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Integrated sgstem of visible light communication and fast vehicle ahead
recognition by high-speed stereo camera and visible light ID
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The purpose of this research is to realize an integrated visible light
communication (VLC) system that not only perform communication but also achieve range estimation.
The system adopts two high-speed cameras and analyzes a spatial-temporal image and a
spatial-temporal cross image. Based on the analysis, we enable diversity reception for image-sensor

based VLC. As a result, maximal ratio combining is also valid for image-sensor based VLC, and the
system achieves a precious range estimation using sub-pixel estimation.



B X C—19, F—-19—1, Z—19, CK—19 Jm)
1. ML ynE s

LED % miailatsd 2 & CIERAILEAT 5 1854 rITDEHE SRS, FIDEBEEN 11Xk 912, i,
RSN L TR | £, BESH TROERDOH 5 KEERE T2 (IEEE) 0D Optical
Communication Workshop (OWC) 235, A> ot L Chlfg S, HARMIZT L—2 32K H 5. BEZ, IEEE
802.15.7 X°JEITA CP-1222 7 EDEHE L B HlE SAV TR Y, FISDGEEI ZHIOBITEESED b ER b~ DT>
HDH. LInLRnb, BUFRNESN TODFHDLEES AT AL, ZOIEEAEDEN - FHEERE COFIAEEEL
TobDT, B - BEMART ORI GBEOHIE I

- — ERKFBOWC 14T
ﬁﬁﬁ@ii}fﬁb‘%io‘(\,\éﬁﬁ] SR DT
TR (S BYE

‘ IEEE Communication Magazine TH% ‘ v
]

)

250
200
150 [ ATEMEIERMIEEE 802.15.7 U U—2X
100 I

50 ‘
0

BRBICEVLCHIfE

AR—I U FEIE
HEEER

||
A P OO DD DO
L' &
PN 5y (= o

B4 Image 1

RAEEDHRZHRDD : 1°"/° S;:z"' |
SETArEERREEL | | | \ &2 i

[(rimEEdy Y —> 7 sgy | mEkEE B |

DITERER

=

TR ES

ise sources
(the Sun, streetlights, etc.)

A
el

LED of infrastructure
DATAA

P > PP PO
L O " &
R

1
-

LED of vehicle
=) oimas
 E—)

i

1 RGBS OZEE 2 [TSAMRABEEICHEIT 54 A —2t Y DOFIR

HEEEIIAIDIGEE D ITS ~IH (BSh - BB O RITDEEE) ([ OW TR 2 ERTE TS, &b,
FE IS KO AR E IS OV TR L TR Y, TR AT T 5.

FFEE OIFFEORHST, SZEMICEEED A T (FA A— ) #AVTWSAI2H5. X 2 12 ITS A
SERIEIZRIT A A=Y ORSERT. A A= HIT 4 A A—F (PD) WK AT R A &
5. ZZT—oDPD hhARAHEH (780 1%, L RAEELTL DIa2M BT 5 2 L3 TE S 20
728, BRINELE A D KB D DG T, IG5 R DRI HIUE, L CTIEFICE 5. ZhudBHo
BEOEEN B ORER G FRHZE TE 5 2 L 28T 5.

ST, WEDOHATDT L—AL— MNIT=)7280fps THY, WEARICITES /2. £2C, 1,000 fps LLE
DOFEEN AT (FiA A=) ZZEAIF L Q0D EED A 71, ~>revar, aRy M,
HU OO HEREAHAE - IO ELE 9 L LT, EHIITWD. 72& 20E, 1,000 fps THE T 2%, 1ms fi
(BT CE 5. 27z 36km/h CAHEATT D BENBIIIZAED lem LAV, ZiUdL, A A—T ko
RV TRIHDGEBEFEINE L A SN L1722, FEE, BRSSO LIZL DT, 720vEir 01 B
TR LN L7V S 51T, WEZERmifg (B A R el C -t 3 YocZemml) & RpZeriimmimifs (W
ZefEE A & DI CEI Y H L7ZIEi) 2> BEA B X 91, FlART 2 FIDEAEIRE B 5 Z LIRS Th 5.
ZDZ LT, AHDGEEROEEERS T THELS, SHERRL FRETH Y, BT 2ms COEdEk A FREERR CHER
HEHTHD.

2. WIROBR

CZETRATEAL IS, FRfE I DGEEEIC OV TR TR Z R TE 228, 2O ORI THR
EHED A TIZL DD THD. 22T, AWETIE, WAT% 2 BRWAREEZ, ZIVE COREDEEEIZE
TOMTRAFRSED Z L C, HlfEiBRE O « WERE T AT JMIOWTHERT 5. BRI, L
T AHEEICOUW TR AT > TL .



®  Edl R AT K Dz fmifG: & e T R O

® i lIRM AT LAHDEID IZ KD BB ORHGEE, - WEHE T AT DO

3. MIEDAE

Receiver

Transmitter

Sij

(k]

Sij(t)

Overlay
Input data H coding

rilk]
TPl

™ w

v

Optical
Channel

¥

6 Selection
/MRC

Output dataH Decoder

) A(TS)
Pis/ Wi Errorrate] i K]
/Channel A
} Gomd [€] 11
s,_j[l\'} Tij L
€—|Normalization

cancellation

1PI

Range

[

stimation

cancellation

1
R; (t)
Tx detection
& tracking
Tx detection
& tracking

; ization
rik] i
e
P/t /Channel r:\/‘l‘ﬁ)[kl

- +0u

Sub-pixel
accuracy

U — Uy

ri k]

(wr,vr)

Pixel
accuracy

(uy

Disparity estimation

R (1)

JUp)

3l RN A TN &% ARSI O S - BERG T AT A

X 32V AT LET /WX EANY. AIIDGREEIIE, (EREFRRZLED T LA W5, A G E={Eh
i, B TIRD AT EAWD. EETIRI A T EHWDZ & T, WhAERICRIT D5 A —FZEHEFC
X5, AWFFETIE, RENRTETH HEERAHEE L KA REZRITOVWT, FifclaA A—T ' o HatitEE

DT FEEBITE L, TOAMEEIRY ROBUR TR L7z

Flo, FAN—TTZEORERDLONL, FNENODI AT TG LB HHEE SNDIBERFHETH S, 2
M, BIZZELEDOMEEE L TRINDO TS, SN T, Wi Lo EDE s B/ UHET D070
EWIHNEEBIFRE LTRED. 54 2 SOBISNIEI BT 2IF@AFIT 22 & T, MELEDT LA £ TOMHED
HETED., ZORE, K3ITRTEIIT, BERHEE - M7 v 7 TRLNDEREFINT 5 2 L THEIIT
. AWEETIE, ORI OV TR L7

4. WTFERRER

10
0 TR U
[a e
L
n Right camera
107 - X - Left camera
-@- Maximal ratio combining
-@- Pixel selection ~\ B, =
wBl |deal selecion ~~ \ ™ L |
10°

Estimation error [m]

60 55 50 45 40 35
Communication distance [m]

X4

B4R TR A TN R D H A N T AR T, 22, HElES B BTH Y, B S
LEHROMECH D, F7z, HIRY A T ORRY FEHE (Z1E1 Right camera, Left camera &3%50), 18R 7 A

30

SRR A SICEBE AN\ —FRERE

4.0 T T
+ SAD R
A Txdetection in pixel accuracy T
3.5 @® Txdetection in subpixel accuracy g
(w/ saturation) R4
3.0 Tx detection in subpixel accuracy
(w/o saturation) Val
== 1.0 pixel error Ve
2.5 == 0.5 pixel error . +
. 4
0.2 pixel error v
2.0 0.02 pixel error +/./ -
/‘/‘ & ‘/Qy A
15 - - 1
+ R “t A e
1.0 ‘/'-I/- P -
P —
+ .- A ]
05 p K
.- [ ] o ,
™ < " ® o
0 A AN e U
20 25 30 35 40 45 50 55 60

Distance [m]

5 PEEHEERHE



N—= FASHRE (Pixel selection), Fol7RBIRA A N—2F 55K (Ideal selection), mARHLEREABHHE
(Maximal ratio combining) %7~ LT\, Foi/RSHRE A 3\— TR L 1Y, WERHEE  (pixel selection)

BB ATON T DSEAETH Y, LoT, BRYA =L FFRAIEER CTE 2 TIRE 72D,

B4 &0, mREAIENRE THD Z LDVnD. —JiC, BRICEIT D RHEREAED L S 75 A "=
FREHIGFON TR ZUS, SR DRMIEEZNET 5 bOTHY, SHRBMH L TOE0

B4 5 | Zrnd A A 7 2 FARIBER AR, il PR SR m] Th Y, i I B & B O
HECTHSH. ZZC, SAD (Sum of Absolute Difference) & [IFEHREDZETH Y, —Ma2 AT LAREECHAV S
LFETHD. THUTHL, AWGECRET HFE 7205, FIHDLEEZERTIT 21BERHEEDRE A v
TR, TR ERR R A UGE TE D 2 LD, BRI, @H O SAD LRI L I 7 AT
DOHEE (Tx detection in pixel accuracy) T, ENHIADDLD, I HITHTE Y B/VHEA COHEE (Tx detection
in subpixel accuracy) #1795 Z & CRIBRUGENTE 2. 72& 2UE, HEEOSFMERZ IR VHEETE (Tx detection
in subpixel accuracy wio saturation) T, “EFEEEHEERREA 4L 10 cm DU NICHRE AT Z LITHEIL TV 5. 2
DAfiEiE 0.02 pixel DOFFETHEE TEWND Z & LFATH Y, FEFITENIIRIEE 2R TE TV 5.

5. ITREKME

UdEtensd GH7P

L OKTHEZ, LS, WEE, BEHER, FOHERRS, [BREEE, SRa, Ml iRY A 712 XD HiEEEHN/
RRHCEREAS i LT IO GEEMRE ORI SEER, B EHisE Fa5sGE vol. J102-B, no. 2, pp. 90-97,
2019422 A (&3Fef)

2. T. Nguyen, A. Islam, T. Yamazato, Y. M. Jang, Technical Issues on IEEE 802. 15. 7m Image Sensor Communication
Standardization, IEEE Communications Magazine, vol. 56, no. 2, pp. 213-218, 20184E2 H (#3ih)

3. M. Kinoshita, T. Yamazato, H, Okada, T. Fujii, S. Arai, T. Yendo, K. Kamakura, Simplified Vehicle Vibration
Modeling for Image Sensor Communication, IEICE Transactions on Fundamentals of Electronics,
Communications and Computer Sciences, vol.E101-A, no.1, pp.176-184, 201841 H (#5eh)

4. [LEEdh, REE, FISDGCEEEMEEDR, EHEREETS vol. 101, no. 1, pp.59-65, 20184FE1 A (&
eH)

5. Takaya Yamazato, [Invited Paper] V2X communications with an image sensor, Journal of Communications and
Information Networks, vol.2, no.4, pp.65-74, 2017412 H (&5¢A)

6. T. Yamazato, N. Kawagita, H. Okada, T. Fujii, T. Yendo, S. Arai, K. Kamakura, The Uplink Visible Light
Communication Beacon System for Universal Traffic Management, IEEE Access, vol.5, pp.22282-22290, 2017
10 7 (@&Eih)

7. Y. Goto, I. Takai, T. Yamazato, H. Okada, T. Fujii, S. Kawahito, S. Arai, T. Yendo, K. Kamakura, A New
Automotive VLC System Using Optical Communication Image Sensor, IEEE Photonics Journal, vol.8, no. 3,

2016 46 A (#HiAH)

FageR) G401

1. M. Hori, M. Kinoshita, T. Yamazato, H. Okada, T. Fujii, K. Kamakura, T. Yendo, S. Arai, An LED Transmitter
Detection using Linear SVM and CNN for ITS Image Sensor Communication, 3rd International Conference and
Exhibition on Visible Light Communications (ICELVC), Seoul, Korea, 20194E3 H (#Fif)

2. M. Kinoshita, T. Yamazato, H, Okada, T. Fujii, S. Arai, T. Yendo, K. Kamakura, A Comparison of Reception
Methods for Visible Light Communication Using High—speed Stereo Cameras, IEEE Global Communications
Conference (GLOBECOM), Abu Dhabi, UAE, 20184E12 H (#HiA)

3. S. Kamegawa, M. Kinoshita, T. Yamazato, H. Okada, T. Fujii, K. Kamakura, T. Yendo, S. Arai, Performance
Evaluation of Precoded Pulse Width Modulation for Image Sensor Communication, IEEE GLOBECOM Workshop
on Optical Wireless Communications, Abu Dhabi, UAE, 2018412 H (#3F¢A)

4. fAAREK, AT, (LESdh, FEE, FOHER, SOMEARS, [RRERIE, Seis, DD 7'ry =y ¥ &M
VN2 ITS RISDGEBE DIRIE N 2 — o OFHEERR,  EBH b S A BIhTFeaR s, WBS2018-70, pp. 237-241, &
e, 2018412 H

5. KTHEZ, [LEAMh, W, FOHERE, SoeARRs, BREmE, skavsm, BIhigs] 1S A A—Tksi
WEICIT DB LOMEEIEITREL 5 2 D HEREIOET UL, B EREE S Ei s
WBS2018-26, pp. 47-52, Jiks, 2018 410 H

6. T. Yamazato, [Invited Talk] Image Sensor Communications for Automotive, Progress, In Electromagnetics
Research Symposium (PIERS), Toyama International Conference Center, Toyama, Japan, 2018 4-8 H (#e

)



7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

T. Yamazato, [Invited Talk] Overview of image—sensor communication, Visible Light Communications

Workshop, Pacific Rim Conference on Lasers and Electro—Optics (CLEO-PR), Hong Kong Convention and

Exhibition Centre, Hong Kong, 20184E7 H (#F¢A)

URR, ATHES, (LS, WM, BEHER, Siavsm, EhEE, SHEARS, RRailaREE s Lic

HsgE28 2 1 2 A G@E S aé{%%fﬁm B TE ISR,  ASN2018-30, pp. 85-90, HHAE, 2018

HFTH

PSSR, (LA, AR, B, FHHRRRR, !L%D’rﬁ BeavE, A A=A EEE~DT
U a—7 ¢ 7 OEA L EILBRERIC I DRI, TS A B ST, ASN2018-16, pp. 1-6, FH

5, 20184E7 H

T. Yamazato, [Invited Talk] Image Sensor Communications for future ITS, 2018 Advanced Photonics

Conference, AA A+ Fa—U v bTRRY, 20184E7 H (EHA)

KTHEZ, LI, W, BOHEE, TS, [BREAE, SRaibi, Fé?iE:EE'JJ AT &= ITS F/]

FOGBEDTZ0O D FREARKIC & 2BEMRESETE, EHHREBETS BRAERS, 498 p 9%, UL

2018 -3 H

LA, ITS D7bDA A= ilfE, EHFREETS #ARE, C1-2-5, pp.SS-17 - SS-18, HUR,

2018 -3 H

M. Kinoshita, T. Yamazato, H, Okada, T. Fujii, S. Arai, T. Yendo, K. Kamakura, Performance Enhancement

for Image Sensor Communication in an Intelligent Transport System Using a High—speed Stereo Camera,

International Conference and Exhibition on Visible Light Communications (ICEVLC), Yokohama, Japan, 2018

3 H (@&Eeh)

T. Yamazato, [Invited Talk] High-speed image processing of VLC signals for automotive applications,

International Conference on Optical Wireless Communications, Beijing, China, 20184E3 H (#3Fif)

PR, RTHEZ, [LEMdh, [, FRHEE, %A?*ﬁﬁ Ii_‘ﬁﬂﬁ, FEHAHEARR, TTS A A—T 2 Pl

JEEEDTZOD SW Z A LED 7 LA MHITE, B HE B St diiseads, 11S2017-56, pp. 251-256,

e, 2017 4212 A

T. Yamazato, [Invited Talk] Overview of visible light communications with emphasis on image sensor

communications, Asia—Pacific Conference on Communications (APCC), Perth, WA, Australia, 2017 412 H
(&FeH)

S. Kibe, K. Kamakura, T. Yamazato, N-Stream Superimposed System with m—Point DFT for Image—Sensor-Based

Visible Light Communication, IEEE Global Communications Conference (GLOBECOM), pp. 1-6, Singapore,

Singapore, 20174E12 H (&HH)

AREME), Seaisim, (LA, m 5 DFT 2o NIFEERIIER A A — o HRIREGlET A7 4, &1

THHOBE AR BTSSR, CS2017-58, pp. 21-2, P& 2017 4E11 A

K. Kamakura, T. Yamazato, [Invited Talk] Modulation and coding for image sensor communication, IEEE

Photonics Conference (IPC), pp.235-236, Orlando, FL, USA, 2017 4E10 A (#F%h)

AT, U—liﬁ&ﬂlﬁ MR, AR, FRHAHUKER, [BhEENE, $RETER] 1TS A A—T R L h@EIckiT 5

R AR A T A OWTCIEEMRESGETE, EHEWEE TR YA =T A R, A9-T, p.92, BUR, 2017 4R

9H

)1, LA, R, EOHER, IZ#{EFKEB [EhEENE, SREVEN], ITS A A—T Y afbE@ED

I DARE DI, - EH0EE AR FE#, RCS2017-69, pp. 115-120, fHEpH LA,

201746 H (#&5eh)

M. Kinoshita, T. Yamazato, H, Okada, T. Fujii, S. Arai, T. Yendo, K. Kamakura, Modeling and Parameter

Estimation of Vehicle Vibration Inducing Transmitter Displacement in ITS Image Sensor Communication,

IEEE International Conference on Communications Workshop on Optical Wireless Communications, pp. 144-149,

Paris, France, 2017 4£5 H (&5A)

KTHEZ, LI, W, BEHER, FTOHERRS, [BREEIE, Seasi, BREhlEcf5< ITS 1 A

—UR BB D IEERARID/ T A—SHEE, BEREETS AR, A-9-14, p. 123, AR

201743 H

FobER, |LEAh, [, BEHAR, TROHOER, [EREEE, SRaE, 1TS 4 A—T e HlEIckT b

HWNZIERIE . BEOLIED b OTFRFERSLETFEICRE T 2 HBRADOHE, EFHRBETS BRERS,

A-9-15, p. 124, &=, 201743 A

1A, | A, [ T, E%#{*ﬁa/, TR, [BREAE, SRETHN, A A —U YR EEEOEE

{bDT=ODAEETROYITS, EEREETS BEORS, A9-13, p. 122, &k, 201743 H

NEP, [BREAE, S AR, m%&m, I_JEHFI%‘, W“{%ﬂﬂ, WA A Z % T W IDGEE DO 7= DDA FEHE

T, BRI EES RAKS, A9-10, p. 119, &HE, 201743 H

ST, %ﬁtﬂﬂ LUE%’J“&& A A=k AR OEEIT I DB RERIRERIR 5 b~ DB 2SR DN,

EBTIEHEBETS BAKRS, B-10-57, p.310, &=, 201743 A

N. Kawagita, T. Yamazato, H. Okada, T. Fujii, S. Arai, T. Yendo, K.Kamakura, Vehicle to Infrastructure

Visible Light Communication using DCO-OFDM, RISP International Workshop on Nonlinear Circuits,

Communications and Signal Processing (NCSP), pp.129-132, Guam, 2017 4-3 H (&HHih)

W. Kihara, T. Yendo, S. Arai, T. Yamazato, H. Okada, K. Kamakura, A Modulation Method to Detect Phase

Shift from Asynchronous Camera Image for Visible Light Communication, RISP International Workshop on

Nonlinear Circuits, Communications and Signal Processing (NCSP), pp. 133-136, Guan, USA, 2017 43 H



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

(HEHif)
T. Yamazato, Range Estimation Scheme for Integrated 12V-VLC using a High—Speed Image Sensor, Presentation
at Professor Jean Armstrong s Laboratory, Monash University, Monash University, Australia., 2017 4E3

A

JUIAEER, JLEEsdh, R, BEHRR, SRR, [BREATE, Seavi, S CmE~oRZEH 7 n
< 7 -5t DCO-OFDM i D—HaE, 1BHPER & Z ORISR A, pp. 555-560, il 2016 4F 12 A

T. Asai, T. Yendo, S. Arai, T. Yamazato, H. Okada, T. Fujii, K. Kamakura, Position estimation of LED
matrix in image sensor communication, Asia—Pacific Signal and Information Processing Association Annual
Summit and Conference (APSIPA), pp.1 — 5, 2016412 H (#F¢A)

M. Kinoshita, T. Yamazato, H, Okada, T. Fujii, S. Arai, T. Yendo, K. Kamakura, Vehicle Vibration Model
that Induces Channel Fluctuation in ITS Image Sensor Communication, Cambodia—Japan Joint Workshop on
Ambient Intelligence and Sensor Networks, “ =AU 7 v, 2016 4-12 H (#5¢A)

PR, TS, LG, RIEGHS, RS, FHILIER, DRX 5 —0 752 = 7y~
TEHIROIAIE oA A — D Y RIDGEEEIZRT DBYE L@BE S E O, FIfGEEY —27 =
v 7 VLCWS2016, BRL, 20164E11 H

M. Kinoshita, T. Yamazato, H, Okada, T. Fujii, S. Arai, T. Yendo, K. Kamakura, Channel Measurement of
Infrastructure—to—Vehicle Image Sensor Communication, 23rd World Congress on Intelligent Transport
Systems, Melbourne, Australia, 2016410 H (#F¢h)

S. Sato, H. Okada, K. Kobayashi, T. Yamazato, M. Katayama, Visible Light Communication Systems Using
Blue Color Difference Modulation for Digital Signage, IEEE International Symposium on Personal, Indoor
and Mobile Radio Communication (PIMRC), pp. 1242-1247, Valencia, Spain, 20164E9 H (#5¢A)

K. Masuda, K. Kamakura, T. Yamazato, Spatial Modulation in Layered Space-Time Coding for
Image—Sensor—Based Visible Light Communication, IEEE International Symposium on Personal, Indoor and
Mobile Radio Communication (PIMRC), pp.1254-1259, Valencia, Spain, 20164E9 H (#Fif)

KTHEZ, LU, W, B, FTOHERRS, [BREAE, Seaism, [RAx—#E] ITS A A—F
BB 2 HlRE) K OREEV AN G- 2 DIB(ERE/NT A—F T 4 T 1 7, R E A
ZespAs RCS2016-112, pp. 99-103, 4 HE, 2016427 A

LA, A A — T L EE ORRETH] - BLHUEE(E~OIGH, JIEP i 2016 B eb il s Ry
L, BOE Y 7o b, 2016 426 H

T. Yamazato, A. Ohmura, H. Okada, T. Fujii, T. Yendo; S. Arai, K. Kamakura, Range estimation scheme for
integrated 12V-VLC using a high—speed image sensor, IEEE International Conference on Communications
Workshops (ICC), pp.326-330, Kuala Lumpur, Malaysia, 201645 H (#Feh)

(X#E GHofh)

PESEUPERE)
OtHEtkie Gto 1)
OBRiRoL Gto 1)

(Zf)
TR e U

PUFO7s— 22— TR O E A AR TE L T D,

http://yamazato. ilas. nagoya—u. ac. jp/ja/image—sensor—communications/

6. WIFTHER

(D) WFES A
L.

@) Bt 1
Tl I A - RTHEZ
1 —<A4 : Masayuki Kinoshita

786, WIFEH A T DR THEZ < A (I ERSRIAE LA ERHE LR MIRR 2 VAR 30 4FEE 1) 13, AWIET
OISR L, UTEZE L.

IEEE £ HER3HE 2019 EERSSHIFREE (2019/03/25),
BT ET 2 2017 4EFE WBS /[ NEEE B (2018/07/04),
EHFRBETS TR (2018/03/22)

XEMITEIZ L D78, WIEE DB & BRI TET 2 DT, £072, WFEDREIEONIIERROAFTRFHTOW UL,
DEGFFEIES O TIIRL . EOPTERSII BT 2 RAECTTE, MR MATRRSET,



