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Image Sensor Based V2V Optical Wireless Communication System
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ABSTRACT

In order for multiple autonomous vehicles to
interact, they will need to identify one another
according to their relative position and ID. With
this objective, a camera-based system for vehicle-
to-vehicle communication was developed to detect
vehicle IDs and relative position by imaging optical
signals loaded with an ID and blinking at high speed.
Digital information is sent with modulated light that
changes in phase, and phase changes are detected by
lock-in pixel camera to receive the signals. The system
also detects distance by shifting the relative sampling
timing. The implementation can receive 640 bps
signals simultaneously on seven channels and detect
distances up to 600 m with an uncertainty of +5.6 m.
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Fig. 1 V2V communication
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I E 2B § 2 72 THIISTEREE > 23l 2 5
2, EARFENICERES b 5. RGNS TENELH 520
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HTHD. LarL, B, 5 F 3 EFHANAS & L
O, Y@ A AFIZXBF UNGAR D BESBEL LD,
iR S0 K DBk 2708k 5. %
7=, M5 DG A KB 7= 01213 F v 32T BUD 1)
BRENRTL 5.
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FEhEL 72D TEhaHMET 5.
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Fig. 2 Optical wireless communication camera
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IR A 5, BEREAED X7, BRHRD 500 7 4 125550
b,

WH I A7 THE S ZHMBIIRE T2 2 LT, Ko
ML & RAIMIER L, 5 28E#HT2 50
W EEOH A 7131 BN 30 A 5 60 KO § A
0 AD 5729, {55 ORI s #EEES LT 16 ms 25
3B3msHEL LS. D721 bit OESEMaiT 5729
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o AT ERL 7.
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>
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=
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ASEC IR
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DAL IV TETSHZENTE, 100 ns LT OFE IR
EROBLERT S Z LT, HEizRNd 545 TH 5.
BRmEEZETHA IV EE L TRBTIIE, BRIED 00
H A7 LR &S ISR TE S, [A ClifE T ORRE
EEAMIRD AT A AT LR T 2 &, #BTHEAMD DK
T45. HEMOLA IV IHRRLCTY, FERAITH 4 2
VI EEZTHEBOWEE 52 & T, BAaRD 3T A 5
ERICHIRAEE NS, REHITHARTHEC 2T T %
BARNFERENKEL L7280, BEHMEL TE BT
el s30T, Bkl A FHT 2 Z &I

FLdE, KFFETIE 4R 5D BT =
DOBEM BRI & iy, T —D O ff RS T RABERR
nREL R L

3. YRTLIRIE

Ky 2T LIIESERE2ETE RO T 5 P08 &,
Bk 655 E2ES L, BlEEmIT 5790 2 (TOF /3
N2) T B0 X FIZK BN ZTNEITF T 2%
2% e L5 & fae Y S P LRIk K DRk T h b
(Fig. 3). FEes 13 GNSS 12 & 0 HEE o 2E 3 5 & Fhk
Bt PEREAS A E L, X 51, BAIBFEET L, RitER
MK T4 5. GNSS 235215 T % & WA M R 23
MLOBZEND 5720 T, MHIARRIZZ 2 DI Tidkun,
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Fig. 3 System configuration
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3.1. B
AN ORI Fig. 4 DX IR I T 5. RE

ﬁ%%i%%@¥ AT B RET — b ORI TE NS
EIZOENSTNT, BAELZBHZEXRY — AL 72

ICER (RE)) b, FLuA vy — bogid@Eikzox
Mo TTNT, B4 LB 5. WS R &
ENAETIEGAN LRRIC L D BEROKE IS8 h
THEROIMIFiAM SN 5.

WODEMERED S B, BWFEIZEZDS b =D%fiH
U, BRI D —D &R T 5. TX1, TX2, TX3 &
NEFIZER LD 24 IV TR — 2T 2 2 & THET
Z A P I AR 8 I# 4%, TX1, TX2, TX3 I
DOFNIZ TX4 2FE< T 2 HE2»EEN T\ 5. TX4 %2
TV BRIk — MEEHCTw 5 (Fig. 5).

Drain gate V
"o TX1 -
D—L }
=T -> Outt
sz A
P + out2
sz
Photodiode R—
+ Out3
Transfer gate -....____ R —H
/ 2l
Capacitor -----...._ N a=ca SRR outd
’ Resetgate \ =K

Amplifier Readout gate

Fig. 4 Pixel circuit

3.2. &5

R IEWME I 5 36 us HH (27.8 kHz) 0%
V2G5 & FHARWEIE SP £ 45 (Fig. 6). ZD/S)L 2
24 [ldifgE L, Z D db &2 8 [y D2 IR 2345 < .
D 32 MM A 1 bit OWIM & L, %ﬁ7mv758&ﬁ
B SLZEFOMMEARIO Ty 2 2B L T0/1
AEBT S, 0TId2/37 (120°) #, 1 T2 2/37E5
4 (Fig. 8). 2%, £60° DFPHTHIUL /1 DB T
LT — kb . [F5HORIEIE CAHER T 5 2
ETY —XEET B, ZDORIZ0/1 2R S MM ZAL
35 XA 2 RFICESO RO, Zho s
NZFNNY) — & G F B &2 2 Eh D50 Mb - 7z
84 {HlD /L ZH|T—DDEHH| (v — 7 v ) KT 5.
Y= v 2O A EEE TRy 515 100 ms'? &
T2 7= DICEE S O®%IC S IC T B ARA S h
5. 2T, B 101 ID #%2E T 3.

36 us JEIHOIEAPIE I Z O IC BB H 2B 3
200 ns D L 25750 % HA TS, ZD23IL ZFD
FtG 24 IV 23 MER Tu v 2 ZEI1225 ns $OTHh TV
%, 80 TICIZRES.

3.3. KESHEHAR

2L ZFEDNAE & iR, ZFED 1 R A =D D& ff
FEREETH T LAl SR B (Fig. 7). 7272 L,
1MZFOH YT ) VTRV RNLBRNET 5720, [HL
JAMcoY >y 7)) o % 8RB L, L 44 IV 7D
B3 2R L Q0o 2R » S i L RIE A 5H 59 5.
PHZIZ KD, 0/1 #RBLEFHICOWT, NHEE
fLEBILT0/112tH5 95 (Fig. 8). 3% v 7)<

Period (36 ps = 2000 ns x 18 = 27.8 kHz)

TOF period (2000 ns = 0.5 MHz)

—_—

Emission pattern | | 1 | | |

TX1: Transfer gate 1 | ) 1

—

TX2: Transfer gate 2 | | 1
| I S

TX3: Transfer gate 3

Negative pulse (900 ns)

v

iPeriod (2000 né“:,.eoo m)

TX1: Transfer gate 1

Communication period
(Total: 1000 ns)

TOF period

TX4: Transfer gate 4 | | | | | | I | | | (500 ns'= 100 ns x 5)

D: Drain gate

[

Drain period
(500 ns'=50ns x 2 + 100 ns x 4)

Fig. 5 Transfer gate timing
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Sequence

SB: Signal Block

SP: Signal Pulse

TB: TOF Block

TP: TOF Pulse

| T+ (96.768 ms = 1152 x (2 + 80 + 2))

' T, (1152 s = 36 x (24 + 8))

v T, (36 pis = 27.8 kHz)

T. |[TBx9(18ps=2x9). | T.
T I

B D)0 —

‘{(2 uS)\’

TP x5
Ty |(1 Hs=200x5)| Ty

T

Phase =0°: Tw=0
Phase = 120°: Tw =1/3 x Tp
Phase = 240°: Tw = 2/3 x Tp

n: number of sequence
index (0..M-1)

Td=nxTr/M

Tow (100 NS) | Tpg, (100 NS)

— Luign

I—Iow

Fig. 6 Wave configuration

Sequence

Signal Block

Signal Pulse

TOF Block

TOF Pulse

Leader of SB x 2 +
SB x M + No Signal Block x 2
M: Number of SB = 80

Signal Pulse x 24 + No Signal Pulse x 8
Leader of SB: SB of Tw =0
No Signal Block: SB of Lyg, = 0 or
Period of Tw, TwW' is
SB of 0 < Ligw = Liign

Pre No TOF Block +
TOF Block x 6 + Post No TOF Block
Pre/Post No TOF Block:

TOF Block of Lyg, =0

Pre No Signal TOF Pulse +
TOF Pulse x 5 + Post No Signal TOF Pulse
Pre/Post No Signal TOF Pulse:

TOF Pulse of Lyg, = 0

LOW period + HIGH period

Ts=2+80+2)T,

T,=9+3)T,

1,=T,+9T.+ T,
T,=T;+5 Ty + Tyig) + Ty

Detecting phase 0 of three integrated values obtained by shifting integration period

C (00) C (0) C (0,) 5 C0)+C(0)+C(0)
| A A N
3 R= 2iMAX (ABS (C (8,) - % nB), ABS (C (6,) - % nB), ABS (C (0,) — % nB))
T
R C(8y) - 2.8
Dy=——3—
R
1 2
C(9)-=nB
> D=3
0 R
B C(0,) - 2.8
D=— 3
; R
0= % T —%Da (where D, or — D, is max)
=7 —%D, (where D, or — D, is max)
2/3n 2/3n 2/3n = % T - % D, (where D, or — D, is max)
Fig. 7 Phase calculation
= Todetermine 1 bit
@ of phase difference
'@ +2/3n (120°): 0
E A28 (120°:1 AL bit 0 1 1 0
O [0
§ Phase difference 2/3n -2/3n -2/3n 2/3n
|
~NJ : — O O =
Phase 0 2/3n 0 -2/3n 0
| (Real o | A A A
Reab) | 18 r Y Y \
3
1 [a]
Pulse wave ”
N U

Fig. 8 Encoding and decoding process
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MAEDDH RN 2/3x TEIZHMHERID TS LSIZLT
W3,

3.4. FEERE A

EEPREEC OB A SLH T 5 72012, MO R
L — 2 HR Bz, EOICRREREAHSY 257 412
& B35 &l 22 FEEERR I AN E LTw B (Fig. 9). 4
Jeiz & B PREERR L TR, R A R L 72 & X OBifg oy
A X1 R T OB, Jeam i3 miEo 4 Fl2 Bp L
T T 22, EEEOLGA EIEEED A2 EHI L TR
b3 27280, B TERNE 5. “KEHLY -2 Ak

Light emitted from A
t . ; ime i
Vehicle A . t: True delay time Time in A
d =>| b: Delay time as measured by clock of B
> d: Synchronous error
HU Time in B
Light received by A
Vehicle B Light emitted from B
I
t Time in B
g ime i
a a: Delay time as measured by clock of A

Ry, Bzl 7))y L Tndew, 55
ERZEL T L EDEBNKHTE S ZRDRT I ENT
EaWV. 2T, M UTHAEISHEB L TES 2R Hn»
ZO L ML LB 2 B SEE T % 2 & ClA iR
EEATHHL, EOENRHE 2T § 2. diilj A L7z
I8V 2N & M) B 235245 L7z & ZIZH B OREFTHIE
U738z b & UC, #iilj B 23 U 722 90 25 % Hilg
ANZE L2 20BN EZ a & L& 212, HAEOK
ATDRMIEGES d DA, HOBENRH t 1ZZhZh

t=b+d

t=a-d
DT, KRB dAHLETE
t=(a+h)/2

TR TZ 3.

2L 2 OB RGN, MR T v a4 R
VIEASUTOELTNE, —3UE» 6 BN Z R T
5. ADoOE/ L ZICHLTC5HDr— 44 IV 7 h—
BT AR MBS 2D, 244 3V BThi eV
WAL T 728, NN 5b 414 3
V7RO CEANKGE &9 5 (Fig. 10). H—0sOL 212
XU THEN IV 2D AR Y — o WEOHEE R 23 3%
2, BMHIEEAME T 457289, /Y= Z MIRIZ/SL 2 &4
BT ZETREEMIEE AT LEETnws, ZL T, #&
2L A EWE L TR X8 B Z 8T, IS & EEERTH
ZorT90S, S LA S FREER T 2 TRE L U 7=,

0 200 400 600 800 1000 1200 1400 1600 1800 2000

AN Y

)T

J

Time in A
Light received by A
Fig. 9 Distance calculation
1.2
1.0
2 08
Emitted light % 0.6
€ 04
0.2
0
Time (ns)
TOF gate Delay time
(TX4) pulse
12000
10000 "\
8000 A\
C4 Output Value 2 /\
when varying $ 6000
delay time =
4000
2000
0

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Delay Time (ns)

Fig. 10 Delay time detection
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4. AT LEE

\'/

4.1. Y 27 LR

Floy 25 sid@EEE s x5, Lo X, ¥k, T
EIE RS, GNSS AL — 4, Bk DR S h T
W3 (Fig. 11).

GNSS # ¥ L —41310 MHz /S 2{5%5 & 1 PPS @
IV 2G5 SN R L T 5.

EREPIERERE 10 MHz ISR L 724 % 5 Tfi5 &
Oy 2 E5H L EOERATONT 2 @EREERERE S &I
T5.

WISHEEED A 7 3SR T BIEIE, 4 v 4 —T7 2 — X
FCTHER ST 5. /IS 351 12 6 1 S 7=-mug(E 513,
BB, £ v 4 —7 2 — 2B ARTPC ARk S 5.

Peleaid, (EREERER IO AL L 2E5 % R
F 482k LED 288 L CRENEDHES & LT
T 5.

4.2, BIFREE

WgFETIIESH 27 WELRILEDEHHLTEHD,
1HZEDOH A 13— H 12 um DIESET, BRI
12 640, 12 480 TH 3.

4.3. st A H L$EE (Region Of Interest: ROI)

EEOFEAMN U % Edi 3 5 72 I /NEIR O FE A L
#MHT 5. ADO/NEBAIEERETH 5. fHIkIZ TN
FEIK &GEMMEIBI TR OB Thr 6h b, SRIOFRE T
—DOOFERMENIL 64 X 24 BROMWHEHTH L2 S5 HTIC
ZF ¥V LTWE, B A R D725 § X 8EHHRD
LD DB TR A i 5. FEHLAEEIE 27.8 kHz

DEF A KR L 55 720, HiEL 7205 DKk
R, FABEAME L AR L T B FEINEOERIER & %4 6 0.

4.4, ¥Bieem

PNA1E 940 nm 3 L <1E 860 nm THHIAH 1 WD
WA LED 10 {2 —FN23 R CHEUGE U 72, Bl A5
+35° TH O, EEITFIH L T, HEREE 2T
940 nm Z i L, BEHREE OB 860 nm % HiFH 4
5ZLHEMEL TS, 860 nm I3 REIZHAETZ 5720,
I K 2 EEEZET S EAEYITH D, 940 nm
BIRGRTOEE L LTIANTH 2040 H{TH 57
¥, 940 nm #HiK LED O & L 7=,

AT L%RE

\’1

5.

5.1. @148

I —FIIFELTOD1 Y =7 21380 bit THH, ¥ —
A3 64 bit, =5 —aT1E 12 bit, {HINEHR 4 bit TEH L 7-.
W10 Y =7 Y 2%RBIZT7 ch ZEETWRETH B Z &h
5, 1 ch 720 DifHIkiZ 640 bps T, 24K T 4480 bps &
55, F—=2EIIZID AT oR BB TF - 4%
BIEZ R HFSPHENRE DTS K527 5.

SEEVTEREAZE T B 72012, 7 * T L d & i X
o, FRBEERERP ORET IR IV 2D 24 IV
ZLRMIZbz > TEILEETWE, X512, BT 5l
RNE EE A TR ST L 72,

A7 AR R A D R HE R A X IR S UESRIE 0 & 1/8 BRIE D
HPHT54° AT THD, 0/1 #HE T 5 +60° OHPHIZK
LTHa/NENWT EMTERT X 7.

ACEmif 23 56.5° DL ¥ ZIZHRIBE#R T 4 L& — &4,

LED light Function generator )
GNSS oscillator
10 MHz
LED ki Driver Wave | Clock GNSS
generator generator oscillator
Camera 1PPS
Image sensor x 2 Controller Interface Computer
||

Buff 2

M uffer 3

Analog- emory memory g

to-Digital 1}

Converter $ (D 9

Lens
T FPGA FPGA
Pixel > Amplifier
A
Scan block
Clock |
generator
a 40 MHz

Fig. 11

Block diagram
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B TKEE B %356 OMGHEAFERIX 118 m THh >
7z RINER T 4 L & —1F 800 nm Ll FDOIKED N A E R T
5. LYK I T =12k ETOWMEAERD 5721
THEIRAREZE 300 m DI LICEETZ 5 Ll S h 5.

5.2. IEREAR I ERE

FREEM HPERE A I ¢ % 7212, WIS MERE & RIS 2L
Rl A28 4 % 2 & CHREE SRR U TR L 7=

SR (Y D REUEANE 20 X T ILUERRIE 20 & 1/8 5% D F[H
T56 mBLFTH o7z Z OmRH ATRE 2 PHEEIZ 600 m %
TTH5. WEEIZKBZHHNL5C » 6 35T OHifT
+03mBTThH, ZOMEHM-LSFv ) TL—v 3
VREAETHY, ZOHMAABAL TEABEL PHEINS.

5.3. IBEM4ERE

FE§ 2 IR 2 B 2 VR 2 Gl 5 720 1ch £ T &
[fin 2 7 — DI BT, A A2 A CEMFTEE 7 f g
%R L 7z,

ROTIZ & 2 /Nl Cf5 5 flan 4 17 5 BRI E BT RE 40k
TEOFE R 3D 480 WiELL FCTHRETH - 72, 72L& &
13, KFEEAN 60° DL Y XEHHL 25E, 51 68° 0
S CREIT 2 EEAEM T E 2 Z &1k 5. M
AIREHE 50 km DOHFEI, TAGEW 1 RO EIZ I 5 A
HE 3R 23° TH D, 68° 13+ THS.

6. BIEH X T DICHA

FHERKEREED X > ITHEEET 5 Y 27 413%
Fo§ B & TS 22 5 & PRI B 7280, RFTIZE
Y=V AFET 5 720 TR ATBE AL E e FEAD I
el LT, ARIZB 2 BB 2 e L7z

RN OEER 7 2 FHZERE L - fE SOty —a v &
FIHL, O EZSH T 57 2 b %475 7= (Fig. 12). k¢
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