-160
VLC downlink, 1

femto-cells, 73

field-of-view receiver (FOV), 136137, 136, 190

flip-orthogonal frequency division multiplex (flip-OFDM),
156, 164

fly-eye receiver, 84

frequency-division-multi-access (FDMA), 84

geometry
computer vision, 196-198, 197

indoor, 42

plane tilting technique, 46

single view, 196-198, 197
global positioning systems (GPS)

as TOA system, 75

channel multi-access, 84

difficult to use indoors, 70, 71, 72, 88
GPS. See global positioning systems

hardware complexity (performance metric), 83
high-bandwidth islands, 73, 74

Huffiman code, 13—-15, 15. See also inverse Huffman code
hybrid dimming, 17-21, 18, 21, 22

hybrid multi-layer modulation (MLM), 158

IEC 62386 DALI VIC standard, 111
IEC TC 34 standard, 107, 109, 112-113, 113
IEEE 802.15.4 standard, 112
IEEE 802.15.7 standard, 6, 107, 109, 110, 114, 172
IM/DD. See intensity modulation with direct detection
image sensors. See also photodiodes

applications, 201-203, 201, 203

as receiver, 185-187, 185, 186, 187

definition, 181, 182

fusion technology, 85, 90-94, 91, 95, 133
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link establishment, 195
massively parallel visible light transmission, 192-196,
193, 194, 196
pose estimation, 196-201, 197, 199, 200
system design using, 187-192, 188, 189, 190, 191
types of, 182-184, 182
indoor light positioning system. See also light emitting
diodes, discrete multitone modulation
advantages of, 70-75, 71, 72, 73, 74
algorithms, 75-82
arranging VLC lamps, 51-60
background of, 41, 43, 70
based on VLC and image sensors, 90-94, 91, 95
channel capacity, 140—143
dimming control technique, 60—66, 61, 62, 65
link types, 135-139, 136, 137, 138
multipath reflections in, 82—84
operation in light blockage, 84, 85
performance comparison, 81-82, 83
plane tilting technique, 41-51, 42
technologies, 88—89
Infrared Data Association, 172
infrared laser
and optical WiFi, 137, 138
operation in light blockage, 85
VLC system, 169
infrared light (as uplink), 1, 3, 4
intelligent transport systems (ITS)
as application of VLC technology, 1, 4, 4
outdoor light positioning system, 89, 90
passenger information, 138
traffic signal communication, 201-202, 201
intensity modulation with direct detection (IM/DD)
compared to OFDM, 143-144, 144
hybrid MLM scheme, 158
MC-CDMA, 158
interference. See also additive white Gaussian noise
inter-symbol, 136, 137, 143
1SI, 143
RF, 5, 74
internet of things (I0T), 1, 4
inter-symbol interference (ISI)
diffuse link, 136, 137
in high transmission, 143
inverse Huffiman code. See also Huffman code
ISC, 16
M-ary PAM, 17,17
inverse pulse position modulation (IPPM)
and clock jitter, 129, 130, 130
and clock synchronization, 125-129, 127
BER, 123-124
statistical parameters, 126
VLC, 116
inverse source coding (ISC)
and change level distribution, 11
dimmable VLC, 13-21
dimming capacity, 20, 21, 22
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IOT. See internet of things

IPPM. See inverse pulse position modulation
ISC. See inverse source coding

ISI. See inter-symbol interference

ITS. See intelligent transport systems

ITU-T SG 16 standard, 114, 172

lateration (in triangulation), 75-79, 76, 78

LBS. See location-based services

LED. See light emitting diodes

Li-Fi, 137, 138

light emitting diodes (LEDs). See also on-off keying

modulation, indoor light positioning system

and DMT, 135-158
and VLC, 1
for indoor light positioning systems, 73
illumination compatibility with VLC, 108
illumination standards, 112-113, 113
in toy and entertainment arena, 5-6, 5
indoor light positioning system, 88-89, 91, 95
ITS applications, 201-202, 201
modulation bandwidth, 139-140
multi-colored, 12, 34, 35, 35, 36
vendor compatibility, 109, 109

lighting constraint, 10-37

line-of-sight (LOS)
channel capacity, 142
non-blocked, 136, 136, 137
system design for, 158-159

location-based services (LBS)
definition, 70
economics of, 71

LOS. See line-of-sight

MAC. See media access control protocol
M-ary PAM. See M-ary pulse amplitude modulation
M-ary pulse amplitude modulation (M-ary PAM)
ISCin, 16, 17,17
multi-colored VLC, 33-34, 35
scheme, 23-28, 23, 26, 143
M-ary quadrature amplitude modulation (M-QAM)
and LED dimming control technique, 64—66, 64
OFDM, 64-66, 64
plane tilting technique, 49, 50, 51
massively parallel visible light transmission, 192—196, 193,
194, 196
MC-CDMA. See multicarrier code division multiple access
media access control protocol (MAC), 160
modulated retro reflector, 1, 3, 4
modulation
CIM, 12, 33-37, 34, 35, 36, 37, 38
DMT, 133-170, 161, 164, 166, 169
IM/DD, 143144, 144, 158
IPPM, 119, 123-124, 125-130, 127, 129, 130
multi-colored VLC, 33-37, 34, 35, 36, 37, 38
OOK, 61-64, 62, 116, 117, 120-121, 133-135, 134, 143,
144, 163, 164

OSM, 162
PAM, 16-21
PAM-DMT, 145, 152-154, 154, 164
PPM, 11, 11, 116, 118, 118, 121-123
PWM, 11, 60-66, 61, 143, 144, 188
VPPM, 118-119, 119
Monte-Carlo simulation, 57
M-QAM. See M-ary quadrature amplitude modulation
MSM. See multiple subcarrier modulation
multicarrier code division multiple access
(MC-CDMA), 158
multi-colored visible light communication
DMT/OFDM applications, 161-162, 161
LED colors, 140
modulation of, 33-37, 34, 35, 36
SCM, 159
multi-level transmission (dimmable VLC)
approach to, 21-23
performance, 28, 28, 29, 30, 30
scheme, 23-28, 23, 26
simulations, 30-33, 32
multimedia network service, 71, 73, 73
multiple subcarrier modulation (MSM), 141, 143
multiple-input multiple-output processing (MIMO),
161-162

noise. See signal-to-noise ratio, additive white
Gaussian noise

non-orthogonal multi-colored channel, 37

NRZ-0O0K, 13-16, 14, 15

OFDM. See orthogonal frequency division multiplexing
on-off keying modulation (OOK). See also light emitting
diodes
and LED dimming control technique, 61-64, 62
BER, 120-121
1IEEE 802.15.7 standard, 110
IM/DD in, 144
LED driver efficiency, 163, 164
time multiplex, 11
used in most VLC systems, 133, 134, 135
VLC, 116, 117, 143
OOK. See on-off keying modulation
optical spatial modulation (OSM), 162
optical wireless communication. See visible light
communication
orthogonal frequency division multiplexing (OFDM). See
also discrete multitone modulation
and LED dimming control technique, 64—66
diversity-combined, 157
flip, 156
MSM implemented by, 144, 144
plane tilting technique, 49, 51, 52
position modulating, 157
spectrally factorized, 156
unipolar, 156
OSM. See optical spatial modulation
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outdoor light positioning system
basics of, 89, 90
LED traffic light and photodiode, 94-104, 96, 97, 99, 101,
102, 103

PAM. See pulse amplitude modulation
performance
CIM and CSK, 37
computer vision, 196-198, 197
dimmable VLC, 28, 28, 29, 30, 30
DMT, 155-158
DMT/OFDM, 153-155, 154
indoor light positioning system, 83, 93, 94, 95
indoor LPS, 81, 82
ISC transmission efficiency, 15
outdoor light positioning system, 102—-104, 102, 103
plane tilting technique, 52
photodiodes (PD). See also image sensors
outdoor LPS, 94-104
used in most VLC systems, 135
physical layer
and low-cost multimedia, 71-72
DMT MAC, 160, 166
1IEEE 802.15.7 standard, 110
VLC downlink, 10-37
plane tilting technique, 41-51, 46
PLASA CPWG standard, 114
PLASA E1.4.5 DMX-512A VLC standard, 109, 111
PLASA E1.4.5 standard, 107
pose estimation, 196-201, 197, 199, 200
position modulating OFDM, 157
positioning system. See outdoor light positioning system,
indoor light positioning system
PPM. See pulse position modulation
protocol. See also standards
ALOHA, 84
MAC, 160
wired transmission, 111, 112, 112
proximity indoor positioning algorithm, 81, 82, 82, 83
pulse amplitude modulation (PAM), 16-21
pulse position modulation (PPM)
and lighting constraint, 11
BER, 121-123
VLG, 116, 118
with dimming control, 11
pulse width modulation (PWM)
and LED dimming control technique, 60—66, 61
and lighting constraint, 11
as simple low-cost system, 143
IM/DD in, 144
image sensors, 188
pulse-amplitude-modulated discrete multitone modulation
(PAM-DMT), 145, 152-154, 154, 164
PWM. See pulse width modulation

radio-frequency technology (RF)
and GPS, 70, 71, 72

Index

and machine-to-machine communication, 137
bandwidth, 73, 133
interference in, 5, 74
lighting constraint, 10
not energy saving, 1
radio-frequency identification technology (RFID), 74
received signal strength measurement (RSS), 76, 76, 81
RF. See radio-frequency technology
Rician K-factor, 140-143, 142

scene analysis indoor positioning algorithm, 81
SCM. See subcarrier multiplexing
signal-to-noise ratio (SNR)

and lamp arrangement, 51-60, 53, 55

DMT, 165

image sensors helping, 89

LED clipping, 153, 154

plane tilting technique, 41-51, 45, 47, 48
simulations

multi-level transmission, 30-33, 32

VLC lamp arrangement, 57
spectrally factorized OFDM, 156
standards. See also protocol

do not include DMT, 135

for portable devices, 172

1EC, 107, 109, 111-113, 113

IEEE, 6, 107, 109, 110, 112, 114, 172

ITU, 114, 172

PLASA, 107, 109, 111, 114

Zhaga, 109, 112
subcarrier multiplexing (SCM), 159

time compensation (average constant), 10, 11
time of arrival measurement (TOA), 75, 76
time-difference-of-arrival measurements (TDOA)
channel multi-access, 84
outdoor light positioning system, 97-98, 99
triangulation, 77-79
time-division-multi-access (TDMA), 84
TOA. See time of arrival measurement
triangulation
indoor, 75-81, 76, 78, 79
outdoor, 202-203, 203
TTA VLC working group, 114

ultra-wide band radio frequency (UWB), 74
unipolar OFDM, 156, 164, 165

variable pulse position modulation (VPPM)

BER, 124-125

principles of, 110-111, 111

VLC, 118-119, 119
vehicle-to-infrastructure VLC system, 201-202, 201
visible light communication (VLC)

advantages of positioning, 73-75, 74

building blocks of, 133, 134

definition, 1
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visible light communication (VLC) (cont.) PPM, 116, 118, 118
high-speed transmission, 139-143, 142 VPPM, 116, 118-119, 119
history of, 133 VLC. See visible light communication
physical layer, 10-37 Volterra equalization, 164
pose estimation, 198199, 199 VPPM. See variable pulse position modulation
real-time mobile, 166, 169, 169
standards, 6, 107-114, 108, 110, 111, 112, 113 wavelength division multiplexing (WDM), 34-35, 36, 161
visible light communication (VLC) applications wired transmission protocol (VLC), 111, 112, 112
hospital, 1, 5 wireless fidelity (WiFi)
10T, 1, 4 in indoor light positioning, 88
ITS, 1,4, 4 optical, 137, 138
machine-to-machine, 139 VLC alternative for, 41
smart city concept, 1 wireless local area network (WLAN)
smart phone camera advertising, 1, 6 optical WiFi in, 137, 138
toys and theme park entertainment, 1, 5, 5, 6 radio-frequency technology, 74
WiFi and cellular augmentation, 1-4, 2, 3 wireless transmission protocol (VLC), 112
visible light communication (VLC) modulation
IPPM, 116, 119 Zhaga engine standard, 109, 112
OOK, 116, 117 ZigBee, 112
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