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Background

Core Network Backhaul Optical Wireless Communication

‘@« @@

éb A 7] i&sb

Cloud / Server Base station Li-Fi VLC FSO |
Digital signage
@& || &[0 & s
Lk Modem/Rout EEG sensor
Internet ceemroter Bluetooth Wi-Fi____4G/5G B - o e
L | Gateway RF Wireless Communication el Bensor ngoor Socatzation

Skin-typed
~10,000 times
bandwidth l
Patch/sensor data monitored
RF band by camera‘robot

Ultraviolate Visible Light Infared Microwave

Optical Spectrum

Data sharing

Optical wireless communication and RF based wireless communication. V2X communication

Optical spectrum has broader bandwidth than RF spectrum.
Application scenarios of OCC system.

ﬁ MICHIGAN STATE UNIVERSITY Visible Light Communication, Networking, and Sensing: A Survey, Potential and Challenges
IEEE Communications Surveys and Tutorials 2015



Outline

Background

Concepts and Preliminaries
RainbowRow: High-speed OCC
Performance Evaluation

Conclusion

ﬁ MICHIGAN STATE UNIVERSITY e



Concepts and Preliminaries
Amplitude diversity: brightness and grayscale

160
255
' o ]
PR IO ool 236
140 .—*""H 218
_f.r' 200
120 ¢

Detected brightness
o
o

80
o BB
e aadl ¥ LED
40
0 50 100 150 200 250
Brightness of LED Brightness Detection

Amplitude diversity generated by different brightness of LED and measured
by light sensors as grayscale. Two light sensors PD and PR perform differently.
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Concepts and Preliminaries

Spectrum Diversity: Color Generation and Detection

scene/object

£

222 2

Saturation

constellation @

pandj triangle >
N 560

_ A
-
v (73]
§ Color Generation based on RGB model
band k =
003 S Hue colorfilter
2
Saturation ¢
-— \
0.0 Y Lightness el e
O —— N
e

00 01 02 03 04 05 06 07 08
X

Color Detection based on HSL model Color Detection via color filter

RGB model (CIE 1931) HSL model

Illustration of color generation principle (RGB) in Tri-LED and detection principle (HSL) via color filter.
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Concepts and Preliminaries
Spatial Diversity: New Insight

LED wave C1 C2 C3C4 C5 C6 - Stripes i 1 bit/symbol
r[O OO OO0 Ao t l
Py St N B o o
z | 1 [[ss:. R 1\ > =
H R OO00000 e il o o
- : . ! - . “ 0~
Image Sensor R O3 CHCHOTCH \eé‘w > >
RNRolling shutter principle and sample image columns columns
C1 C2 C3 C4 C5 C6 --No Stripes . amplitude diversity amplitude + spatial diversit)
rROOO OO0 P “tl\\\i \
re OO OO0 /ﬁ: m\\\s
; ¥ AP w
Exposure time Re | O O3 O3 O O3 O3 ”“gw' =
Jisinisisisisn SRR 0
Rolling shutter: § Qi D D GUVUUF : \ ‘\ ”'f“é’/
Global shutter: & x N RN ‘ - N ﬁt’)‘ |
Global shutter principle and sample image columns columns

Rolling shutter stripe effect and contrast with global shutter in camera imaging.
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Outline

RainbowRow: High-speed OCC
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Let A denotes amplitude diversity,

RainbOWROW: High-speed OCC S1 denotes spectrum diversity,

. . . . L. . S2 denotes spatial diversity in each row.
Diversity Combination: Principle and Benefit
i — Sz X logg (A X 51)

R1 R2 R3 R4 RS

[ui /./g/u/.,
/ 1-2/ ‘/@/ ' /. /
/ 4 ./ 'x L3 /‘ /
L1 @ ' L1 rollllenngssahnudtter ,'/ 1.4/'f L4 /./

; >time generates colorful strlpes

cessese 2338828 SE3REES tmm |

et @ 000 0000888 .

Location 1 Location 2 Location 3 Location 4
Captured real image of diversity combination

Diversity combination illustration: the light from different LED elements
fR MICHIGAN STATE UNIVERSITY s projected on the different pixels on the camera’s image sensor via lens. @



Let A denotes amplitude diversity,

RainbOWROW: High-speed OCC S1 denotes spectrum diversity,

. . S2 denotes spatial diversity in each row. e
Modulation Protocol Design
i — 82 X ngQ (A X 51)

TABLE I: Symbol coding table for RainbowRow

; : Location

Color Brightness I 3 3 4
] 0000 0000 0000 0000
- 2 0001 0001 0001 0001
3 0010 0010 0010 0010

4 0011 0011 0011 0011
I 0100 0100 0100 0100

> 0101 0101 0101 0101
ety 3 0110 0110 0110 0110
4 0111 0111 0111 0111
1 [000 1000 1000 1000

2 1001 1001 1001 1001
BLUE 3 1010 1010 1010 1010
4 1011 1011 1011 1011
1 (100 1100 1100 1100

> 1101 1101 1101 1101
YELLOW 3 1110 1110 1110 1110
4 1111 1111 1111 1111
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RainbowRow: High-speed OCC

System Implementation

1) A low-cost LED-based Transmitter Design

S LALARR RN RRRRRRRRURRRERURERBRER] ]

LR R L L R R R R R R R R N E RS ET]
| LA LR LR L A R R R R R R R N R N SR

R 2 R B B )
-2 2 - R 2 B A L

o
o
a1
o
L]
8
o
)
&

‘4 I::'::::IllIIIIIBIIIIIIIIDDBUBHD
| | ICTIIIIIII!‘IBBIIII
_ * 8x32 Panel_

some optical symbol appear R G B color appear in similar
inlow freuency frequency in same location

Optical symbols with low appearance frequency cause flickers. We
mitigate flickering by coding data with colors in the same possibilities.
Fﬁ.\ MICHIGAN STATE UNIVERSITY

2) Real-time Camera-based Receiver Design

N

Stripes generated in different frequency

Algorithm 1: RainbowRow Demodulation Algorithm

Input: O; // Optical RainbowRow Symbols

Output: D; // Decoded data bits

Initial Hue and Lightness thresholds H1-H3 and B1-B3
based on the measurement of Preambles;

2 Initial ROI size and location based on captured stripes;

3 A« 0; // Allowed H or B variation of same symbol

4 while A Hor A B < Ado

5 Detect H and B of O: / Four ROI in one Row

6

7

—

if AN Hor /AN B > )\ then
LGotnlinel;

8 | Demodulate O into D based on Table I;
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Performance evaluation
RainbowRow Testbed

8x32 LED panel

control color, lightness and location

Arduino UNOl

bits Stream Symbol L
Splitting > Mapping P c%z:'::fclyl ﬁ
i T o e s —_—_— — — Optical
Receiver Rx signals
b
Sequence | | Symbol image we <
\ ) . i camera
| bits Connection Decoding capture
LabviEw B3

Arduino UNO

The transmitter is a Tri-LED panel combined with Arduino UNO.
The receiver is a regular web camera controlled by the LabVIEW
program on PC.

G\ MICHIGAN STATE UNIVERSITY

detect color, lightness and location

RainbowRow System Block Diagram



* Hue & Brightness vs. transmission frequency

Performance evaluation * Hue & Brightness vs. ambient light strength
Diversity Reliability Of Hue & Lightness * Hue & Brightness vs. transmission distance

— —
. — oy
160 160
R ﬂﬁ\ o K
= 0 \ e b ey © 120 e ———
T 80 BLUE T 80 BLUE =T 80 BLUE
40 40 40
0 N 0 M 0 \
1000 5000 L 2 0 0.5
3000 4500 3 4 ' 1
5000 5 1.5 )
Transmission frequency (Hz) Ambient light strength index

Transmission distnace (m)

s Level 4 Level 4 Level 4
300 300 T —— 300
250 g Lovet 250 — 250 N"
a -4 \N“, o
N

g 200 evel 2 200 g 200
[ =
E 150 M E 150 w E 150 w
2100 2100 2100 |
- 50 - 50 - 50
0 0 0
3000 4000 s 1
5000 5 1.5 2
Transmission frequency (Hz) Ambientlight strength index Transmission distnace (m)
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Performance evaluation

SER Reduction
0.3

o —p— RainbowRow
ﬁ —ill— 16-ColorBar
L —@— 32-ColorBar
e 021- " —m—4m7m7m——— - -
& —) — ——./
B &
2
w 0.1 - .
) _—
-g __-/".
e e

0 I T T

1 2 3 4 5

Transmission frequency (kHz)

RainbowRow’s SER significant reduction compared with state-of-
art high-order modulation ColorBar.
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Performance evaluation
Throughput Improvement

40 {1 |=»— RBR throughput
—i— RBR goodput

—— 4-ColorBar
30 { |-®—32ColorBar [~~~ T T _Z -

~@®— 4-CASK
—— 8-CASK

Throughput (Kbps)

20 T
10 |
|
——
o = = e l
1 . 3 4 5

Transmission frequency (kHz)

RaibowRow’s throughput improvement compared with state-of-
art high-order modulation methods: ColorBar and CASK.
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Conclusion

* Exploring spatial diversity in camera imaging for improving OCC
 Combine spatial diversity with amplitude & spectrum diversity for modulation

* Develop robust and practical OCC system RainbowRow and confirm its efficacy

e achieve the SER less than 0.05
* achieve the throughput up to 40Kbps at 1 m

* significantly improvement than state-of-art
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Q&A
THANK YOU

E-MAIL: zhan1387@msu.edu




