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VLC / Introduzione :

Communication technology that uses visible
light (400 THz - 800 THz) as the
transmission medium

B Unlicensed spectrum

B No electromagnetic interference

B High spatial reuse

B Security

B Emitting devices are everywhere
Transmitters: LEDs

Receivers: Photodiodes, CMOS sensors

Channel: free space (Line of Sight)
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VLC / Applications

Indoor Networking Systems
Indoor Positioning Systems
Underwater VLC

Intelligent Transportation Systems
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Intelligent Transportation Systems

[0 Integration among transport services, traffic
management, road pricing, safety-critical vehicular
systems, systems oriented to infomobility and
comfort applications targeted to drivers and citizens

[0 Cooperative-ITS
B \ehicle-to-Vehicle (V2V),

B Vehicle-to-Infrastructure(V2I),
B Infrastructure-to-Infrastructure (12I)

0 IEEE802.11p-based protocols are used
B Wireless ad-hoc networks
B Problem: broadcast storm
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[0 Traffic signals and vehicles gradually changing
from electric bulbs to LED lights

B Retrofitting semaphores and car headlights to enable
V2V, V2I, and I2]I communication

B Directional light addresses broadcast storm problems

[0 Outdoor VLC challenges:
B Relative mobility disrupts LoS
O Optimize lighting positioning
B Sun light, artificial lights
[0 Use optical filters and optimized electronics
©08/05/2013 Alessio Belle
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IEEES802.15.7
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Standard for Visible-light Personal
Area Networks (VPANS)

Defines MAC and PHY layers
3 physical layers
n PHY I (outdoor), PHY II e PHY III (indoor)

Data rate:
n 11.67 - 266 kb/s (PHY I)
=~ 1.25 — 96 Mb/s (PHY II, PHY III)

Topologies: star, p2p, broadcast

Addressing: 64 bit (extended unique
MAC address), 16 bit (short MAC
address)

Beaconless and beacon-enabled mode
Visibility support (infrastructure)
Dimming and flicker-mitigation
support
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Developing a VLC unidirectional prototype
» Low-cost

» Off-the-shelf components

» Standard-compliant (IEEE802.15.7 MAC e PHY 1)

1343
UNIVERSITA DI P1SA

Thesis goal

Vision:
Developing scalable and pervasive units eligible to

be easily integrated in more complex systems
like ITS.
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Adopted HW / SW
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SEED-EYE

O WSN platform

[0 Developed by Scuola
Superiore Sant’Anna and
Evidence Srl

0 MCU: Microchip
PIC32MX795F512L
m 80 MIPS
m 512 K Flash Memory, 128 K RAM
m Interfacce: SPI, UART, I12C, CAN

[0 ITEEE802.15.4 Interface:
MRF24140B
[0 Not used in this prototype

O Possibilita di use R/F as a
second channel
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Optical Components / Transmission
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Optical Components / Reception

Amplifier Adaptation Circuitry

| ~y D1 ~1 D2
| w1 BYws4¥ 1 BYW5s4

APD module
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Adopted software

ERIKN

[0 Open source Real-Time Operative System(RTOS)
[0 Highly modular
[0 Portable APIs for different microcontrollers

[0 Official Microchip development environment
[0 Programming of the SEED-EYEs without OS
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Unidirectional custom 802.15.4 system

RX Board

Transmitter Receiver
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Custom 802.15.4 system / Functional blocks

[0 One possible partitioning of functions among boards and
transceivers:

ERIKA OS5 + uWireless: ERIKA OS + uWireless
MAC sublayer MAC sublayer
PHY (management) PHY (management)
[ MCU TX ] [ MCU RX ]
A A
[ Transmitter H Receiver ]
ASIC: ASIC:
PHY (encodings and PHY (reception and
transmission) decodings)
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Custom 802.15.7 system / Functional blocks

[0 Mapping of the 802.15.4 system functional blocks into a
new 802.15.7 system:

ERIKA 0S ERIKA 0S
MAC sublayer MAC sublayel

PHY (management) PHY (management

] (=

Ls
- A

[ Transmitter Receiver ]

@ Raw C cnde
PHY (encodings and PHY (reception and

transmission) decodings)
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802 15.7 System/ Transmitter
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802.15.7 System / Recelver
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Optical Transceiver / Introduction

Software-based optical transmitter /
receiver

Implemented by the Transceiver Boards

Optical transceiver tasks:

1. Interface with the Control Board
[0 Inspired by the MRF241]40B interface to the PIC

2. Encode / decode data
3. Transmit/ receive data with constrained timing

Alessio Belle
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Optical Transceiver / Interface

[0 Registers and buffers: [ Pinout diagram:

Short Address Long Address
Memory Space Memaory Space SCK  —»
0x00 SOFTRST 0x020 SDO  €—
INTSTATE
INTCTRL SDI —»
IDLECTRL Tx BUFFER cSn —»
IDLEDIMO
IDLEDIM1 oatF Optical
ks
AT WTn < Transceiver
TXNCON
03424
TXSTATE BUSYn <€
MCSID SPIRDYn <—
PHRCRCERR R¥ BUFFER
RSERR vec
0x0D CCERR
0x82C GND =
DI TECHOLOGIE DELLA
COMUNICAZIONE 08/05/2013 Alessio Belle
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Communication protocol with the Control Board

LONG ADDRESS READ

1 2 3 4 5 5 7 g g 10 11 12 13 14 15 18 17 18 18 20 2 22 23 24 25 2/ 2 28
SCK
CSn
sDI 1 NALZWAILYALIOY AD W AB AT W ARG AS WAL M AW AZWAL WAD N 0 /Ry
sSDO D7 A D6 % D5 ¥ D4 ¥ D3 ¥ D2 ¥ D1x DO
SPIRDY

SHORT ADDRESS READ

1 2 3 4 L) 6 T 2 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
<1 ORI T N I T O N Y T I I O 2 O T O I R R O NI R I R N I
CSn N 7
Sl 0 / X 7
SDO
SPIRDY ' /
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Optical Transceiver / PHY I data rates

FEC

: Optical
Muodulation | RLL code clock rate ‘ = Diala rale
Outer code (RS) Inner code (CC)

{15,2) none 3556 kbis

(15.4) none 71.11 kb/s
VPPM 4B6B 400 kHz

{15,7) none 124.4 kb/s

none none 266.6 kb/s

[0 Header always sent at 11.67 kb/s
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Optical Transceiver / Encodings

Block interleaver

= Write
rom _—
MAC Reed Solomon

layer encoder l

!

Convolutional encoder
0 —» j

[ as :

WA_IJ‘_I—T Manchester To the

| < '_Il encoded encoder traﬂﬁmlttlﬂg
JJJJJJ D T symbals hard ware

:I—IZILZI—I:J-IZI—:I— 1_,,, ’

ooo D
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Optlcal Transceiver / PPDU

r iy [0 16,384 bits [ ] i) bits » |
|
I FLP (101010 =) TDOP | ~TDP | TDP | ~-TDP :
e ————————————————————— J
variahle
- 1 1
(2124) | it~ 3biis fbits  Ihbms  1be 3 bits |
| |
| 1
) burst | channel MCS | PSDU | dimmed |
32 bits PHR .—+ reserved
: I mode | number D length Q0K :
| 1
16 birs wes | -
: 6 bits 10 bits 4bits 10 bits 8 bits Sbisx3 |
|
piapone optional | tail mpensation | resyvn bframe channcl I
ey i Co SALor syne | su R .
(ol = e ._+ ; P o OFCS estimation | !
8x3) ficlds | bits length length | length equence I
= |
|L ) ) () |
variable| PSDU L _________ -
I- (L aMax P Y ErameSize———— V6 bits

|
I
| tail '
[_+ MIHR ' paylos l
H MAC payload FCS bits :
I
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Optical Transceiver / Communication

[0 LED directly connected to SPI:

B Data is copied inside an SPI buffer within interrupt service
routines

B An hardware clock running at 200 kHz (generated by a timer)
lets the SPI transmit data autonomously at a steady frequency

B Idle pattern used for visibility functions (infrastructure lights)

[0 Photodiode connected to SPI though the amplifier and
the adaptation circuitry

B The receiver must first synchronize to the transmitter by using
the preamble at the beginning of a physical layer packet

B Data received within interrupt service routines:
1. Receive header
2. Decode header while receiving the payload
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uL|g ht / Introduction

0 Stack implementing MAC
sublayer and PHY

management tasks Appication Layer
0 Implemented by the Control
Boards uLight Stack s:'""'ef? il
O Requires drivers for IEEE 802.15.7
controlling the Trasceiver mAe
Board
0 Shipped with a high level | roveeactaon taver
library (Simple157) ';_—;_—_—_—_—/_/_-_-\_\-\-_-;_-_-;; ----------------------------------------
00 Inspired by uWireless J— —
(802.15.4 for ERIKA OS) | o ol I |
Architercure ! Rardware L Software

Alessio Belle
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uLight / Implemented PHY

— PD-SAT PLME-SAP
PLME
PHY layer
PHY
PIB
OPTICAL-SAP
FPD-5AF primitive Request Conlirm Indieation

PLME-SAP primitive Request Confirm

PLME-SWITCH 929 9.2.10
~ 108/05/2013 Alessio Bellé
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uLight / Implemented MAC/ 1

MCPS-SAP MLME-SAP
MAC common > MLME
part sublayer
MAC
PIB
PD-SAP PLME-SAP
MCPS-SAP primitive Request Confirm Indication
MCPS5-PURGE 6.2.4 6.2.5 —

0 Frame (MPDU) handling
[0 Addressing

ISTITUTO
DI TECNOLOGIE DELLA

COMUNICAZIONE, 08/0 5/2 0 1 3
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uLight / Implemented MAC/ 2

[0 VPAN start and association

Name Request Indication Response Confirm
MLME-ASSOCIATE 6.3.1.1 6.3.1 6.3.1.3 4 6.3.1.4
MLME-DISASSOCIATE 6.3.2.1 6.3.2.2 6.3.23
MLME-BEACON-NOTIFY 6331
MLME-GET 6.3.4.1 6.3.42
MLME-GTS 6.3.5.1 6.3.5.2 6.3.53
MLME-RESET f.3.6.1 6.3.62
MLME-RX-ENABLE 6.3.7.1 6.3.72
MLME-SCAN 6381 6.3.8.2
MLME-COMM-STATUS 639.1
MLME-SET 6.3.10.1 6.3.10.2
MLME-START 6.3.11.14 6.3.11.2+
MLME-SYNC 6.3.12.1*

MLME-SYNC-LOSS 63.13.1
MLME-POLL 6.3.14.1 6.3.14.2

[0 Beaconless and beacon-enabled modes

08/05/2013
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Complete System

Board
r Boay
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Physical Layer Throughput/ 1

PSDU Data rate | PSDU length (B) | Ref. Throughput (kb/s) | Real Throughput (kb/s)

127 [1.1 7.94

11.67 kb/s 512 11.52 8.29
1023 [1.6 8.35

127 22.09 [4.6

24.44 kb/s 512 23.81 15.75
1023 24.10 15.78

127 40.3 21.08

48.89 kb/s 512 46.43 23.27
1023 47.62 23.79

127 55.55 49.08

73.3 kb/s 512 67.92 62.04
1023 70.5 64.95

127 69.64 64.38

100 kb/s 512 90.24 86.78
1023 94.86 92.58

B s o 08/05/2013 Alessio Bellé
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Physical Layer Throughput/ 2

TW(IRRKS

Throughput efﬁmency

0.8 1 been R S SRR SRR SR ....... e

=
o
T

Efficiency

0.4 i i ' : : :

0.9 _ ................ U RPN PR RRTY N T

—e&—1Z7B P30
—H=—512B P30

0.6 i e TR b TTPPPRPRITIN, T

05k S e, S PP Y TR .

—+— 10236 PSDU

11.67 24.44 48.89 73.3
Data Rate (kb/s)
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Blt Error Rate

Measurements were taken at:
O0ObmMm-1.8m-2.8m-5.1m-10.2m-11.2 m

Packet sizes (PHY payload):
Small (127B) - Big (950B)

Optical lenses:

B TX: 18° divergence lens

B RX (distance < 5.1 m): 1” lens
B RX (distance >= 5.1 m): 2” lens

Alessio Belle
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BER / Payload 127B

Measured BER {127B data)

7 0 50 100 150 200 250 300 350 400 450 500
10 T EBER perpacket (m)

0 TE— |l| b ] | LA L S e R i H B N I |
0 2 4 _ & 8 10 12
Distance {m)
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== REAL TIME NETL()RKS

BER / Payload 127B / Testa 11.2 m

Measured BER {127B data)

EBER
=

] -_.-"

10 B |!| — T ! v LA L I L e E B B Il T ]

0 2 4 B & 10 12
Distance (m)
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Conclusmns /1

A VLC unidirectional prototype has been
implemented

Throughput is close to the reference

case when convolutional codes are not
used

BER is acceptable within 10 meters

Alessio Belle
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Conclusmns / 2

BER measurements influenced by a sub-
optimal alignment system

B Photodiodes with a larger active area or
telescopic systems on the receiver can inprove
these measurements

With the current hardware, only 121
systems are feasible by now

B Better equipment allows for V2V and V21
systems to be realized

i 08/05/2013 Alessio Belle
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Future developments

Complete PHY I implementation

Porting of the Optical Transceiver on an
-PGA, in order to overcome performance
imitations due to the software
implementation

Design of an adaptation layer between
IPv6 and IEEE802.15.7

Multichannel systems (R/F + visible
light)

GOMNCATONE X 08/05/2013 Alessio Belle
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