Joobooooouboubouboobobobonog
gotuoodoogon

7315614

1 0000

go,0o00o0o0oobo0ooboobooobogo,0obooboo
gooboOooobbOooobbooooboboooooboog
O000. 00, LED (light emitting diode) 0000000
goooo,00o0o00boo0bo0oboboboboboobog
ooooooooo 1.

0000000000000 0DD0O0O0, RF (radio fre-
quency) 00000000 DOO0DOOOODOOOODOOO
00,000,000,00,000000 RFOODO0
goooobooobooboobooboobo.boob,0obo
goobogooboobobboooobo,0o0boo0booboo,d
gbooooooobooo,0oo00,00b0b0o0o. 0b0oo
o,0000000000bO00O00b0,b0000000
0,0000000,000000 (DOOD),00D00
(boobbh)0,000000D000,0D00000DOOO
goo,bobob00o00ooooooooooboobboooog
(2]-[5].

00,0000000,00000/0000 (IM/DD
: intensity modulation direct detection) 0000000
000000000000 [1], (6. 00 IM/DD OO
goooobooooboooboooboooboog
0ooooo 2000000000000, 000000
IEEE 802.15.700,0000000000DO0O0OOOOOO
on-off keying (OOK), variable pulse position modulation
(VPPM), color shift keying (CSK) 0 30000000
00o0oo0oo0oOoo 7. OO0bOO0ODOO0ODOO0ODOO, 00
LEDOOOODO OOKOO, VPPMOOO, 00O LEDO
00000000000000 3-dBO000O0 MHzOO
0000000000D0O0OO0O0O, 30 (red, green, blue)
UOLEDO 10000000000000 RGB-LED OO
OO0 CSKOUOO,LEDO00OOO MHzOOOOOOOO
0000000000, RGB-LED OO red, green, blue O
gbooooO0oooooboobOOooOooobobOobooDbOoon
000000000 [8],[9). CSKODODO, CIE -y 00
0[0jooooo0o0b00000oooDoooooo0 MO
000000 LEDOOODODODOOOOO0O0OoOooooog
g,00b000boo0. oobbo,b000boobbooobag
goob,b0bo0o0ob0o0b0o0bo,000,00b0000000
00000000000 0O00,0000000 (oOoo
0000)000000o0O0O0DOO,00D000000OO
0oooo0ooooooo. oo, CSKOOO,00000

googo

00000000 DA (digital-analog) 000000 LED
O0o0o0ooooooO, LEDO0O0O0O0OOOOOoOoog,
LEDODODODOO0OO00OOOO. oooOo,LEDO0DOOOO
g-0o0boooboo,b0o0b0o-000bo00booobo
gogo,bo0ob0oobooboooooooboobobobobo
00000000000 DO0O0O [11. 000,000000
oOoo00 LEDOOODOOOOODOOODOOOCOUOOO
00 [12],[13]. 0000000000000, digital color
shift keying (DCSK) 00000000 [9], [14). DCSK
000,000 RGB-LEDOOOO,O0 LEDOOOOOO
0 (00Db00)000O00DO0ODDOO0DDOODDOOO,
00oooooO0. oooo, 0 RGB-LEDOO,3000
010000000,00 RGB-LEDOOOOOOOOO
00000000 D0. 0000, DADDOOODODOODOOO
00000, LEDO0O0ODOO0O0DOOOO0OOOOOOoOOg
oo0o0. 00, IEEE 802.15.7 00000000 CSK O
0000oooood, -y 00D0ODOOOOOOO LEDO
rz-y 0000000000 0000D00,00000D00
0. 00 [90o0,DCSKOOODDODOOODOOOO
O, error-vector-magnitude (EVM) 000 3% 00000
O0ooooooo,bCSKOOOooooooooooog
O000. 00 DCSKOOOOOO,000000000
00000000000 2] 0000000000000
dooooO0oO0oO0ooO0o0o0oO0. ooo,00000, DCSK
goboboooobooobobooobobooooboo
O0O. OO0O0,00000,bCSKO0O0oouoooog
O000000O0oO0oOooooOoo, PWM/DPAM (pulse
width modulation / digitally controlled pulse amplitude
modulation) 000000000 D0O00OOOOOO. OO,
00000,0000,PWMOO0ODO, DPAMOOD
gobobooobobooobobooobobooooboboo
gboboboboboobg.

2 000000000000000000
(DCSK) 00000000000

O000,RGB-LEDOOOODOOO RGB-LEDOOO
gooo,0obooooooooooboobooboboobo
OO0 DCSKOOODOoOooooooooo.

21 0OOOOO (PWM)OOOOO
goooobobooo,2000000000000O00

2. 100,000000 (PWM : pulse width modula-

tion) 000. 0000000000 OOOOO,LEDOO



Tx1

Tx2

_53'Tx3

01 DCSKOOOODOOOOODOOOooOoOo IEEE
802.15.,7 00000000 CSKOOO z-y OODDOO
000000000000000 3% 000 4-DCSK O
pooooooo.

Data

gooooboooboobooob,b00b000D0000
00oo0ooOo,0000000.000,DCSKOOOO
oooo,pWMODOOOOOOOOOOO,000000
obooooocOoooOoooboobOoOOooOobobOOoboOoDbOoon
00000D000. 0000,0000000000 N,

max
o,

Nl = 22 (1)

max T )
c

00o00.000,7, 0000000 DCSKOOD 100
ooooooooooooo,7.0,pWMOOOOOOO
oooooooooo0. oobooo,pWMOOOOOO
gooooo 4,

Npw m
N/ ? (2)

max

oo0oO0. 000, NpwuI. O, PWMOOOOOOOO
oo (Npwpm =1,---,N/,,..)- 00000,000000

max

TPWM =

O epwnm O,
epwn = Tpwnm X 100 [%], (3)

oooo. PWMOOOOOODODOOO DCSKOOO, O
00000000 LEDOOOO,PWMOOOUOO DCSK
goooooooo. oopwWMODOODOOO,000
ooooO0oO0ooo0oooO0oOooO0oOooOoOoOoboOoooag
goO,0000000o0obo0obo0obobobobobooog
000oo00ooooooooooooo, 00 PWMOO
gooooooobooboobobooboo,boboboog
0 DCSKOOOOOOOUO (bobooobo)oooo
gooo. oooo,7.0 Ts00Do000oooo, PWM
0000000000 DCSKOOO,50 %0 100% 00
oooooooood.

22 0O00OOOOOODDOO (PBPAM)OOOOD

00 100000000,0000000 (PAM : pulse
amplitude modulation) 00O .

00 LEbOoOoOoocOoodoooooooo,ooog,
goobboooobboooobboooobbooooboog
O0,LEDOO00O0U0OO0DODO0ODO0ODO PAMOODO
0000. 00000,000050%00000,000
goobooOoooboOooobooooboboooooog
oooo. 00,00 PAMOOOOOO,PWMOOOO
gooooobo,000b00bo0oboboboboboonog

O0,000000000000o0. PAMOOOOO,000
ooboooboooooboooo,obooboobooo,ogon
gooooooobooobobooobobooooboo
O00oo0oo0ooo, LEDO0DOOO0O0OOOOOOOO
oooo [11).

goooo, bboboo0, o0oo0oooobobooboo
(DPAM : digitally controlled PAM) 0000 0O. DPAM
0000000, RGB-LEDOOOOOOODOOOOO
LEbOOOOOOOOOOOO,0c00o0oooooo
0. 0000,00000000000, RGB-LED OO
000 RGB-LEDODOOOOOOOOODOO. OODOOO
ODCSKOOOOODOOOooooooooooO RGB-
LED 00O Npin, RGB-LEDOOOOUO RGB-LED OO
Nrep OOO0OO,DPAMOOOOOOOOOOOOOCOO
00 Nyao O,

Nmin
ooo0. 00O, |.J]o,000000.
DPAMUDUDODODDOODOO Tppam O,

Ny = {NRGBJ 7 )

ooooo,

Nppam
Nm(l:l'

goboobo.oooo,bod00o00d0 eppam 4,

TDPAM = (NDPAM = 1a27' c >Nmaz)a (5)

eppam = Tppam x 100 [%], (6)

0000.0000000,00000000000000
0000000000000000,0000000000
00,00000000000000000000000,
LEDOOODOOOOO0ODOO [9).
000000000,PWMOOOOOO0O0OO DPAM
00000000000000000. 000,0000,
RGB-LEDO00O0OO0 RGB-LED 0000000000,
00000000000 PWMOODOOOOOOOOOO
oooooo.
23 PWM/DPAMOOO0O0D00D00D0
00D0D00,DPAMODOOOODOO0O0OOODOO0OO
0,PWMODOO00000000000O0O0O00000
0DCSKOOOOOOO00O000, PWM/DPAM OO0
00000000000000. 00000, DPAMOO
00000 PWMOOOOOOOODOOOO0OOOOO
0000D000D000.
DPAMOOOOODODOO00,00000,000000
DCSK 00O00000000000000000 RGB-
LED O N, 0000, RGB-LED 00000 RGB-LED
0 Nrep 000000000000.000,00000,
000000000000,PWMOOODOOODOOO.
00000,000000000000000 N O,

N =N/ .. X Nnaz, (7)

goboo.oooo,bcoooogo 0,

Npwy _ Nppam
= 100 8
o= Rowan o BoeM a0 ), (s)

maxr




Hybrid PWM/PAM
Dot (A) Digital PAM Signal Pattem

Level 00 o1 10 1 (@M Seral
100% | AAR|OOE | PSP |EONRP

0% [BAR OO | SSP (OB

<) |33 |066|33S |ead| I
v | DA 6060| 0ee | OAD

[67:/0] @@@ @@@ @@@ &@@

100 % @@@ @@@ AAD @@@ lg't
3% |BAD OO0 SO OB | [

[s7x%] @@@ @8@ @@@ &@@

=) [DDD | DDAD | DD [DDD [ ¢ 7 77t
A PRI

[33)(%] @@@ @@@ @@@ @@@

o) [DDD [DAR|DDD|DDR| o 1 1t

02 010004DCSKOOOO RGB-LEDO 3x3000000000000000000D00O,00 ¢e=
100% (EDPA]\/[ = 100%, EPWM = 100%), e = 67% (EDPAJM = 67%, EPWM = 100%), e = 33% (EDPA]\/I =
67%7 EPWM :50%)7 e=17T% (€DPAM :33%7 EPWM :50%) OoOo0o0oOoooono.

0O0O0. 00o0,0000,DPAMOOOOOOO PWM
gooooboooooboouobboooboooboog
00000, NOOODOODOOOODOOOOOoOOO
0. 0000000, (eppam,cpwu) = (67%,50%) =
(33%,100%), 00000, 000000 e=33%000.
0 20,0 1000 4DCSK 0000 RGB-LED
03x300D00000000ODDODOD000D0O0ODO
O, 00 e = 100% (eppam =
100%), ¢ = 67% (eppapy = 67%, epwm
100%)7 e = 33% (5DPAM = 67%, EPWM = 50%), € =
17% (EDPAM:33%7 EPWM=50%)DDDDDDDDD
gooooooooa.

IEEE 802.15.70 0000000 CSKOOO z-yO OO
000000000000 o0o0000 3% 000 4-DCSK
00000000000,0 1000000, Nypin = 3
000. 00000, Npgp =3x3000,00000,
DPAMUOUOOOOUOODO 3000000000000
0o0o0. 00000, 000o0o0,0000000 RGB-
LEDOOOO PWMOOOOOOODO,PWMOOOODO
o0o0O0,000 2000000000000, DPAMO
000000  pPWMOOOOODODODODOOOOODOOOO
gobe00oOoOO0ODOOO0ODOOODD.
oo,00000,000000 DCSKOOOOOOO,
goooooooboobobooboboboobooboo, g
000000000000o0ooo PDOOOO (9. OO0,
0000 N, O0DODDOOOOODO,DCSKOOOO
00000000 (SER : symbol error rate) 000000
O [14].

DCSKOOOOO, 000,00 CSI0D0O0O0OOOO
(MLE : maximum likelihood estimation) 00 0O, 3 00
goobboooobboooobboooobbooooobog

100%}7 EPWM =

00D00000o0ooooOOooooooooa [15).
3 0000

OooOo,bCSKO0O000ooooooooooooo
goo.

Nr, 000000 N, OOO0OOO0OOOOOODOO.
DCSKUOOO,00000 RGB-LEDOODOOOOOO

000000000.0000,0000 «=(t) O,

T

z(t) = [ =1(1) i(t) enr () ], (9)

03Ny, 00DDODODOODODOO. OO0, [ ]'0000
oo.

M-DCSK OUOODODOOO, k0000000 (k=
,---,M) 00000000, 000000 (i =
1,2,---,Np,) 00000000 z¥(t) O,

T
zf(t) = [2a(t) ala(t) afp(t)] (10)
i f i-th Color LED
leCColo'r(t) _ 0 z.f z th Color L turns on (1)
1 if i-th Color LED turns off

0000. 000, ak,,, (1) 0,i00000000 red,
green U0 blueOOO0OO0OOOOOODODO.
OLEDDODOOODOO,0000000 R O0ODO.¢0O
goooooobooooao sf(t)D7LEDDDDDDDD
oooooooooag,
sh(t) = [ska(t) sla() shx®)]",  (12)
Sicotor(t) = Piticoron () ® gii(t), (13)

0o000. 000, sk, (t) 0, k000 DCSK 000
000000000, 00000000 RGB-LED OO
O (red, green, blue) 000000000, 000000

0,940t 0, f;,03dB0000000 i 000 LED



ggoooooa,
9i-i(t) = 2 fr—; exp(—27 fyit). (14)

000000 [12. 0000000000, 0000000
000000, RGB-LEDOOODD 20 MHz O 3-dB O
0ooooo [16].

0000,00LOSO00000000O0DOODOO0D0
H(t)0D00O0,000,0000000000000 48(t)
000000 [16. ;0000000 j00000000
LOSOOO0D0ODOODOODODD hy(t)0,000000
oo [6].

h;j (t) = (”;:d;?A cos™(¢ij)g(the) cos('zpij)rect(%i)é(t — %)7(15)
1

D= 1

(00 = (1)
- In(2)
m= h’l(COS (1)1/2)7 (17)
1 for|z| <1

= 1

rect() {0 for [z| > 1 (18)

oo0,mO0O0000D00OO0ODO0O,AD0 PDIOOOOO
0000,d000d0oooog, ¢ 0 LEDODOOOOO,
¢1 0 LEDODOOD,y 0PDOOOOD, g(¢) OO
000000, 4, 00000000 (FOV), c000 [6],
rect(r) DOODOODO.

go,00000,000000000000D0D0O00O0
ooooooooo,00o00oobcooobooo. oooo,
RGBOOOOODOODOO g DOODODOOODOODODO
hi;(t) O,

hij(t) = gghi;(t), (19)

9iR,jR YiR,jG
gr = |9iG,jR Y9iG,jG
9iB,jR Y9iB,jG

JiR,jB

9iG.jB . (20)
9iB,jB
00000,3Ng, x3Np,, OOO0O0ODOO H(t) O,

T

hll(t) hlj(t) thRx (t)
H®)=| hyt) © hi(t) > (21)
Beg1(8) oo e oo g (2)
0ooo.
0000 r(#) O, v =[n(®) .1, ... v, (0] 0D
o,

r(t) = H(t)x(t) + n(t), (22)

000. 000,3Ng, 0000O0OO0DOOO n(¢k) 0,00
0,000 02=N, 0000000000000 (AWGN)
oood.

00,0000000000 PDOOOCODO,0000
00000, TIA (trans impedance amplifiers) 0 0000

000O0000. 00000, TIAODDOO 1QO0000
0. 0000000000D0000,A/DODOOCDOO
0000000000, k000 DCSKOOODODOOO0
oo rk 0,

T
rk:[rf r;.“ le\’ax] , (23)

T
r;-“G r;-CB ] , (24)

DDDD.DDEMT;?D jO0O0O0PDOODOOOOODOO,

1 Ts Nry
g[S r OO 000 nso), 29
= sf +nj, (26)

0000.000,¢.4(t)0,;0000000 PDOOO
00000,n; 0,00000000000000. A/D
000000000000, MLEOOO,3000000
00000000000000000000000000
oooooooo [15).

0000 k0000000,000000 ¥ 00000
oooooo,

n| k=Fk
k=3 . (27)
| — s +n| k#k
|n| kE=F
- , 7 28
{Pﬂh’k—h’k +n| k£K (28)

oooo. DI:II:I,h'kEI,EIEIDEI kODoOOoooooo
LED1IO0OOOOOOO0OO0OO0ODOO0OO0O0. 00000, o00
oboboooboboobobooooboobooooon
gooboooobooo.

4 0000

0000, LOS (line of sighty 000 OO0

PWM/DPAM O000OODOO0OO0OOODDO, PWMOOO
o0oO0o,DPAMOOOOOOOOOO DCSKOOOOOO
cooooooboooooooboOoooOoboOooOboOoOooo
o0o0.010,0000000000000.00D00O
gooobooooobooobobooobobooooboo
0400 (29 00000.

2
(RNppaM NminPe)” TPw
o2 ’

Ve = (29)

0O0O0,R P, 0,0000 PDOOOO,LEDIOODOO
00000000000. 00000, PWMOOOOO
O,DPAMOOOOOOOOOO, 10 %, 20 %, ---, 100
%0000 1000000000000. 0000, PWM
0000000000 DCSKOOOO0OO0O0 100% 00
0000,000000 DCSKOOOOOOOO0O0OO0O0O
0.00,00000000, Npwa = Nppay =1000
O,N=100(10x10)000. 00,00000,000
0000000000 PDOOOOOO,DO (30)0000



01 0000000000

Parameters Value Parameters Value
Data symbol 10¢ Number of RGB-LEDs [17] | 60 x 60
3-dB modulation bandwidth of LED[16] | 20 MHz || Receiver impulse response [16] | (t)

A total PD's active arca per receiver [8][6] | lem? || The responsivity of the PD | 1A/W

00000D00000000,000000000, IEEE
802157 00000000 CSKOOD 2y 000000
00000000000000 3% 000 4DCSK OO
16-DCSK 000000000 [9, RGB-LEDOO OO D
ooooooao [17).

0.381 0.002 0.000 \

0.000 0.276 0.024 . (30)
0.000 0.034 0.194

gr =

100
e Proposed (e pw s = 10%)
e Proposed (e piar = 20%)
mp Proposed (e py s = 30%)
et Proposed (e py s = 40%)
e Proposed(zpyyar = 50%)
101 )S?ﬁ eyt Proposed (e pyas = 60%)
0 E 7 —se— Proposed(cpwas = 70%)
XA\ e Proposed(epwar = 80%)
2 \X 3 Proposed(epiar = 90%)
fraviiv g N e Proposed(epwar = 100%)
—— PWM
ox —@— PAM
- ,//\/\ N
%) AN ;
AN L
—~ o
.2 S \ : ?
1073 g e £\ \ ",
7 £aa SR S
=
Rad
N
-4
0% 10 20 30 40 50 60 70 80 90 100

Measured Dimming Level [%]

03 60x6000 RGB-LEDOOOOO PDOOO 1
oooooooobo,000000000000, LEDO
00000000 20 Mbps 0000 PWM/DPAM O
oooooOoooooo,PWMOOOOOO, DPAM
0000000000000 4-DCSKOOOD0OO0O0O0O
00 SEROD.

03020 MbpsO0 7 =32dBO00D0O00OO0,
PWMOOOOOO,DPAMOOO000000O0OO0O
0SEROOOOO. DO0O0OO0,PWMOOOOOOOO
DPAMOOOOOODOO,PWMOOOODOO DPAM
OoOoO0O0000000000000000000000
000000O0. 04020 MbpsO00D000O000, PWM
000000, DPAMOOOOOOODOOOOOD SER
=103 000000 4 000000000. 03000,
000O00,PWMOOOOOOOO DPAMOODOOOO
00O0,PWMOOODOOOO DPAMOOOOOOOOO
000000000000000000000000. OO0
0,00000000000,0000000000000
000000000000.050 e=20% 000000
0o, PWMOOOOOO,DPAMOOOOOOOOOO
0000000 SER=10"3000000 4 00000
0000.00000,PWMOOOOOOO DPAMOO
0000000000000000000000 20 Mbps
00 200Mbps 00O OOOOODOOOOD, 000000

s A R S T T
S e Pl'()p(hl d
50 - * % Pr
., % Pmpnsed
v > Proposed (e,
48 ,xi‘ )()(W‘ 16DCSK< Proposed(e
.. % Proposed|
— %% X - Proposed (e
% 46 - s ”x'x'x'xﬁ( ¢ Proposed (e pw
= 3¢-Xoig x¢= 36 X x-*'-x.‘ Proposed(cpwar = 100%)
|
aal XX He g, e X X"'V- |
LTy 3 R
. - uss-x ﬁ:: S
421 .X'*- 2 ¢ - ,’((*
g I f— Proposec
© 40 - = Propose:
> —4 Proposed(epw
2 ¢ Proposed|(z,
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<
)
L3l
¢ Propose: d(gp“ '” = 100%)
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04 60x6000 RGB-LEDOOOOO PDOOO 1
goooooooo,oo0o0ooo0ooo0oo0o,LEDO
00000000 20Mbps 0000 PWM/DPAM OO
o0oooooooo,PWMOOOOOO, DPAMO
000oo0oo0oDoO 4-DCSKOO000 16-DCSK
00000000 SER=10200000000000
0000000000 Ae.

65
(;,
@ DP. A

60 -

Y
y
Y

Y

E 55 .
| ——20%(epan = 40%, epw) 'i
é 4DCSK j—l’l:‘/{ll ant = 50%, epwar = 41)/) i
o —@- DPAM 7
© 50 |- 4
=4
35
wn
o
£ % t
=
o
<
o Preseseanens
< 40
°
2

30 R R i P
100 10! 102 108
Bit Rate [Mbps]

05 60x6000 RGB-LEDOUOOOO PDOOO 1
Ooooooooo,000000000000, LEDO
00000000 e=20%0000 PWM/DPAM OO
00o0D0o0oOo0oOo0oOo,PWMOODOOOO, DPAMO
000o0o0o0oo0oDoO 4-DCSKOO000O 16-DCSK
00000000000 SER=10"°00000000
gooooooooooon ve.

ooooo.ooooo,pWMOOOOOOO, 200 Mbps
ooooooooooooooOooooOooooooon. o
oo, PWMOOOOOOOOOO,000000000
00000000000, 00000 (IST : inter-symbol
interference) 00000000000 DO0ODOOOOOOO
oooooooo.

5 000
O0O00,RGB-LEDOOODOOO DCSKOOOOO
ubooboooobo,oo0oboboboooobobooobo,ooonon



000000,0000000000000000000
0 PWM/DPAMO0OO0O0OO000O0O000000O0
0.000,0000,0000000000000,000
O,PWMOOOOOO, DPAMOOOOOOOOOOO
0000000. 0000,PWMOOOOOOO DPAM
0000000000, 00000,PWMOO0OOOOOO
DPAMOOOOODOOOOOOOOOOOODOOOOOO
00,20 Mbps 00 200 Mbps 0000, 107300000
0o0O0000000000000000000000O0
OOoooo00O0oooOo.
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