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Global luminaire market forecast
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Mwiti-Designs by yourself

B CL BHID LED replacement
I Fluorescent B Incandescent

Bl Halogen B LED integrated




I_IO,D,CBeT Ka 335 ITMO UNIVERSITY

Tunbl cuctem cBeTOANOAHOM NOACBETKU: NOACBETKa NPAMOro Tuna n 6okoBas noacBeTKa.

B cBfian ¢ HU3Kkon cBeToBON 3I(PPEKTUBHOCTLIO OBOKOBOM CUCTEMbI NMOACBETKU, OHA OObIYHO
ucnonb3oBanacb B CllyyasX, Korga TosfiliMHa CBETOTEXHUYECKOro yCTpomcTBa Obina ropasfo

Oornee BaxHa, 4YeM ero ApKocTb. CMcTteMa NoACBETKU NPSIMOro Tuna, HanpoTmuB, uMeeT Gonee

BbICOKYIO0 CBETOBYH 3(h(hpeKTUBHOCTb 1 NO3BOJIIET KOHTPOSNIMPOBaTh OCBELLEHHOCTb OTAENbHbIX
yacteMm noacBeynBaemon obnactu. lNporpecc B COBPEMEHHbIX TEXHOJIOMMAX WM3roToBrEeHUs

ONTUYECKUX INEMEHTOB, U, KakK crneacTtBne, BO3MOXHOCTbL MUHUATIOpU3aLum BTOPUYHOWN ONTUKMK
y>Xe AaBHO MNO3BONSAOT UCMONb30BaTh CUCTEMbI NOACBETKU NPSAMOro TMna Agaxe B cnyvasx, koraa
TONWMHA CBETOTEXHUYECKOro YCTPOMCTBA UrPaeT KPUTUYECKYHO POJib.

PacyeT BTOpUYHOM ONTUKN CBETOAMOAOB ANS NPAMbIX CUCTEM NMOACBETKM ABNSETCA OOAHOU U3
Haubonee CrOXHbIX 3aAay, BO3HMKaWOLWMUX B CBETOTEXHUKE. JTO CBA3aHO C OoOnNbLUM
KONMM4eCcTBOM TpeboBaHMN, OAHOBPEMEHHO NMpeabABAAEMbIM K TAaKUM ONTUYECKUM 3NeMeHTaM:
e0becneyeHne BLICOKOM cBeTOBOU 3¢hhpeKTUBHOCTY;
eMMHMManNbHOE pacCcTosiHUe OT cBeToAMoAa A0 OcBeLlaeMon
ob6racTn npm MakcMmaribHOM yrroBom pasmepe obnacrtu;
eBbIiCOKasi paBHOMepPHOCTb PpopMMpyeMoro pacnpeaerneHus
OCBELLEHHOCTH. s

1
Ceotoroa  LED
Moaceerka

LCD mopyns

[Mpenmywecta ceeToanoaos nepeq KIJl: e e
eYriyywieHHast KOHTPACTHOCTb;
eYnyuweHHas uBeTonepenaya;
e[loHMXKeHHOoe 3HepronoTpedneHue (8o 40% 3KOHOMUMU);
eYpe3BbIYaHO Manas TONWMHA;
e[lonruin cpokK crnyxobl;
eMeHbLUee BblaesneHne Tenna;
ebonee BbICOKas HaAEXHOCTb.
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Edge backlight

Direct backlight

“ ITMO UNIVERSITY

Low-cost direct backlight

[llustration

Description

Display
thickness

Energy
efficiency

Contrast/
image quality

Cost

| -4 LED light bars positioned on
the edges. Light is coupled into a
light guide-plate.

Allows very thin TV designs
(< 2cm; as low as 5Smm with glass
light guide-plates)

Good

Moderate
(Lateral dimming possible)

Medium

-
-
-
-
-
-
-

Diffusing plate -~

Dense array of LEDs facing the

viewer and coupled into a diffuser

sheet

Thicker design
(2 - 5cm)

Medium

Excellent
(Full-array local dimming possible)

High

$aa

|

S2sU3d| +sA3aA

e

Low-density array of LEDs

positioned further away to allow for

light spread

Much thicker
(5 - 10cm)

Good

Moderate
(Full-array local dimming possible,
but less precise and usually not
implemented for cost reasons)

Low / Medium
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Pixel pitch
0505
Wi Outdodr Indoor
."h.- 2 w2
1010 &£ A -
T Smaller and smaller packages: p— ses ses SUS I RUNENE sun
& e g ’"T‘ bl - ané ek o HEA e
L=
—
-
15150 COB[2l MiniLED, MicroLED
% mim Bgg  d@m  mEg NEm magp NEN NER NEN NEN  mER NER Package-free, very small LED chips mounted
sas BEn BER OV 0§% gEn EsN §EN EEN EER EEmR directly on the electric board substrate.
Could further reduce the pitch (<0.5 mm)
and bring other benefits (cost, contrast, etc.)
SMDI' LED COB] LED

10 mm

fA TR
i i

Through-hole individual R, G, B LED
High pitch

R,G,B chips on a single surface-moupt
package. Shifted the color balance
responsibility to the LED packagers|+
opened the door to smaller pitch ard
lower cost (use of fast P&P and SMP
soldering machines)

Package-free LED chips mounted directly on
the electric board substrate.
Theoretically enables smaller pitch than SMD
(<0.7 mm) and reduces LED cost.

AL
“Four-in-One” COB Y
SMD packages
Compact SMD packages
featuring 4x RGB LEDs

1997

2006

2016-2018

Pa3BuTHE cBETOAMOOHbIX TEXHONMOMMI ANS NOACBETKU
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. 50 mm 5 0.5 mm
Pitch: =
Q' Outdoor S
\
" TRUST THE FORCE Airports, raila
iﬁéx&""w" Freeways P y

Transportation
Kpublic information

i

Commercial
\__ and retail

7

Roadside
billboards,
media facade

1]

Retail:
in-store

i

Sports &
K Entertainment

7

Stadium (video, scoreboards, advertising)

concerts,

2

\ Institutions

Y OLE

Houses of worship

Command & control
rooms [

Corporate lobbies,
hospitality, healthcare
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OLED «noacseTtka»

Conventional LCD Display Back Light Unit

|
i f

Polarizer C/F Glass Liquid TFT Glass  Polarizer Optic Light Reflector  Cover

Crystal Sheets Guide Plate Bottom
OLED Display OLED

) Metal
Polarizer  Glass \/ gncap Back Cover

http://www.lg.com/global/business/information-display/technology-solution/oled




Foldable AMOLEDS e

The foldable AMOLED panels are expected to account for 6 percent of total AMOLED panel shipments
(825 million), or 11 percent of total AMOLED panel shipments (476 million) by 2025.

[panB: HacbilEeHMEe pbiHKa «ODbIYHBIX» CMAapPT(OHOB N MOMUCK HOBbLIX PELUEHNI ANS Pa3BUTUS
PbIHKa.

Overview of Flexible Display Technology
Flexible displays offer many advantages over conventional display
technology including: ultra-thin, light weight, bendable, portable,
shatter-proof, unbreakable and low energy. Royole's flexible displays
will profoundly affect next generation electronics, by enabling brand
new form factors and applications.

Shipment forecast of foldable AMOLED panels
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Source: IHS Markit © 2018 IHS Markit




NonceeTka n otobpaxkeHne nHdopmaunm

.= TFT-LCD, OLED, and Micro LED differ z.

Potarizer [T

Glass Substrate
Color Filter
Liquid Crystal Solution

Glass Substrate

Potarizer [[TTTTTITITTITTIITITTITINIT

Bacidight Module

Polarizer |

Encapsuation
Electrode

e/eTe [N E==3
Organic Light-emitting Layer
HTL/HiL =3

Electrode

Substrate

Film or Glass ¢

RGB Micro LED

Electrode

Substrate

TFTLCD

Setup of electric circuit at the liquid crystal layer of
TFT LCD would trigger transfer of molecules, which,
coupled with color filters and backlight source,
endows each pixel three original colors red, blue,
and green, whose mixture creates light in various
colors.

OLED

Triggered by electric current, OLED can emit light in
various colors by mixing red, blue, and green light
from its organic thin film, which is more vivid than
common LCD screens.

Micro LED

Micro LED features miniature LED arrays, with each
Micro LED functioning as a pixel and can be driven
to emit light. With modules becoming smaller,bright-
er, image quality, and response speed improve.

“ITMO UNIVERSITY
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Million of units

MicroLED display volume forecast — aggressive scenario

330 329,3
312,4 .
300 -
Smartphones ? [—
250
200 Tablets TVs
150
100 \ R 4
. . 6,1 18,9
0 [
2017 2018 2019 2020 2021 2022 2023 2024 2025

B Smartphones ™ Smartwatches © Tablets “AR/MR M®laptops BTVs M Monitors EHUD

(Yole Develohhement Fehruarv 2017)




MwuKkpocBeToanoabl: CUCTEMbI OTODpaXXeHUs P —
MHdopmaLmn

TV

Smartwatches and
wearables

Smartphones

Apple

Virtual reality

SRRy, @

Oculus Laptops and

convertibles

Augmented/Mixed MicrolED TV prototype (Sony, CES 2012)
Reality

Microsoft Tablets
Automotive HUD

Acer




Packages Chips *

Applications

Csetoanoabl B 2018 rogy S TMO UNIVERSITY

LED landscape as of 2018

__ McoliD

Limit: Limit:
~150-200um ~50-100pm
. [ ] " . 0 .
> mm I mm 200um 150um 100 um 50 um 30 um 10 um 2um
o -
. N ® ; @ ]
V' Lumileds
umieas inni
Rohinni Sony X-Celepnnt Playnitride
Packaged: SMD, through hole SMD or Chip on Board %, 99
(smallest packages: 0.5 x 0.5 mm2) Assembly Fackugeiron:~Chip Oo Badrg oty
n .
Samsung Rohinni X-Celeprint VueReal
General & specialty lighting, LCD backlight units, Low pitch LED videowalls, LCD and Low pitch LED videowallMicroLEDdisplays
LED videowalls keyboard backlights (TV, smartphones...)
*To scale

(Yole Développement, October 2018)
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OcHOBHbIe 0651acT NPUMEHeHUA: 1) CBEeTOTEXHUKa aBTOMOOUNneun:
a) ronoBHOE OCBelleHue, XoaoBble OrHU
0) 3agHue ¢poHapu
B) MHOUKATOPbI, WKanbl, Npubopsbl
r) AeKkopaTUBHasA NoacBeTKa
2) cBeTOhOpbI U MapLUPYTHbIE YKa3aTenu
3) cMcTeMbl OCBeLLeHUs aBTOMOOUNbHbIX AOopor
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® Headlamp 2023 -~ b F3
® Interior Iighﬁng
® Small lamps

® CHMSL

-

2017 -~ N

.7$37.3B
”

- CAGR +5.3%

SSL
SSL

Incumbent
m Incumbent

Automotive Lighting 2018: Technology, Industry and Market Trends | Sample | www.yole.fr | ©2018
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Automotive lighting evolution:
from “basic” to solid state and digital lighting

“BASIC” LIGHTING

1898: |= electric 197 1: H4 halogen 2007: |=full LED 2014: |*headlamp ~71)

headlamp

»

lamp headlamp with laser booster

g o T —
[E| Toward new lighting
2017: I=“kilo technologies
pixel” headlamp

( bLP/DMD| [ Matrix Laser |

[ wars | [mini/micro LED)

[ LCD ] [ Laser Scanner]

with sensors and data
1992: |= 2013: I*LED 2016: 1* pixel 2018: |*“million e
generation of matrix LED headlamp pixel” headlamp T
xenon headlamp  headlamp (84 pixels)

(Yole Développement, November 2018)
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-20 -15 -10 -5 0 5 10 15 20
Sum = 0; Lmax at [-20, -6.75] = 0 cd/m?2

min = 0 [cd/m?2] max =0

FIGURE 2. Pixelated LEDs can (a) reduce high-beam glare (image credit: Daimler Benz),
provide Foreground Projection (FGP) overlay information (b) such as warning signs (image
credit: Lumileds), and extend the range (c) of high-beam illumination (image credit: BMW).
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LDs vs LEDs

Table 1 Radiance of a blue LED and LD.

parameter blue LED blue LD
power (W) 1 1
emitting area (cm?) 0.01 1.5x 1077
half angle (°) 45 15
radiance (W/str/cmz) 54 3% 10’
1.0
Revenues for LEDs in automotive lighting (a) A~ 450 nm, 80°C
($B)
0.8 + Future LED
3f0 g SOTA LED \- Future LD
& = l -
2.5 g 3 06 - .
s .2
2.0 <«Exterior O 2 04 4
lighting o W
125 2
<) 0.2 +
1.0 o
0.5 <Interior 0.0 } } }
i lighting 104 103 102 101 10° 101 102
00 3013 2014 2015 2016 2017 2018 2019 Current Density (kA/cm?)

Source: LEDs Magazine 05/2015 [J.J. Wierer Jr, et al., Phys. Stat. Sol. (a) 212 (2015) 980]
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Cucrema cBeTOAUOHOTO ocBelleHus nnanpoprl ; MautoBoe OCBelleHue
: Cucrema cBeTOAMOAHOrO OCcBeLleHus nocra 3L
E Cucrema CBeTOAUOAHOIO OCBelleHun Lexa
: >
PSR EEPEREERER ARG RN ER GNP AS SNSRI SNSRI BE IR ARy / i
i’
: it
(XL Cucrema CBETOAAUOHOTO OCBeLLeHUs NyTeBoro : ‘hb ‘ |
it KOMIneKca : \ iy ,i'
H -~ w ]
~ . :
=] :
Ex : —
TUC-P-2-A-M TUC-P-3-A-M
15 CBETHNBHMKOB
PKY-250(312B1)
Monuas notpebnaeman
INeKTpHYeCKan
MOLLHOCTD 4,68 KBT
Bbicota noggeca 12 m Bbicota nogseca 12 m
CBETUNbHUKIN PacnonoXxeHbl Mexay )K/ﬂ NNHUAMKU CBeTubHUKN PaCcNoNOXeHbl mexay )K/A NNHUAMN
PaccTosHue mexay CBETUNbHUKamMM 5-6 M PaccrosHne mexay CBeTUNbHUKamu 4-5 M

10 ceeTnbHMKOB

TUC-P-3-A-M (107 B1)

TNonuan notpebnsemasn Faoo Yogo 12000m |
anexTpuyeckan e N e——

MOWHOCTL 1,07 kBT 0 15 20 % " 650 700 7.50 8,00 850 9,00 950 1000 1050 K



CeeTognoabl 1 nasepbl B cMCTEMAxX Nepenaydn
NHpopmaLnu

BONoOKOHHO-ONTUYECKue nMHum cBa3n nnu Li-Fi?

WIRED %
FIRE WIRE 800 Mbps e = LED
USB3.0 SGhps 00 seee
THUNDERBOLT WI0Gkps 00 e laser
WIRELESS (CURRENT) Wavelength
WI-FI-IEEE (802.11N) 150 Mbps v
BLUETOOTH 3 Mbgs Boibop TMna wnctounuka gns BOJIC onpepensietcs Tpebyemon
DA 4 Mbps CKOPOCTbIO 1 COBMECTMMOCTbBIO C MCMONb3yeMbIM TUNOM BOSOKHA.
WIRELESS (FUTURE) B HacTosilee BpeMsi CKOpoCcTu nepegayn meHee 1 '6/c cuntarorcs
Wi-Gig 2 Gops CIIMLLUKOM HWU3KUMW, W CBeToAMOAbl aKTUBHO BbITECHAKOTCS
GigailR 1 Gbps nasepamu TMna VCSEL, CTOMMOCTb KOTOPbIX HE MHOIMM Bbllle, a
Li-Fi »10 Gbps aucnepcus ? BOMOKHE ropasfgo MeHblue Onarogapsi y3koum
crneKkTpanbHOM NNHNN.
MowHocCTb,
NMonoca nponyckaHus,
Tun npubopa [AnwvHa BOnHbI, HM BBOAMMAs1 B BOJIOKHO, My Tun oNnTOBOMOKHA
Abwm
CBetoanopg 850, 1300 oT -30 10 -10 <250 MM
850,
Naszep P-I 1310 (1280-1330), ot 0 go +10 >10000 MM, OM
1550 (1480-1650)
Naszep POC 1550 (1480-1650) ot 0 po +25 >10000 oM
Nasep VCSEL 850 otr-10 g0 0 >10000 MM




CBeTO,EI,I/IO,El,bI B CUCTEMaAX lnepenadu I/IHC*)OpMaLI,I/II/I

Tege
o

o
.

BonokoHHO-oNTUYECKMNE NMUHUN CBA3M

OnexTpuuecue Omvuecxvie
wHTEpdeiCh! UHTepKbeCH Mo npMeHeHwuto:
e e e e i *BHyTprobBLEKTOBbLIE (1-1000 M)
e, Tox ! e[ OpOACKNE, MEXTOPOACKME (30HOBbLIE)
npecBpazosaranu { | Haxauxu T : (50_100 KM, 710 300 KM)
‘ 7
\ ' eMaructpansHble (cBbie 300 Km)
[raonh o | Sovrepman ] wiyans [+ ipesian fof Amowssrop| [
: noTex | Mo guanasoHam:
! OxnamacHwe Weekos Lo d | :
: ' AnvHa BOmMHbI
(Pepwavers | HanmeHoBaHune M ’
MNoaknio4envie o
Bmux iap ST s O | OcHoBHoil 1260-1360
E | PacwmpeHHbIn 1360-1460
S | KopoTKOBOMHOBbIV 1460-1530
R P - C | CtaHgapTHbIN 1530-1565
LED I
\I (\9!\ 7 : 1 L | JNMHHOBOSHOBBIN 1565-1625
******** | S e - Core 7
‘ . Cladding ¥ U S;erﬂ'HMHHOBOHHOB 1 625—1 675

CeeTtoanonbl NpumeHsitoT B KopoTkux BOJIC ¢ HEBLICOKMMUW CKOPOCTSAMU nepedadn MHgopmaumn: aTo
NOBbLILLAET HAAEXHOCTb U OONTOBEYHOCTb MepedaroLllero MOAyns, CHWXKaeT ero CTOMMOCTb, Pes3Ko
ynpoLLaeT CTPYKTYPHYIO cxeMy. B 3TOM cnydae TepMOSanekTpuyeckue oxnaguternn He HYXXHbl, MOXHO
TaKKe UCKIMYNTL Lemnb (hoTOHYBCTBUTENBHON 06paTHOM CBA3WN.



BornokoHHO-oNTU4ecKkmne NIMHUN CBSA3MN:
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CBETOaAMNOAb!
" "N Formula Energy Gap Wavelength
4
4 = "\\ //l GaP 2.24 eV 550 nm
\\|/7y
v oo b % AlAs 2.09 eV 590 nm
Emission Pattern GaAs 1.42 eV 870 nm
$ ! P InP 1.33 eV 930 nm
> A N\ | /!
\i i/ N\ /A AlGaAs 1.42-1.61 eV 770-870 nm
~ .‘l_ ”
Surface-omitting LED e InGaAsP 0.74-1.13 eV 1100-1670 nm
XapakTepuctuka CeeToguopg Jlasep

BbixogHast MOLLHOCTb

NnHenHasa c Tokom

MponopunoHanbHa TOKy Hag NOPOrom

Tok OT1 50 no 100 mMA B nuke MoporoBbin TOK OT 5 o 40 MA
MoaBoanmas MOLLHOCTb CpeaHss Bbicokas
CkopocTb Huskas Bbicokas
MNonoca nponyckaHus CpepnHss Bbicokas

MCHOHbSyeM ble AJNTMHbI BOJTH

OT1 0.66 no 1.65 MKM

OT1 0.78 oo 1.65 MKkm

CnekTpanbHas nonoca

Lupokas (40-190 Hm FWHM)

Y3kas (o1 0.00001 go 10 Hm FWHM)

Tun onTOBONOKHA MHoromopnoBoe OnHomoaoBOe, MHOromMmoaoBoe
Ease of Use Easier Harder
Cpok cnyx6bl Oonble MeHblue

LleHa

Huskas ($5-$300)

Bbicokas ($100-$10,000)
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*B aape BonokHa 06bl4HO ncnonb3ytoTcss PMMA r
MNONMCTMPEH C NnokasaTernem npenomnenns n B 1.49 n @
1.59 COOTBETCTBEHHO.

*Obonoyka genaercs U3 CUIMKOHOBbLIX 3N1aCTOMEPOB
(n~1.46).

*bonblwas Yncnoeas aneptypa (0.48 1 0.63 vs. 0.2-1 aAns
GOF).

*Bbicokas rubkocTb 1 Manass CTOMMOCTb (HO HU3Kasd \
YCTOMYMBOCTb K TemnepaTtypam, 70 °C vs. 500 °C ans POF fiber Single-core sheath
GOF). L

*BonokHo co ctyneH4yatbim [T umeet gnametp 1 mm

- o — )
*[lotepwn okono 1 dB/m @ 650 nm (vs 0.1 dB/km ana GOF

Glass Optical Fiber (G OF)

@ 1 . 3 IJ'm ) . nghtLEsgurue [Cm] 100 L rg

*[Nonoca nponyckaHus ~5 MHz-km @ 650 nm. m‘ @

[1nunHbI BONH 400-700 nm (vs. 200-2000 ans GOF). BABRC OBl EA e P 0F)

strain relief using
aramide yarn

POF HasblBalOT «NOTPEOUTENBCKMM» BOMIOKHOM 6narogapsi OelleBU3HE CUCTEM U UX
KOMMOHEHTOB M MNPOCTOTEe MOHTaxa. M3-3a cunbHOro ocnabneHuma curHana u 60nbLnx
NCKaXXEHUN MX WUCMONb3YKT OANS HU3KOCKOPOCTHbIX KOPOTKOAEWCTBYHOLIMX (A0 100 MeTpoB)
NpunoXxeHnn — undpoBble ObITOBbIE YCTPOWCTBA, AOMALUHUE CETU, MPOMbILLNEHHbLIE CETU U
aBTOMOOUINbHbIE ceTu. [Ans Gonee BbICOKOCKOPOCTHbLIX MPUITOXKEHWN, Takux, Kak nepegada

OAHHbIX BHYTPW [OaTa-UeHTPOB WM BHYTPU 30aHWUWA, UCMNONb3ylTca nepdryopupoBaHHbIe
NONMMEpPHbIE BOMOKHa.



BonokoHHO-onTUYecKkmne NMHUmM ceasu: POF S TMO UNIVERSITY

OGnacTtun npumeHeHunA
(BNWHBI BONH 430-930 HM)

«ObpasoBaresibHble NPOEKTbI
«CBa3b 1K ¢ nepudpepunen
[lepenayva Bnaeo

*Po0oThI

«[lomalLHne ObITOBbIE YCTPOMCTBA
*MeguumHckne npndopbl N CUCTEMBI
*ABTOMODUIIbHASA 3NTIEKTPOHMKA

*AyanocucTembl

*ONEKTPOHHbIE UrPbl ey i g
«OneKkTpoMooUunu Devicex& W@. ‘
«3allLLEeHHbIe KaHanbl nepeaayn — Opical Fiter_)
OaHHbIX \ % A) }@Mm
*BHyTpucHUcTeMHas nepeaada JaHHbIX:

OT NNaTbl K Nnarte, oT CTOUKU K CTONKE LED/ rostonng Fo




BonokoHHO-onTUYeckmne nuHnm ceasn: POF S TMO UNIVERSITY

. -
A o Aom) AA(nm) Z}";‘\}')‘( X e ?r:,s)tance
IF E91A 930 50 50 1.0 us 1.0 ys <10
Lowest cost device in portfolio for short distance applications
IF E91D [870 50 280 3 ns 3 ns <10
Lowest cost, high electrical bandwidth device
IF E92A 430 80 25 0.6 ps 0.5 us <50
430 nm blue light for sensor applications in a convenient F/O package
IF E92B 470 30 75 35 ns 150 ns <50
470 nm blue light for sensor applications in a convenient F/O package
IF E93 522 40 |600 145 ns 80 ns <150
Longest distance device selected for attenuation minimum in PMMA fiber
core
IF E9GE |645 20 170 25 ns 25 ns <75
Lowest cost visible red LED device in portfolio
IFE97  [650 20 200 100ns [160ns (<100
High power red LED for low data rates
IFE98  [650 20 275 8 ns 8 ns < 65(4)
High power, fast electrical switching times for 50 Mbps applications
IF E99B |650 10 335 3 ns 3 ns <100(5)

httpVemtinigh powerdeuice fo5,126 MR
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Onsa cospnaHusa 6enoro ceeTa B Li-Fi CNonb3yeTcA nsnyveHme
CBETOANOA0B TPeX OCHOBHbIX LiBETOB, KaXXA40€e U3 KOTOPbIX
MOAynupyeTcA CO CBOEN COOCTBEHHOM YacTOTOWN.
3HauuTenbHoOe nocrnecBevYeHue noMmmHodopa B
NIOMUHOMOPHbLIX CBETOAMOAAX OrPaHNYNBaeT CKOPOCTb
nepepaym JaHHbIX C UX MOMOLL LK MerarepLoBbIM
AunanasoHoM. TexHonorusi UMeeT ooLn TepMuH VLC (aHrn.
visible light communication, YTO AOCNMOBHO O3Ha4YaeT «CBA3b
nocpeAcTBOM BUAMMOIO CBeTa»), UICNOSb3yeTcA CTaHaapT
IEEE 802.15.7, o6ecne4ynBaloLMi OCTAaTOYHYHO CKOPOCTb
ANns nepepayv ayavmo, BUAEO U Apyrux mynsrumeama
AaHHbIX. CKOPOCTb MOXET ObITb CHMXKEHA U3-3a NoOMeX OT
OKpYy>KaroLero ocBeLeHUs.

—

’ \VLCto PC
VLCto TV 0 )

/
VLCto Phone !

2

5ot
,\t‘

:
.o o

-

¥

CtaHpapT onpegenun Tpu PU3NYECKMX YPOBHSA CKOPOCTM:
1. PHY | 6bIn1 co3aaH Ansa Hapy>XHOro NnpMMeHeHus u paboTaeTr

1
o -(1) c 11,67 kbuT/c po 267,6 Kout/c,
2 :g ] 2.  PHY Il no3BonsieT AOCTUYb CKOPOCTU Nepeaayum AaHHbIX OT
SCE -4 1,25 M6uTt/c po 96 MouT/c,
g :g : 3.  PHY Il ckopocTb oT 12 M6uT/c no 96 Méut/c.
¢ -7
.§ —g 1 [aHHble ckopocTu ObINN aKkTyanbHbI A0 aBrycta 2013 roaa, no
£ 90 COCTOSIHUIO Ha aBryCT TexXHosorneun 6bi1na 4OCTUrHyTa
g 111 cKopocTb 1,6 '6uTt/c, B HOA6pe 2013 r. - 10,5 M6omnT/C (3,5
:}:23 ] i Fout/c ansa kaxporo uBeta). B 2015 r. 6611 ycTaHOBNEH
14 14 il i EER HEeKUn pekopa CKOPOCTU B NabopaToOpHbIX YCNOBUAX 224
10° 10* 10° 10° F6ut/c. B peanbHbIX NPUIOXEHUAX CKOPOCTb

Frequency (Hz) coxpaHsieTcsl Ha ypoBHe 10 'ouT/c.



TexHonorus Li-Fi: mogynauna curHana

Li-Fi modulation tech.

3332835 ITMO UNIVERSITY

I |

SCM OFDM (MCM) Other MCM Loie domain
[ I : I ]
- 4 Inherent Superposition : | ] : L -
(010)C DCO-OFDM unipolar OFDM Hybrid HCM CSK
PWM ACO-OFDM — eU-OFDM RPO-OFDM — WPDM — CIM
M-PAM PAM-DMT — eACO-OFDM P-OFDM — DHT — MM
M-PPM U-OFDM —1 ePAM-DMT Spatial-OFDM
DFT-s-OFDM — SEE-OFDM ASCO-OFDM
CAP — LACO-OFDM SFO-OFDM
PM-OFDM
ADO-OFDM
HACO-OFDM
ACO-OFDM: asymmetrically clipped optical OFDM ePAM-DMT: enhanced PAM-DMT OFDM: orthogonal frequency modulation

ADO-OFDM:
ASCO-OFDM:

CAP:

CIM:

CSK:
DCO-OFDM:
DFT-s-OFDM
DHT
eACO-OFDM:

asymmetrically clipped DC biased optical OFDM
asymmetrically and symmetrically

clipped optical OFDM

carrier-less amplitude modulation

colour intensity modulation

colour shift keying
DC biased OFDM

: discrete Fourier transformation spread OFDM
: discrete Hartley transform

enhanced ACO-OFDM

eU-OFDM:
HACO-OFDM:

HCM:
LACO-OFDM:
Li-Fi:

MCM:

MM:

M-PAM:
M-PPM:

enhanced unipolar OFDM

hybrid asymmetrically clipped
optical OFDM

Hadamard coded modulation.
layered ACO-OFDM

light fidelity

multicarrier modulation
metameric modulation

M-ary pulse amplitude modulation
M-ary pulse position modulation

0OO0K:
PAM-DMT:
PM-OFDM
P-OFDM:
PWM:
RPO-OFDM:
SCM:
SEE-OFDM:
SFO-OFDM
WPDM:

on-off keying
pulse amplitude modulation discrete multitone

: position modulation OFDM

polar OFDM

pulse width modulation

reverse polarity optical OFDM

single carrier modulation

spectrally and energy efficient OFDM

: spectrally factorized optical OFDM

wavelet packet division multiplexing



TexHonornsa Li-Fi

ln ut — ' -~ Output
L{WLED LD Transmitter | | Recel\«er O-E Amplifier
circuit Optics I Optics receiver
|
o :

-

[ransmitter Receiver
_______________________ ’ e e e e e e e e e e
Channcl

\Not\““g & Progo,, B TeXHOJ'IOFI/II/IUVLC cBeToauoabl MCNONb3YyHTCsA AN

Y mitigatiop ™ s 6ecnpoBoaHowm nepefadn  A@HHbIX Cc

e};@ N\AC Protoce, e“o | MCMONMb30BaHNEM  aMMIUTYQHOW  MOAYNSAUUK.

$ Vo O{p Curnan npuHUMaeTcs dooToanoaom C

& \6"3 aéOrz;/% % MCMNOSIb30BaHNEM TexXHonormm NPSAMOro

i x\ai“‘el mod@/ ol [NETEeKTUPOBaHMS. TexHonorus VLC
~ L

7(/: - nd S”bsj, i3 '\\J paspabatbiBanacb Kak cnocodb nepegayu
gy o ,o?\ & \\\5 o «point-to-point», - bakTU4YECKM, Kak 3ameHa kabento
iy Revice & ceasn. Cranpgaptvsaumsa VLC npuBena K

comp’{nents paspaboTke cTaHgapta I|EEE 802.15.7. Li-Fi, B

V‘ C oTnu4yne ot VLC, aBndetca 6ecnpoBogHOM ceTeBOM

TEXHOMOrmen, TO €eCTb MOXeT obecnevntb
ABYHanpaBneHHyl0 CBA3b  ANnd  HEeCKOSbKUX
nonb3oBaTtenen. Takxke TEXHONorus Li-Fi
obecneunBaeTr CBs3b Yepe3 HECKOSbKO ToYekK
AocTyna, 4yTO no3BonseT dopmMmupoBaTtb
«aTTOSMENKN» C NSIaBHbIM NEPEXOAOM OT OAHON K
apyron. 3To oO3Ha4daeT, yTo Li-Fi obecneumBaet
MNONMHYI0 MOOUMNBHOCTL MOMb30BaTENSA M MOXET
dhopmMmupoBaTb HOBbIM YPOBEHb CETU BHYTPU YXe

Space

.
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Why Philips
LiFi luminaires

Ideal connectivity: ------

Reliable network
(e.g. dense urban
environments)

Secure communication
(e.g. banks, government

military)

New-gen technology

(e.g. underwater, under-

ground)

Alternative solution
(e.g. hospitals, aircraft

Data reception
via USB access
key /dongle

TexHonorusa Li-Fi

Double benefits:

LiFi-enabled luminaires, without
compromising light quality or integration
with control systems

30ws 280

data, secure and
reliable broadband

OO0 =a

WiFi spectrum congested

Alternative to WiFi

10,000«

WiFi bandwidth

electricity savings®

*** |”TMO UNIVERSITY

How LiFi from
Philips Lighting works

Modem modulating the
LED light is integrated
in the luminaire

i

When the light is on,
LED starts to transmit
data to the LiFi USB
access key/dongle

v

Luminaire has
to be connected
to Ethernet

USB access key sends
back data through
the infrared emitter

|
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| ’ " RGB laser LEDs

' RGBLED |
Phosphor coated GaN micro LED % © Harald Haas

blue LED



TexHonornsa Li-Fi

IOP Publishing

* ITMO UNIVERSITY

Semiconductor Science and Technology

Semicond. Sci. Technal. 32 (2017) (23001 (40pp)

Topical Review

doi:10.1088,/1361-6641,/32/2/023001

A review of gallium nitride LEDs for multi-

gigabit-per-second visible light data

communications

:1,2.5

Sujan Rajbhandgrl , Jonathan J D’McKendry'*, Johannes Herrnsc}iorf‘,
Hyunchae Chun", Grahame Faulkner~, Harald Haas“‘, lan M Watson,
Dominic O’Brien” and Martin D Dawson’

! Centre for Mobility & Transport, School of Computing, Electronics and Mathematics, Coventry
University, Coventry, CV1 2JH, UK

*Department of Engineering Science, University of Oxford, Oxford, OX1 3PJ, UK

*Institute of Photonics, Department of Physics, University of Strathclyde, Glasgow, G1 1RD, UK
*Institute for Digital Communications, Li-Fi R&D Centre, University of Edinburgh, Edinburgh, EH9 3JL,
UK

E-mail: sujan.rajbhandari@ coventry.ac.uk

Received 22 September 2015, revised 21 September 2016
Accepted for publicaion 1 November 2016
Published 4 January 2017

CrossMark
Abstract
The field of visible light communications (VLC) has gained significant interest over the last
decade, in both fibre and free-space embodiments. In fibre systems, the availability of low cost
polymer optical fibre (POF) that is compatible with visible data communications has been a key
enabler. In free-space applications, the availability of hundreds of THz of the unregulated
spectrum makes VLC attractive for wireless communications. This paper provides an overview
of the recent developments in VLC systems based on gallium nitride (GaN) light-emitting diodes
(LEDs), covering aspects from sources to systems. The state-of-the-art technology enabling
bandwidth of GaN LEDs in the range of >400 MHz is explored. Furthermore, advances in key
technologies, including advanced modulation, equalisation, and multiplexing that have enabled
free-space VLC data rates beyond 10 Gbs™" are also outlined.

Keywords: LEDs, data-communication, visible light communication, gallium nitride LEDs
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Li-Fi
LED technology Maturity Bandwidth (MHz)
High power broad area LEDs Commercial mass production 20

GaN RCLEDs

Semi/non-polar GaN LEDs
Bespoke GaN epitaxial structures
GaN Nano-wire LEDs

GaN micro-LEDs

Academic prototypes

Academic and industrial research on epitaxial growth
Purely academic research
Purely academic research
Early stage of commercialization (targeting niche-markets) =>400

200

Prospect for 1000 MHz
120

1100

Plasmonic LEDs Academic prototypes 200
o ' «TpaanUNOHHbIE» HUTPUOHbIE
: o oo . ceetoanodbl  ONTUMWU3UPOBAHbI OIS
= f _ g NPUMEHEHNIN B CUCTEMAX OCBELLEHUS UM
2 /'\ < peomat NOACBETKU (3a UCKMHOYEHMEM
% I PN protie : . MUKPOCBETOAMOA0B) U X AN3alH HaLeneH
§ C LI o . Y Y Ha NOCTUXKEHME MaKkcumarnbHou
e rdoped GaN * 9 PEKTUBHOCTMN U MOLLHOCTU NPU HU3KOM
ZL ; . ° i * cebecTonmocTy, a He 4acToTbl
e S o 8 T o g g ¢ Moaynsauny, Tpebyemoii ansa VLC. CTopoHa

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year

Figure 10. Progress in the reported data rates using visible GaN
LEDs, black (circular) dots representing demonstration without any
multiplexing, red (square) those with spatial multiplexing and blue
(triangular) those with WDM.

TUMMUYHOIO YKMna — HECKOSTbKO COT MKM. OTO
NO3BONAET ycrnelwHee BopoTbCa C droop-
adopektomM n oTtBoaUTL Tenno. OgHako u
anst  Taknx  CBETOAMOOOB  BO3MOXHO
NOSyYUTb YaCTOTYy MOAYINSUUM HA YPOBHE
20 Ml wu.



YnerpadmonetoBoe nsrnydyeHne M UCTOYHUKU CBeTa CHHHT ITMO UNIVERSITY

OCHOBHOW €CTECTBEHHbIN UCTOYHUK YO nanyvyeHuns Ha 3emne — ConHue (10%). CooTHOLIEHNE
MHTEHCUBHOCTU N3nyveHuns YO-A n YO-B n obuiee konmyectso YO nyyen, 4OCTUraOLLINX

NOBEPXHOCTN 3eMSU, 3aBUCUT OT:
*KOHLIEHTpaLunn atMocdepHOro o3oHa Ha, 3eMHOM NOBEPXHOCTLIO
*BbIcOTbl ConHua Hag ropu3OHTOM
*BbICOTbl HAZ, YPOBHEM MOPS
*COCTOSAHNA aTMOCdEpPb!
ecTeNneHn oTpaxeHus YP-ryyen oT NOBEPXHOCTU (BOAbI, NOYBLI)

cKycCTBEHHbIE NCTOYHUKN YO N3nydeHuns

<N
=]
™

Altitude (km)
8

N
]
T T

Tropop -3

10 20 30 40
Ozone (DUKmM)

CTtaHgapTHOe CUIMKaTHOE CTeKo
GrokmpyeT 90% U3ny4yeHusi ¢ ANMHON
BOJTHbI KOpo4e 300 HM

TpapanumnoHHble Yo namnbi: (a) pTyTHas, (6) kceHOHOBaS, (B) AenTepneBas.

,,
s
"
=
= —
. I

B Ow In W I M TN N0 NS M % M0 @3 e 4 W 00 500

Bt e B

[aBneHuve B pTyTHOM Nnamne
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PtyTHas PtyTHas KceHoHoBas | JeutepueBas

namna namna namna namna

HU3KOro cpeagHero n

OaBneHus BbICOKOro

baBneHus
MpumeHeHue ae3nHdekuua | aesuHdeekuma | nabopaTopHble aHaNUTU4YeCKue
1 YO® cyuwka MHCTPYMEHTbI
BxoaHasn 5-100 100 - 60 000 150 - 5000 30 -200
MOLLUHOCTb, BT
A hekTnBHOC 15-30 30 30
Tb, % WPE
Cpok cnyx6bl, 2000 - 10 000 2000 2000
Yy
CpenHss ueHa 2-100 100 - 500 100 - 300 200 - 300 : ’
npoaaxu, $ s e : 7 N
[ o BATESCIRE e T

CTtabunmsaums anekTpUYecKMX U CBETOBbIX MapaMeTpoB PTYTHOWM raMnbl HAcTynaeT Yepes 10—-15 MWHYT NOCHe BKIHOYEHMSI.
N3meHeHne HanpsiKeHusi nuTatollen cetu B Gonbluyto UM MEHbLUY CTOPOHY Bbl3biBA€T COOTBETCTBYHOLLEE U3MEHEHUE
CBETOBOro Notoka. OTKNOHEHMEe NUTAaOLLIEro HanpskeHns Ha 10 — 15 % AOMNYCTMMO M COMPOBOXAAeTCsl UBMEHEHMEM CBETOBOIO
noToka namnbl Ha 25 — 30 %. MNpy YMEHbLLUEHUW HanNpPsKeHUs NITaHns meHee 80 % HOMMHANbHOTO, lamMmna MOXET He 3a)KeubCsl,
a ropsillas — noracHyTb. [py ropeHun namna cunbHO HarpeBaeTcsi, YTO TpebyeT UCNoNb30BaHUS TEPMOCTOMKNX NPOBOAOB,
npeabsiBNseT cepbésHble TpebGoBaHNA K KayecTBY KOHTaKTOB NaTpoHOB. MocKonbKy AaBrieHWe B roperike ropsidert namnbl
CYLLECTBEHHO BO3pacTaeT, yBenMyMBaeTCs U HanpshkeHne eé npobosi. BennunHa HanpshkeHUst NUTaoLWEen CETU OKkasbliBaeTCs
HeQoCTaTOMHON AN 3aXKUraHUs ropsidert namnbl U NOSTOMY Nepen NOBTOPHbLIM 3aXWraHWeM famMna AofkHa OCTbiTb. JTOT
appekT ABNAETCA CylecTBeHHbIM HeAOCTaTKOM AYroBbiX PTYTHbIX flaMn BbICOKOIO AaBMEHWs, MOCKOMbKY AaXe OYeHb
KpaTkuii nepebor NUTaHMs UX racuT, a Ans TOBTOPHOTO 3aXkuraHust TpebyeTca AnuTenbHas naysa Ha ocTbiBaHue. Kpome Toro,
3 PEeKTUBHOCTb CaMUX lamn 3aBUCUT OT TemnepaTypbl OKpyKalolen cpedbl U MOXEeT nagatb Ha 10% NpU U3MEHEHUM
Temnepatypbl Ha 25 °C.



YneTpacdhuonetosoe nsnyvyeHue BT

N ACTOUYHUKUN CBeTa
QKCUMEPHbIE NaMMbl 1 f1a3epsbl

«Kenmep» = «Excimer»= «Excited dimer".
«/AIckycCcTBEHHO» cO3faHHasa napa aToMoB rasa,
OOVH W3 KOTOPbIX HaxoauTCA B BO30Y>XOEHHOM
cocTosaHUU. Takoe cocTosgHWe WMeeT Manoe
BpPEMSI XXM3HU, N napa ObICTPO pacnagaeTrcs C
nanyyeHvem YO. lNonywmpuHa nuHNUM N3nyvyeHus
OYeHb y3Kasd, 40 10 HM.

CyLLEeCTBYIOT 39KCMMEpPHble Jlammbl C ONVHaMu
BOSIHbl U3ry4YyeHuss oT 120 go 380 HM. JITO
NpPaKkTUYeCKU MOHOXPOMATUYECKOE U3NyYeHmne,
Pa3pan Bbi3biBaeTCA SNeKTpUYeCcKMM nosiem
pagmoyacTtoTthl (<1 MIu).

Characteristic LP Amalgam Excimer XeBr
UV spectrum 185, 254 nm 282 nm
Mercury Free? No Yes
Surface Temperature (°C) 90-120 <100
Plasma length (cm) 20-150 15-60
Electrical Power (W) 40 - 500 60 - 2,000
Specific Elect. Power (W/cm) 1-3 30
Specific UVC flux” (W/cm) <1 <3

UVC efficiency (%) 35 8




YnbTpadgmonetoBoe nsnyvyeHue
U UCTOYHUKU CBeTa

Small is Problematic tor Hg

;;#gggsiﬁi ITMO UNIVERSITY

Smallest Hg lamp is double the size of LED lamp

LED lamp includes drive and monitoring circuitry

3000

2500

2000

1500

1000

500

Surface Area Power Density (mW/cm?®)

T T T
LP-Hg MP-Hg UV-C LED

Lamp Heat and Light Direction — Fouling Potential

i
S i v, QLY
O LY
L ~
,' ] ‘\ 3 &
T
I -radiant UV energy
I -radiant heat

1111

Lamp Output vs. Water Temperature

Lamp Output (%]

Lamp Aging with High On-Off Cycling (over 10/day)

Lamp Output (%]

g

R L
Parameter Brand Philips Philips2 Ushio3 AquiSense
MPN (Part No.) 3000022 | PL-SSW/TUV 325126 3000304 PAQC-1
Lamp Architecture T7 Twin-Tube Twin-Tube Twin-Tube PCB
Base Type E17 G23 G23 G23 PCB
Life Hours (Hours) 3,000 8,000 8,000 8,000 10,000
Wattage (Watts) 3 Watt 5.5 Watt 9 Watt 9 Watt 8 Watt
Voltage 10.5 34 60 59 12
Current (Amps) 0.3 0.18 017 0.18 0.35
UV-C Output (Watts) 0.16 11 23 24 0.18
Wavelength 253.7 nm 253.7 nm 253.7 nm 253.7 nm 270-280 nm
Length (mm) 63 85 145 145 20X 30
Diameter (Inches) 20 254 28 28 2.6 (height)
WPE 5% 20% 26% 27% 2%

8
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—Red LED ==Blue LED =~=UV-A (365nm)LED ==UV-C LED
a0 UV-LED applications map
Irradiance (mW/cm?2)
v

80 S5 D=3 —=-
100 £ é-------‘-,‘“:----------—-—-m ’
70 i i Semi ictor
Bl 5 y 5 developmient
60 e L“"i g B 436 nm
p— 10b" Organic decomposifion " ’ Phétocatdyst
2\0, 50 \__\:'-iaste water treatm}-n’t/,' Under 385:Enm
w Qzone "~~~ ﬁ Air purificgtion, sterilization,
% 40 production Sﬁ;riization deodonzn?g
30 1= Phototherapy
11T 1 17 1 ¥ 12~ /2 1 1 |1 0 pasmsenswwensswedy 308 nm
& Sensing )
o0 1 1 1 @ | plg | L | @ L | TrttssdiascacaesndiiyemeT
DDM application
0 ] | ] ] ] ] ]
10 200 225 250 275 300 325 350 A 375 400
/ Low-pressure mercury lamp | Wavelength (nm)  [High-pressure mercury lamp
0 254 nm 365 nm

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Year

2015 to 2021 UV LED market size (chip & package)
Comparison of main categories of application (curing, disinfection / purification,
other traditional applications and new applications)

(Source: UV LEDs - Technology, Manufacturing and Application Trends, July 2016, Yole Développement)

1200
New appications (CAGR 2015 - 2021 = 57%)
1,000
ﬁ 800 Second growth cycle driven by UV purification /
e disinfection (CAGR 2015 - 2021 = 210%)

2008 2009 2010 2011 2012 2013 2014 2015 016 2017 W18 2019 2020 202!

& Other tradeional applications  ® Curing Disinfection / Purification * New applications
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YO cyuwka (UV curing)

Lff L%ZTN:; Structure [;]"IF Compact

UV Ink Reaction to UV Radiation

Bulky'T i
@ Oligomers
e Monomers =
+ Photoinitiators ngh J'\;;’;,.; Power % Low

consumption

¥ ¥ ¥ ¥ ¥ ¥ ¥y I

/
Sl N § Monomers
* . ' 2
. + Photoinitiators
“working”

i

: .~ Heat ‘-
L ~ Sy = e

°
0

UV energy hits the photoinitiators
which become excited, passing energy
along to the other components. This

S
Ultraviolet Radiation : :
J% k % % % % : LI Long Standby time Short
.. o * . N .3 @ Oligomers m
o 3 :
©

Substrate

stimulates a bonding process between molecules. g S
- —— Mercury used Environmental . No Mercury
' \ ' Oligomers b d o il
‘ . yureen used
Monomers =
o Rupted
Photoinitiators
Excited components are called free radicals. mve|ength
Free radicals keep the reaction going. Broad — Narrow
When all of the components are used up, i FAY
you are left with a cured or polymerized film. ! // -— ’f N ‘:-
[ e a—— A— -

YO cywka (UV curing) ncnonb3syertcs B npomMbliwsieHHocTn ¢ 1960-x roqoB, OCHOBHbIE
o6ractm nNpMMeHeHUs: aBTOMOOMNECTpoeHue, 3NeKTPOHUKA, nevyaTb. PbIHOK 3TUX
npunoxeHuun pacteéTt Ha 10% B roa, BbITeCHASA OObIYHYO TENJIOBYHO CYLUKY Graropaps
Gornee BbLICOKOM NPOU3BOAUTENILHOCTHU, YIyUYLLEHUIO KayecTBa HaHeCEeHUs1 NOKPbLITUN
n 6ornee 6e3o0MacHOM N 3KONMTOrMYHON TEXHOSNONMN NPON3BOACTBA.
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Y® nevyaTtb

MpeumyllecTBa CBETOANOAHBLIX YCTPOUCTB YO neyatu:

*Bonbwnn pecypc WUCTOMHUKOB cBeTa. Ecnm cpok cnyxO6bl OObIYHbLIX Y® namn, WUcNonb3yeMbiX B
wupokodopmaTtHbix Y® npuHTepax, oueHuBaetcsa B aumanasoHe ot 800 no 1000 yacoB, ynbrpacduonetoBble
cBeToamoabl cnocobHbI achdekTMBHO npopabotaTtb ot 4000 oo 10 000 yacos.

*OTCYyTCTBME B ChNeKTpe cBeTa, reHepupyemoro Y® cBetoauMogamMum, MHQpaKpacHbIX Jy4vyen, 4YTO Aenaer
BO3MOXHbIM MNe4yaTb Ha MaTepuanax, YyBCTBUTENbHbIX K HarpeBy, a TakKXe Ha HOcuTesnsixX, co3gaBaBLUMX
npoo6nembl NpPM NONbITKaX Hane4yaTbiBaHUA C NOMOLLbLIO TPAAULMOHHBLIX YO NPpUHTEPOB Ha PTYTHbIX flaMnax.
*[loBbllWeHNne NPOU3IBOAUTENBLHOCTM MeYaTHOro uexa B uenoM. OTO OOBbACHAETCA TeM, YTO nepen 3anycKom
npuHTepa B paboTy cuctemMa OTBEepPXAEHUA YepHUN B TPAAULMOHHbIX Y®P npuHTepax TpebyeT BpemMeHM Ha
pasorpeB no 40 muHyT. B cnyvae, ecnu cucrtema ¢ukcaumMm KpacKu MOCTPOEHa Ha OCHOBe CBeToAuoAaoB,
Heo6X0AMMOCTM B pa3orpeBe UCTOYHMKOB CBeTa HeT: MPUHTEP MOXHO 3anyckaTb B paboTy cpa3y e no mepe
HeoGxoAUMOCTMN.

*Bonee BbicOKas 3HeproacpeKkTMBHOCTbL YNbLTPaPUoNeToBbIX CBEeTOAUOAOB NO CPaBHEHUK C PTYTHbiMU YO
namnammu.

*HapexHocTb cBetoauoaHbix Y® namn (MX HEBO3MOXHO pa3buTb, B OTNUYME OT KONO PTYTHbIX namn) u
noBbilWleHHasa 6e3o0nacHOCTb NpU 3KcnnyaTaumm (Nnpu paboTe oHU He BbIAENSAIOT 030Ha B aTMoccepy).




YnbTpadmonetoBblie cBeTOANOAHbIE CUCTEMbI B TEXHUKE,
ouonormn U meguLmnHe

3oHa

TPOBOAMMOCTH

V@ cer

doToKaTannTn4yeckas ouYMCcTKa

Oprasu4yeckue BenecTsa I

05,.—POH _,

OH_,

TIPOMYKTbI OKHCICHHS |

YP-A n3nyyeHue cTumynupyet OKUCNUTENBbHO-
BOCCTAHOBUTESbHbIE peakuum dooToKaTanUTUYECKNX
mMaTtepuanos, 4alle Bcero TiOz, YTO NPMBOOUT K YUCTKE W
aesnHdekunn. [aHHbIM MexaHu3M aKTUBHO WCMOSb3yeTca B
cucteMax KOHONLMOHMPOBaHMA BO3ayXa N AN OMUCTKU BOAbl B
nepsyto o4vepeab B 6onbHMUAX W HENPOWU3BOACTBEHHbLIX
obbekTax, a Takke B pacTeHuMeBoacTBe. Hambonee akTtMBHO
Takne CUCTEMbl NPOM3BOAATCA B AMOHUM, N OCHOBHAasi 4acTb
cucteMm  portokatanMTUYECKOM OYMUCTKM  MOKa  OCHalleHa
TpaanuuMoHHbIMM YO namnamu.

Nbineson punuTp

Doroxkaranmiarop

Namna YO®-A auanasona

HucTemn MpR3vLIA
BO3AYX 803QyX




YneTpadmonetoBble cBeTOANOAHbLIE CUCTEMbI B TEXHUKE, B

ouonormn U meguLmnHe
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Why System Design Matters

* The design of the system is just as important as the LEDs within it.
* Mercury lamps are 15-35% efficient so they can be pared with a moderately efficient reactor.
* UV LEDs are less than 5% efficient so they must be paired with a highly efficient reactor.

]

elell[sense

technologies
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UV LED Lamp

Traditional UV Lamp

M.Kneissl 1 gp., 2011, «Advances in group llI-nitride-based deep UV light-emitting diode
technology», Semiconductor Science and Technology, 26 014036
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UV light
T T T T T Wavelength Type of light
0.1 —0.38 um UV light
0.38 - 0.75 pm Visible light
0.75- 1.4 pm NIR: Near infrared
o [.4 -3 um SWIR: Short wave infrared
Visible D
light 3—-8pum MWIR: Middle wave infrared
8 —15pum LWIR: Long wave infrared
[5— 1,000 pum FIR: Far infrared
Infrared
light

MK nanydeHne Takke HasbIiBalOT «TEMNSIOBbIM» U3NYYEHUEM, TaK Kak BCe Tena, HarpeTble 4o
onpegeneHHon Temnepartypbl, usnydawT 3aHepruio B UIK obrnactm cnekrtpa. lNpu atom
nany4vyaemole OSMHbI BOMH 3aBUCAT OT TemrnepaTtypbl Tena: Yem Bbllle Temneparypa, TeMm
Kopoye AfnHa BOSHbI 1 bonblue aHeprusi. CnekTp nanyydeHmsa abcontoTHO YEPHOro Tena npu
Temnepartypax Ao natucot rpagycos nexmnt B UK gmnanasoHe. [pu ganbHenwem
HarpeBaHUM Tena OHO Ha4YMHaeT U3rnyyaTb SHEPrnio B BUOAMMON 0BacT cnektpa n MOXKHO
YBUOETb CHa4yana TeMHO-KpacHoe, a 3aTteM apkoe 6ernoe cBevyeHue.



IHdbpaKkpacHble cBeToanoab!

Traditional IR lamp systems:

* The system is designed around the
lamp

* The IR system includes reflectors,
power supply, ballasts, optics,
electronics and housing.

* These are basic systems with
little potential to add smart
functions.

IR LED systems:

* The LED module can be adapted to
the system.

* |R LEDs are miniaturized
semiconductor devices, and can be
associated with other
components and data processing !
for advanced applications and —
smart functions.

CnocobHocTb NonynpoBOAHNKOBBIX MaTepuanos ucnyckatb VIK nanydeHune 6bina Brnepsble 3ameyeHa B 1955
rogy P. BbpayHwTtenHom wn3 komnadimm RCA (CLIA). OH wuccnepgosan WK wuanydeHne amnogHown
nosynpoBOAHUKOBOW CTPYKTYpbl Ha ocHoBe GaSb, GaAs, InP u cnnaesa SiGe npu npoxoxgeHun
anekTpuyeckoro Toka. B 1961 rogy P. bapg v I'. TlutmaH n3 komnaHumn Texas Instruments nonyyunun narteHT
Ha MK nonynpoBoAHMKOBLIA cBeToanon Ha 6ase apcenuga rannusa. B 1976 rogy T. Nupcenn, uccnenys
HOBble MOSYNPOBOAHWKOBbIE Martepuansl, nony4un nepsbin  cBepxbsapkun WK ceetoguon Ang
ONTOBOSTIOKOHHbIX JIMHUIA CBA3W.



UK nanyyatenu: ceetoamoabl u
rnasepbil

1960 1970 1980 1990 2000 2010 and more

1 | 1 1 1 1 . Timeline of
I I | | | | development

Timeline represent first R&D toward these applications

* Proximity

* Surveillance * Eye tracking

2 sensors
* Photo camera with * Gesture
interrupters nightvision sl recognition
1961: Creation P 20 departure &
* Smoke * Remote * Adaptive . systems
of IRLED : warning
detectors controls cruise control S * Occupancy
. * Pulse oximeters * IR touch (ACC) systems % detectors
1962: Creation : j * Blind spot ;
* Traffic pre- screen displays * Automatic * Driver
of IR laser : detectors S
emption number plate R monitoring
systems recognition systems
autofocus
systems i ()
systems

* The first big consumer applications using IR LED was the remote control one (in the 1980s), followed by
surveillance camera with night vision (in the 990s - following the development of image sensors).

* Nowadays, development of new / smart functionalities in smartphone, medical, automotive (...) and
development of breakthrough devices / functions (i.e.: wearable, AR / VR) is driving IR LED / lasers
towards new applications.In this field, proximity sensors have opened the way. a

02017 | www.yole.fr | LED Taiwan 20 IR / UV Summit
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IR light source market forecast - by key segment

® Optical communication

® 3D Sensing

2018e
Total market: $1,8B

CAGR +29%

2023e
Total market: $6,5B

(Yole Développement, October 2018)

IR light sources market shares - 2016 vs 2022

/““ e ‘.:‘)‘ a
Enhanced -
- Backgroundremoval,direct eye-contact mmmjmmm
video call e 4

VCSEL
45X

VCSEL

3D ToF cameras could have a e ) 2%
big interest in iPhone, -> Morphing:Real-time filters

iPad/iMac/Mac series (Security (AR, face-swap) on Facebook,

Easy

unlocking login/multi-user account). Snapchat,Instagram

Apple TV (gaming, gesture
recognition).Apple Watch

| (security (face detection) for =R LED

\ NFC payment) and also... @ =

\ Apple Car (HMIdriver

\ monitoring, etc.) am

‘ 45%

\
Briceshifc Gamin -> Face recognition (increase ff; EEL
7 g security combined with ™
( vatar) fingerprint for mobile payment)
, Over a total market size of $450M Over a total market size of $1,550M



UK usnyyaTtenu: ceetoguoabl U

Timeline for major IR lighting applications, by technology
LED vs. EEL vs. VCSEL

(Yole Développement, October 2018)
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brnivkHnn K-gmnanasoH

IR light Wavelength Development
source status

Application IR light function

Optical To transfer data IR EEL 850nm to

communication through optical fiber IR VCSEL 1550nm & Smercinlized

Remote control e con;::ilcaedlstant IR LED 940nm Commercialized

To provide artificial

Horrtlcu-ltural light to increase IR LED 23 to Commercialized
lighting : 750nm
yields
Movie piracy To prevent movie 850nm or Not
: e IR LED L
prevention recording in theatres 940nm commercialized
Mostly to detect the

Proximity sensors hursn Sar anc IR LED 950 nm Commercialized

disable touchpads
during phone calls

To measure the
Tilt sensors inclination or tilt of IR LED 940nm Commercialized
an object




VIHppaKpacHble cBeToaMoabl
CpeaHun NK-gnanasoH

dkonorusa

n3mMepeHne KoOHUeHTpauun yrriekmcrioro ra3a B noMeLweHnAax
n3MepeHne KoOHUeHTpaunn yrrekmcrioro ra3a Ha ynmuax ropogos

33333 ITMO UNIVERSITY

ZZRAN
*  KOHTPOJb BbIXJTOMHbIX ra30B MaLUWH &«

*  KOHTpOnb cocTasa buorasa Ha cBarkax o 5 Y

*  KOHTPOIb yTevek BbITOBOro NpMpogHoOro rasa *‘“ ,‘E [ £

*  KOHTpOIb BbIOGpOCOB BpeaHbIX ra3oB B aTMocepy S AN I

*  KOHTPOMb 3arpsi3HeHns BOA yrresogopoaamm ﬁ\\\ ol ) " m
MepauumnHckasa amarHocTUKa

*  N3MepeHue YIreKkncnoro rasa B BblAbIXaeMOM BO3yXe » 4 Q) A

*  M3MepeHuVe aueToHa B BblblXaeMOM BO34yXe O e N\

*  HeuHBa3MBHbIN aHanNn3 cogepXXaHus rMKo3bl B KPOBU w Q0

Hed)TerasoBaﬂ n yroribHasdA npomMbIlWLIIeHHOCTb

N3MepeHne CoaepxaHus Boabl B HEPTH
N3MepeHne copepxaHusa ceposogopoaa B HedbTu
KOHTPOmNb yTe4YeK MeTaHa

Xumunyeckasa n POMBLILWITEHHOCTb

HenpepbIBHbIA KOHTPOIb 3a TEXHONOMMYECKMMM NPoLiEccCaMm

LienntonosHo-6yMaxHasi NpOMbILLNIEHHOCTb

HenpepbIBHbIV KOHTPOIb BNa)XHOCTM Oymaru B npoLecce Npon3BoACTBa

MuweBasn NMPOMbLILWIIEHHOCTb U CeJibCKOe XO35IUCTBO

N3MepeHne BNaxHOCTU 3epHa 1 ApYrmx npoaykToB
N3MepeHne coaep)kaHns KNnenkoBMHbI U OPYrnX BELLECTB B 3epHe

BbiTOBasA TexHUKa

N3MepeHne YIrmeKUCcrioro rasa v BNnaXHOCTU B KNMMaTUYECKUX CUCTEMAX
BCTPOEHHbIE MUHUATIOPHbIE CEHCOPbI B MOOUMbHBLIX TENedoHaXx 1 HoyTOykax



VIHppaKpacHble cBeToaMoabl
CpeaHun NK-gnanasoH
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[pouspouTesH

aBTOMOBLIelt It HayuHble LIeHTpHI, Photon cnergy (GV)
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VK cBeToamnoabl NpeBOoCXoOaAT NPUMEHSEMbIE cenyvac TeNsioBble
nctodHnkn MK nanydeHmna no crnegyowmm napamerTpam:

*KOMMAaKTHOCTb (pa3mep 4umna 0.3x0.3 MMm);

*HMU3KOE 3HepronoTpebneHne (B UMMNyribCHOM pexume nopsaka 1
MBT);

*BbICOKOE DObICTPOAENCTBME (OECATKM HAHOCEKYHA);

*6onbLION CPOK CIyk0bl (80 000-100 000 Yacos);

*BO3MOXXHOCTb CO34aHUA MUHNATIOPHbLIX MHOTO3EMEHTHbIX
NUHEEK U maTtpul,.




BepTukanbHo-mn3nyyatoLime nasepbl

VCSEL specifications vs. Application requirements

10 to 75mm? ( D\
5 to 40W
Increase of die
size, number
of cavities,
* ADAS LiDAR :
« Industrial power output

0.06 to

0.4mm? cutting
.4mm’

. 10 to 350mW * 3D sensing

0.02 to * Depth camera

0.06mm? * Medical P

* Gesture
recognition

* Laser autofocus g

® Iris scan

' * Optical mice

3 to 40mW

(Yole Développement, July 2018)
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Time-of-Flight (ToF) Technology Using Light

Distance Measured

VWV —
-

Signal Owt:  \ O\ "\
Signalla:  \ N\

Time-of-flight principle
Source: TeraRanger

Surface emitting laser

VCSEL in SMD package

Source: Philips Photonic

Source: The Optical Society of America
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Nnpapebl

b) 1548 nm
photodiode
Return . ; .
froe Dichroic ,1064 nm
target beamsplitter photodiode
Telescope
Scan w
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Green 1064 nm 1548 nm
laser laser laser
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VCSEL market forecast by segment

Aol ~a023
bl

P 2023 ™
$3,500M \
4
o \
- 2017
Courtesy of Apple \
3 |
\\
CAGR +48% |
\
\ / \
7
N i
. Consumer Datacom W [Industry

(Yole Développement, July 2018)




Cnacmnbo 3a BHUMaHue!

KoHeLl, BTOpOU 4YacTu



