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Symbol OO0K 4CSK 8CSK 16CSK
Rate 1bit/symbol | 2bit/symbol | 3bit/symbol | 4bit/symbol
LOTW 2.5MHz 2.5Mbps 5Mbps 7.5Mbps 10Mbps
Frequency 5MHz 5Mbps 10Mbps 15Mbps 20Mbps
response
l 10MHz 10Mbps 20Mbps 30Mbps 40Mbps
High 25MHz | 25Mbps 50Mbps 75Mbps 100Mbps

Example of OOK/CSK bit rate
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VLC PHY features

 PHY layer type
— PHY I : Lowdatarate : 12 — 270 kbps
— PHY II : High data rate : 1.25 — 96 Mbps
— PHY II : CSK : 12 — 96 Mbps

« Modulation schemes proposed

itude modulation domain
_ OOK (On Off Keying) e peciman
— VPPM (Valuable PPM) pEY SN
— CSK (Color Shift Keying) SN ~
* Line COding ient light modulation
interference frequency
- ManCheSter Figure 4—FDM separation of the PHY types in the modulation domain
— 4B6B

— 8B10B
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PHY I Data Rate Table

Modulation Optical clock rate FEC Data rate
4-CSK RS(64.32) 12 Mb/s
12 MHz
8-CSK RS(64.32) 18 Mb/s
4-CSK RS(64.32) 24 Mb/s
8-CSK RS(64.32) 36 Mb/s
16-CSK 24 MHz RS(64.32) 48 Mb/s
8-CSK none 72 Mb/s
16-CSK none 96 Mb/s
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RGB Calibration

Samsung R&D Institute Japan

14 [
R"] [hy b by TR

14 14

G"|= hGR hGG hGB G

" 14

B hBR hBG hBB B |

LED PD
R ”
iyl ey Kyve EN
D \\\\>:’ / ”
ati» Color )t(y G‘ <:’-’-*-:2<-’->:\:?‘ N RGB G RGB Color Data
Coding| y| '© > D/A SN R G AD » Compensation > 10 Decoding_>
RGB | g ,,:,I>:\‘\ B”| Xy Y,
> D/A “Eioooooo * |BpAD > >
Trainin t hRR hRG hRB
g . . Channel
Sequence Ambient light ;| hanne W ho h
. 7 7| Estimation GR "'GG "*GB
RGB imbalance
hBR hBG hBB

T

Ch estimation code

PHOTO SENSITIVITY (A/W)

RGB interference
Error on xy coordinate

(Typ. Ta=25 ‘C)

0.25
GREEN

0.20

0.08 {
'
i
B
! 2
.

Il ]
300 400 500 800 700 800

WAVELENGTH (nm)

CSK system contfiguration with RGB calibration




CSK High Speed

il
Illumination
RGB Multi Chip LED

Application
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* Data Speed Estimation
Symbol Rate: 25MHz
16CSK: 4bit/symbol

High Speed Data
Up to 100Mbps

Digital signage
RGB LEDs

Mobile
RGB Multi Chip LED

>
Mobile
RGB Color Sensor
Applications
» Data Down Load
« WLAN
« Navigation

xy color coordinate

3#1=:RGB LED — 21

‘RGBAZ—t>H(PD with color filters)

Ay EEEIE 12Mbps to 96Mbps (IEEE802.15.7)
TA)YbGEE. RIEEHITEMN—FIT7HDLE
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* Data Speed Estimation
Symbol Rate: 15Hz New ISC system

16CSK: 4bit/symbol with CSK'!

TV, PC, Bill board
LCD Display

Low Speed Data
around 60bps

Mobile
Camera

0.0+ 400755
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Xy color coordinate

Applications

e Special Information

« Voice streaming

« Support for disabled person
* Security

LCD Display
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T Ak EEEIE 60bps (30fps Camera & 16CSK)
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SDM(Space Division Multiplex)-CSK
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4 x 4SDM-16CSK 16 X 16SDM-16CSK 64 x 64SDM-16CSK
(480bps) (15kbps) (245kbps)

Examples of two dimensional SDM-CSK code

Principle data rate of SDM-CSK @15Hz symbol rate

| acsK 8CSK 16CSK

Conventional 30bps 45bps 60bps
4 x4 SDM 480bps 720bps 960bps
16 x16 SDM 7.68kbps 11.5kbps 15.3kbps

64 x 64 SDM 122kbps 184kbps 245kbps




SDM-CSK code D&k
Configuration of SDM-CSK code

Edge ——>

Data Cells
(14x16 cells)
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16x16SDM-4CSK
Data Rate: 6kbps
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Reference Cells
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(Bottom)
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Non-real time test system

64x64 CSK
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FPGA
Board
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. . 1,2,3m Camerg (e —
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Non-real time SDM-CSK test system
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Data rate: 238kbps
1.0E-06
5 7.5 kl_(y 12.5 15 17.5 20

CSK code size [cm]
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Bit Error Rate

Measured BER (bit error rate) performance

64x64SDM-16CSKT238kbpsDImEMAIEE (1M@10cmx10cm code)
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Real time prototype

SDM-CSK Code Size
10x10cm
<)

\

O
I

Display Spec CSK Spec Smart Phone Spec
Size : 55inch SDM-CSK frame rate : 15Hz Model : Samsung Galaxy Note 3
Resolution : 1920 x 1080 8x8/16x16SDM Camera : CMOS, 13mega pixel

Refresh rate : 60Hz 4CSK/8CSK/16CSK Movie frame rate : 30fps
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FER of Real time prototype

FER Performance M
0.10 CSK color Data Rate . ax
Distance

4CSK 960bps 9.0m
8x8
8CSK 1.44kbps 8.0m
4CSK 6.0kbps 4.5m
8CSK 16x16  9.12kbps 3.5m
—m—8x8 - 8CSK

16CSK 12.0kbps 2.0m
—4—16x16 - 4CSK

—16x16 - 8CSK Frame: Data train which composes one
—#—16x16 - 165K SDM-CSK code.

A} ,1 Max distance: Maximum transmitting

distance that FER is less than 1%.

=—4—8x8 - 4CSK

FER
o
&

Distance [m]
N A

Measxed FER (frame error rate) performance

« 8mT. 144kbpsim£ AT4E (8x8SDM-8CSK, FER 1%LLTF)
. 2mT. 12kbbpstEi£aAE (16x16SDM-16CSK, FER 1%ELTF)
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Captured CSK code 8x8SDM-4CSK

Distance : 3m Distance : bm Distance : 8m

Demodulated Constellation 8x8SDM-4CSK

Ragistered Frame Cal Postion

Distance : 3m Distance : 5m Distance : 8m
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Captured CSK code 8x8SDM-8CSK

Distance : 3m Distance : bm Distance : 8m

Demodulated Constellation 8x8SDM-8CSK
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Captured CSK code 16x16SDM-4CSK
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Demodulated Constellation 16x16SDM-4CSK
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Captured CSK code 16x16SDM-8CSK

Distance : 3m Distance : 4m Distance : 5m

Demodulated Constellation 16x16SDM-8CSK
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