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ABSTRACT
Development of an FPGA-based Message Delivery System

using Visible Light Communication Link
Jong-Young Kim
Advisor : Prof. Chung Ghiu Lee, Ph.D.
Department of Electronic Engineering,

Graduate School of Chosun University

According to the recent development of the visible light communication
(VLC), many researches have been performed on improving the communication
performance of VLC systems. The visible light communication is being
developed for intelligent transportation system covering vehicle to vehicle
communication. The visible light communication is being developed for
intelligent transportation system covering vehicle to vehicle communication.

In this paper, we propose and develop a car-to-car simple message delivery
system, which supports immediate message identification and delivery of
messages in  one way backwards. The system is developed using a
general-purpose field programmable gate array (FPGA) board for storing
message set to be delivered and sending one out of the set of messages. The
developed message delivery link is successful over 8 meter and the distance is
easily extendable using increasing LED emission power at the transmitter and
adopting concentrating optical devices at the receiver. And the proposed

architecture is demonstrated experimentally and its performance is verified

through the experimental results of quality-factor(Q-factor) and eye pattern.
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TABSUIE

41 VLC N2=€ MY

PC1 PC2

1
7

programing= i programing
(USB )i : ( USB)
¥ v
TX- UART Photo UART R RX-
BASYS? | | VL) )) it ansistor (LVTTL)' BASYS2
( LVTTL) ( LVITL)

1% 4.1 VLCA 28 A

[J
aic)
S
Y

=

18 B =FoA Ak wAA AL A .
&

292 9% AY A TAE
AearE AR A% A

7I'e & s, WAA A

9Aske] CLCDOl ®AIBhe] Zth.

S

ne
=2
>
N

N,
rlr
ol

2L
FANE FH SAE ABE
o]

FPGA TA" HEE o] 43}

as

7 Sl TEHAAT. B A AR HA
Y HEE FPGAS USB AEE# S A#sln glow, A%d FPGAE S,
dEY AR, A4 CLCDHz=E#H ol AAE Alolstal, USB dE#Hol2= PCE
ddste] T2l AREEUAT. T4 B2 A8 nlsr] 49 UARTEA

ok
1>
filo
>
2>
oo
o
ol
2
:L

_14_

Collection @ chosun



Mg VLC WAA dEAzsde] 53 B4e e
AW 54 WAAE 54 WMES FEOER AdHd,
g =273 @ A7} NRZ on-off keying 4l &= W& 7424 LR
LEDS] #3918 Wasth VLCHA w27]ox S48 WAAE 3dz 8
A 2

T4l A 3 FTEIRE o] &3t
TZE F vnrlE 5H5e VLC 4l @] REE EHa, 5dd A
A= CLCDell EAIET
Switch ASCII Code Message
A 0100 0001 Accident Ahead
B 0100 0010 Traffic Jam
C 0100 0110 Road Works
D 0100 0100 Emergency
E 0100 0101 Temporary
F 0100 0110 Slowly
standby status standby status Traffic Signal
F 4.1 \AA "

9 & 412 ALE WAA AF A="E 9ste] BAT WAAE RoAET
AR BERe AL B wFAF, AAGH] &AAA /FE&F F A=
O ARE 1#ste AgEUth B A2Fe] HAE Jhs WAAE AR
), BF5AFB), E2FAHO), AF3FHD), YANARHE), A&EHE), Ash7]

(standby status) 59 A3S wyste] FAFHJL, o3 Uﬂ/\]?{loﬂ F-&dh=
ASCIl =& H$F3tA Ao

_15_
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4.2 7R84

4.2.1 FAAALED)} 434 A(Photo transistor)

(@) (b)

B ATNAE 7R FAE o] 87 BAUL ATk AR dee] HEL 400
}_

nm~700 nme]al <AAel] s|7F HA dow ZHA EMIZF gtk 7HAIEEALY
FYUQd LEDE= anjdgo] vtol §80] &1 #‘%‘% gl vl o] Ao
19 4.2 @ $£4 Z+& 125%0]1,

)
2B 5001050 nmeiee] s %%ﬂﬁ,%%ﬂﬂ%-wa,a% e
10 wsolth. gukdg o=z VCEZF 10 Volar 200 Ixe] WozXHE 6.0 mAe AFE
AR BT,
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4.2.2 Basys2 H&

Full Speed Platform Settable Clock
USB2 Port +——  Flash Source
{JTAG and data transfers) {canfig ROM} {25/ 50/ 100 MHz)

TA
mpbis | e

Xilinx Spartan3E-100 CP132

- Ry
DIGII.ENT

pfelEr i ié iq%%

E E Eﬂ PS/2 VGBA Port Pmod Connectors
IO Devices Port

7193 4.3 Basys2 RE [24]

% 4.3 Xilinx AFe] Spartan 3E-100¢] ®A1¥ DIGILENTAFS] Basys2 H.Eo]
t}. Spartan 3E-100-2 100,00071¢] Alo]EES 7}x|a 9t} 18] 3l Basys2 RE+
HEol Mg 9 2/ olE A% QA o]~ Atmel ATIOUSB2 Full speed
USB2 portZ Al&3s] <t} Xilinx Platform Flash ROMS ®©Alsle] A& sk,
25/50/100 MHz ©tsk AHEA7F AA 7Hsd 252 AlFstar 4719 sl 674
o " AVYEHE AFFo. avtelx= 871 LED7F Eol e 419
Seven-segment, 47019 WME, 870 2~$X], PS/2 port, 8bit VGA portE Bt
AT

_17_
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43 A5 YT $27] T4

K/\\ During progr'rlming-> TX- UART driver UART o] )
= (USB) BASYS2 (LVTTL)' [ MOSFET ] D
=

PC

(LVTTL)

a9 44 $4 A =d £9 tolo 1

I 44+ F417] A" #4845 yepdth PColA TX-Basys2E Zof .bit

#d& USB portE AHEste] dEdth dEd $F USB porte A 35822
AHE 7hsstn MER R AE HAdFdFEe] +bVE FES std USBE
AAstA = Fapsith TX-Basys2REo 4l 292 E AFatdA ® 4.10] AE
ﬂﬂ/\lxl A% liEﬂj‘ A% 257 AEE CLCDO AAE mAANE HoFE)
A A el gold] ASHE ARESHA ¥ FASAdA B AsE
5713}3l= UARTS 2!

FAZo A Az u HE T b nHlolEQ AFHE
WAE AT TX-Basys2HEoA AFEs 425E ASCI Z=+= W+
0100000101, (B)»+= 0010000101, (C)&= 0110000101, (D)= 0001000101, [E)=
0101000101, (F)&= 0011000101 shg3t= 1674 vlELD] 1, standby 3 el ol A=
High®=+ Lowzlavte] &€ttt I2la HE® 4A&E LEDE F&3h7] 9%
LEDEz}te| o] HFHct LED=go|H+= nxl'd E-MOSFET (5713~ MOSFET)
S AMgEAT 2 AFdAE $4A AxEe 9 347 tF Fds APsA

.ﬂ
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4.3.2 NEH A

240mR T T T T T T T T T T T T T T T e R e T S TR TR T e T e TR e R S T R e TR e B R T T R YT |
1 1
1 A
1 A
1 4
1 1
200mA - [
1 1
1 1
1 1
1 1
1 1
160mk - [
I 1
1 !
1 1
1 1
1 1
120mR = I
1 1
! (3.2723,95.200m) |
1 7 1
1 / 1
1 F 1
gomk |
I 1
1 1
I 1
1 1
1 1
40m& JI :
I 1
I 1
1 1
1 1
A+ T T i o r - o s ity R e B | eSS e b 5
av 0.5V 1.0V 1.5V 2.0V 2.5V 3.0V 3.5V 4.0V
o -I{R1)
N NVGS
(@
400mA T T T T T T T T T T T T T T TS TS T s T T T T T T m S C s m S S S S s mmmm—— =
1 1
1 1
1 1
I I
1 1
1 I
1 1
. A C |
1 ]
l — e 1
1 Ga iy 1
| (5.0010, 285. 10im) (22.000, 294. 31m) |
1 1
1 1
1 1
1 1
1 1
200m& = !
1 1
1 I
1 1
! \
| D |
l B 1
! {22.000,100.755m) !
! 000,94.759 !
! {5.0_;0,_4.4/1115 |
; : - ;
1 1
1 1
l 1
I l
I l
1 l
1 1
~OmA i T i T (i T |
av 47 av 12V 1av 20v 247
-I(R1)}
W VDD

(b)

19 4.5 E-MOSFET®] Agd 54 =4l
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Microsime] Pspice= schematic editore= 3Z2% & AFEA7F &7 HA
tapelste] M, place& routes &olstAl aEth Il AA| HAANA=
CadenceAle] Virtuosozte= tool& A ©]-&3lAl ¥+=t] schematic editore} At
st layout® 7FsshAl st} circuit simulation Spice (simulation program
for integrated circuits emphasis)E AF&3led netlistE 71Fo2 FAE T [25].

92 45% Pspiced  o]l&3td AlEHOHES st HAIAE YHEUE
E-MOSFET HEEA=4 EAdagzoltt. B Aol ARSI WALEDE= 34
W AFE 750 mA, &FE dek 3.5V, FE(uminous flux)e 58 Ime]th.
83l nzld E-MOSFET2 Vps2 60 V, Vg2 20 V, Hol = AR )=
Pulsed ¢ = 800 mAe]x Continuous¥ wi+= 115 mA, ol 318 &4 300
mWeolth 2 Ao A 295 o] &3 FAoAE dEHZ 2P E =9
st7] wZo] 800 mAE HuFo=® IEHAE & T
FEjoll A= Eeo] 27t obd IS AkdE ] Highwh&
oA e B Aol E ‘10, Hightts &€3t= €AI 73ho]
ol 1H3te Hd =@ AFE 115 mART WA A
4.5 (@+ E-MOSFET®] Vv & 1p9ke] #AIE YeEtle dE AlEdeld &4
Aolty. I8 45 @eollA mkaxo] & A FHo|] Basys2HE=o Z=HAU4Y
E-MOSFET®] Htj =#? AF{FEG Hoe 2 AT = vk 19 45 )
E-MOSFET®] =g¢l B4 ZMo|th A= V,o} 427 VY we] ZMo|q
Basys2B =9 ¥zl 3.2TVell A el §A4 Fdolth vy7F 5 V7 /)I7FE S
ol AdA 2] I 269.28 mAZ V,gF 27} obd Continuous #kel Yol
E-MOSFET®l #-#l& &t 183 t353dS AHE & dole Co DE Hlw
stH & 4= Atk ColAY I,= 297.31 mAR SEFLolA JA vV dEHLS

3.27 V7t Agd Ae & o Utk

d

o
(d
fu

)
Ll
e}
O
o
I

o S = | ')

Mo o
2 e rr
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44.1 FAANZ" A8

zZE UART - driver UART Comparator UART RX- ‘D_u:irlg_ff Er_a:u_n 2 -ﬁ\

Eqix|2F [common-base] "| [TTL comparator] (LVTTL) | BAsys2 (USB)

(LVTTL)

)2 ol & !
HE olgdle] AZAn. AEH Azt Adl wel Ase] eteol W)
Ak AP HPol BAY B4 HHel U= A

Ho] Z=za= o= Zqo]-oi\il‘ a8y AEE Az AdEEe g
zZb7] ol A% FEFS 98 HEBITE AR&St Aes 5
Basys2®H =9} A te el LV TTL?/ﬂ““Oﬂ g37] YA Bzl E ARESE T
RX-Basys2 = 441719 /\}%*S‘}Oiﬂ TX-Basys2H =9} zto] USB ZEE A&
ate] bit FY& AEsn 15T F USB TEES AAS H ¥E2 B A3
B ALFFH +5 VE FFE itk 48 ASCI 2= 250 wek CLCDO
HAIA 7} YERAl AT

A% ‘A’ & ‘Accident Ahead’ , 2l& ‘B’ & ‘Traffic Jam’ , 4l& ‘C’ &=
‘Road Works® , A1& ‘D’ &= ‘Emergency’ , A& ‘E’ = ‘Temporary’ , 2%
‘F’ & ‘Slowly’ Z28]al standby’de ol A4l *Traffic Signal” o] CLCDel YEeh}

Al Ht

1
>
P
o
I
©
K
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2 02 RX-Basys2 R =9}

4.4.2 NEH A
A3t 120 mv7} Z4

]

)

10MH

1.0MHz

100KHz

)

10KHz
a9 4.7 BIT 94 &4

1.0KHz

skt

S

3y

5.023%8

147

-784m
5.8820

100Hz

10.000,
T e R i S e e

3_990K,

Aegdolde

=

BV (Rl:c)

10Hz

Al = 10.000K,

il Az

| Probe Cursor
lldi

=i

1.0V
2.0v

Al

pS|
=

)

]

tel Algdeolde st A

PspiceE ©]&3

=
=

O 478 WEBIT

—_—

)

B AYA ARgsts Fake 10 kHzol

Jepa .

ol A

o

X0

wjr

"
N

.

o
C

10 kHz 7kl
— 2222 —

1

.

3

)

TS 29

99]
% 9Tk 1 KHz 731744

}.
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I |

= %‘l In Use List ---

4

MIE R AT 4

|83qgd

vee

HE
; 7 ExtTej -
ReZ10k0

iy
3
-04uF:

Collection @ chosun

. -
4 il 3
P— 2
1 1 » R 111 3
7 Time Channel_A Channel_B Time Channel_A Channel_B
1 (8Bl sosems eaa037my Reverse | ; WP sistms  somz6tmy
T2 [¢][3]| 49578 ms 5.886 V [#/[2] 71001 ms 8.839 v
L 41.935 8.262V T2-T1 -25.484 8.249V S
Timebase Channel A Channel B Trigger Timebase Channel A Channel B Trigger
Scale: 200 us/Div Scale: 10 V/Div Scale: 200 mV/Div Edge Scale: POUS/DN S+ Scale: 10 V/DiV Scale: 200 mV/Div Edge:
X pos.(Div): 0 ¥ pos.(Div): 0 Y pos.(Div): 0 Levs X pos.(Div): O ¥ pos.(Div): O Y pos.(Div): 0 Level: ¢ v
R EE © weEEE Ee)ee © (selooalls)  [Snoe)bormalms
(a) (b)
al =
19 4.8 FEH|olL FE7



National InstrumentAle] Multisime 3| ZHA €24 32 HA 559 F8&
GAS FPs=d =S F= EDA (Electronics Design Automation) E-©]
obdE/HAE AlgEd ol 7, volAE HEEY FF AlEdoldo] x3H
of Aot [26]. 19 4.8 Multisime o] &3 Al&Edold Aot 4
D704 2 m ol FAGLI|Z2RE AEE AYoE W [t

9. 2F 48 @@= 1 kHz ¢ 29 $8o)x 18 4.8 (b 10 kHzol A 2]
DR Uebdith 19 479149 PspiceEs o]&3F A|lEFo|HoA o3

tlo rlo

ofh
ftlo

(I ]
Mo
Ll

de % vk 21 Y 48 @eIA Higho] 4wt o] Alshl o)
e AL BAT 5 AT KkHolA Agme st e FUsAw Us)
= A5E A8s FausldE ofdrh o] WEBTAEoR B AHdA A&
S FoEg e 10 kHz ol £A2 FE7)2 P4BITE A8 & 5
e ABHCIAS ol g3t ST P A5 s A A9 AE
£ olgste] wlmrlel YAt We] ARHL AsE vlwsle] YHOR ALg
A,
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5 4% 8 AREA

5.1 ©ALED 444
G FAES o] &t A xHlo AR IR 2 TEAX AP WY H
Wake ST 271 9@ BEES o835t A 0.1 mellA FAS BT
LEDE T&ste =gtold, e SFses $3719 F7i2 9d FdS o &
g FAAYE =52 F T dYFL S ol &3 FAL 2 m7HA THEElE R
M= A [27].
Line Code NRZ-OOK
Signal Data rate 10 kbps
Period of 1bit 100 us
LED Count 1 EA
Voltage level LVTTL level
Distance 2 m
Ground height 1 m
Lens used (unoptimized)
# 51 A% =% (4d LED)
B E=FoA AerstE GALED $417] o] &3 7HA3EAe A3FE A
# 513 o] A3 xS HASHATE FPGAREA A=+ 4159 Line
code W42 NRZ-OOKE AH&3tdth. F3+= 10 kHzolal §F HIER F7]&
100 psolal Hst#E®-2 LVTTLH Mot & - A9 E7] Ale]o] A+ 2 mE
o] AYe AT

Collection @ chosun
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Switch Measurement waveform

A ‘Iaa?v' ' ' 13

i'-230m\."

27V

GND

sop—

a9 5.1 FPGA £841%

a9 512 TX-Basys2Bh =9 =9 A, B, C, D, E
71 Algld FAl]l UARTZHC] &85 &S &9 &
AU E AZHIE ‘07 HolH HIE 8HE, HX| HE

1
EH|E= HlE2 A, B, C, D, E, F&] ASCIl =2 16145 &}

_26_
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HED F7]= 100 psolth
™ UART driver UART
BASYS2 | yrry)  [MOSFET]
N—r
A

e UART driver UAIF J Comparator UART RX-

[common-base] [ TTL comparator ] (LVTrL)' BASYS2

a9 5.2 ©YULED 43 &Y dolo]1d
a9 53 (@+ ¥ 52 ‘A’ AFE yekdn. 19 5.3 (@)= TX-Basys22R:=
A 2942 AT & FEF AR W EHHe A AZE SAHT g oln.
o] 415+ LED 783 &4 FFEo] LEDoA H7|AANEE Hxste FAS
2 WAAE SA8HA do.

@ i

| 3.47V | 3.27V |
l |
H 230mv_ | ! |

A 2V/div 100us/div |

il
i

* | s - —— j r— e —— =]
| |
e | |
I
|

& T =) ] L

79 53 $4 A% 93 (FYLED)
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. sty T
ﬂl,_r_.‘n-ﬂl ot 'Il

161mV |

(a) N, ! A AL

241mV

1

e e e PR P pp———

80mV |
'}

100mV/div 100us/div

(b) . T EIE_.lL.UV

I 2 ;A
1V/div 100us/div
HJR i — ‘rs- Frm—— R
(©) | 2.56V | | 2.45V |

1V/div 100us/div

29 54 $41 AE9E (FYLED)

-—

4 (@ 398529 ‘B A-HE AT

D)
o
ohoe o,

u
oo o o nE
o

>
o

Collection @ chosun

(b= 10 kbpsA H]OIH £ x] A 4 9= WY

MSolth, O% 54 (0O 19 5.29

a0tk 18 54 (= £

AE71A AEd



Data

Message

01000001

01000010

01000110

01000100

01000101

0100110

11111111
or
00000000

p

% 5.5 & - A WAA

2% 558 - A
2927} offge] e o)

R A B L o =

CLCDol| EAIH+= WA Aoty S]]
+ standby “FEfo]r] wjE ol
2lE CLCDel A

o] -
P

‘Traffic Signal® ©]
o =8A T BEA 2=9A7F on
d As7F £ -4

Nezrlo] Meso] 1y 559

ge @ W o) Bgshs 54
ge WAAL &5
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513 2%

Switch on : message A sent

Recovered message : A

(@) (b)

a9 5.6 & - A7) (JLED-0.1 m)

9 5.6 ©d3ds o83 Ao A AAFE BHAFa ot FAAe}

FHZE719] Adds 01 molth. 18 56 (@A 29 ‘A

@] CLCDOl wWAJA A8z ‘A’ of sdste= Mdel® wWAIA *Accident

Ahead’ o] Yephdth I8 56 (@9 41 ©@dr]oA, wWAIXe ASCI IZE=+&

o gMs Z¥s3, B LEDE 75852 MOSFET ZZ7|E

Abgsth Fstd o2 WHEH WAX= VLC 335 F3l 35472 dE Aok
2l FAZ7|NA FHEE WAA] 257t AEHW, ol Ao

=2, LVTTL #H¥ =2 W3ste] FAaz7]

EdstA do. AR 2] 2 L CLCDA FHd wA

% 56 (WA stgre] CLCDel  ‘Accident Ahead” & H4%

E3E wAjRelth, o]9} o] ~9x A B, D, C, D, E, F&

ZA0 2 JHAZ HAE olgdt WAIAE HYE, 5 & F Adss FsA

=

fu
o
)
ol
o
do
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. 27 IJJEREHH
LED75 ZgolHe} Also] kgl FTE& 93 7] AAE NAsky
FAAYZE 2 m7AA] SRR T 1Elal Ayt 254 HolA ™ HAA|7F 7| A]
AY 2 mET A7 @ojx A thA] ‘Traffic Signal’ ©] CLCDArol| yehdt),

[
uic)
o1
PN
rlo
)
)
e
ified
=
3
Ll
o
oo
et
A
>~
ot
of
2
o
f
£
N
v
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5.2 BFLED F4l

DALEDE AH&Ste] 7HAIR FAE o83 Aol rbtede &]lsin
AA WS ZZl AE e wE FEAAYE 271 A8 Bele St
27EY. OFLEDE ATz Fo9dsE I7HAS Ade I
OFLEDE T&3t7] 984 DYLEDE F&ste 3EE A ®¥slgle]l AHE
7Vssith. LEDEgFolWo] AR&-3F E-MOFETS] Vol 98 gtol WssiA ¢
WZoll vy, #el S7FsESE 9 @l & Wsbh gldo 9 #kel
E-MOSEF¢] Huj=d<l AFe 2ot 27] dZo 3=zef & W3} glo] BFLED
E 752 F ok Al B FAgEr] e e AL GILEDAR S sdT

3 =E ARESHAH. BFLEDE

o] &% 7HF T

2 AY 8.2 m7tA 758kt

Line Code
Signal Data rate

Period of 1bit
LED Count

Voltage level LVTTL level

Distance 82 m

Ground height

1 m

NRZ-OOK
10 kbps
100 ps
9EA

Lens used (unoptimized)
¥ 52 A43¥ =1dx (H4%LED)
B wFolA AksHs BELEDE o 83 /MIRFAY H4ES 9sIM & 52
o} o] APxde AR FPGAY A& ﬂ*é ale TALEDE AFES
A 23, FHxE 93 LEDe s AE dZdsted A&sidth. a8a

O~
<

- FATRE ] Abole] A= 8.2 moltt.
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TX- UART driver UART
BASYS2 (LVTTL) [ MOSFET]

) —
A \/"‘
B C D F
UART : UAFT UART b
r E o driver o Comparator -~ RX:
ERHX|AE] [common-base] [ TTL comparator ] (LVTTL) BASYS2

19 5.8 THELED 2% 28 thojo] 1)

79 588 UFLEDE A8d A% #xe 22 tolojadold. ‘AT A4
o FPGAREGAS 285 Z2¥A¥e Yz B AHE F3ao
NEE 2Zae 2Zr)o 2¥e UeiT nxmtom

[e)

Aoz WEsly] 8] AHed vmrle] &9
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T—‘—‘

==

Y
]

ﬁ -230mV : ! !

A 2V/div 100us/div |

b

1
||
]

i
i

(b} |

[om ] || l_w

1% 59

% 59+ 9 58 ‘AT A&
AN =912 ‘A Z—TE/\]%‘\% o
10 kbpse] &%
Ho]HHE SR E
o] LEDS 334 E
¥ 23 F2 Fu

’ E

Collection @ chosun

agoltg,. 1Y 59 ()= FPGARE=

5 9] w3o|th AHAHE HARE=

A HIE 00 3 A HE ‘17,

D 7&3 20X FF

g LVTTL=
us °|th.

Al
1_.

il
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5.2.2 FAGL7]

CTT HINE:

B 50mV/div 100us/div

659mV |

;ﬁ"" .\,\.-:15 / T ]I I_\.'\‘..".'x"t.-m.iL
f | 884mv | . f
® | |L ffl P
7
¥

; z
¢ ! i ¢ f
A | e e || - v 1

C 500mV/div 100us/div

© [zev ]

D 1v/div 100us/div

2

19 510 Al AE9d (BFLED)

dolth. 19 510 (@2 &4l

.

2% 510 @ 19589 B’ AL 24T
o} galggsle) AlolA st Hrf 82 m e Aol AE7A AEH
NEE AYOR WHW HYS HoFT FA e Nzl A wwol 2
Z%7% 53] M5/ 2Z9ch 29 510 DS 1Y 589 C’ AWS
g 510 ©& 2% 589 ‘D’ A
A

CLCDo) #A8ke] 2T},
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iSender _

Receiver

-\

a9 5118 9FLEDE AFEsHY 7HA% SAI(VLO)S Ado =z 33 ALzl o]
o AgE Hd 8.2 molal HYLEDE AH&3 AFEo A7 6 mold ]
of F4 HAuoH, “ﬂ’\]xl Ago] FddEES st 18 2 511
ARE A7) Qe AUSe A Aol AA APe ofFE AedA 33
g I8y 4 5 AUNEEFDS 2 A SARFE AF AY ARl
0 ~ 09 molA= 50 mV ©]3}, 1 ~ 1.5 mollAl&= 50 ~ 150 mV (1.3 mollA =
945 mV), 1.6 ~ 2 mollAl= 150 ~ 180 mV7} F718<S &2l 3ty o, 543
BN T WAA] Edo] 7hEstATh
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= o] Fold
g F A3 g FAE EAss Aot X E oy 2EHS] HES
&S 3 £ o] &3}
o] wrEojx PRBS (Pseudo Random Binary Sequence)/ﬂ £ LEDE o] &3t
B2 W3 FHE AR FHzE | AsE HEwd agla H2Ed

259 ofo]gEl (Eye- Pattern)S ZA3tx Q (Quality)-factorg =3

et

o

tel HE

2 &@Bit Error Rate)S FAH3te] 3Als g ZFAHL At Q-factore

F AT fae FES Yede A% Aot

FAFE ol 8T FFAAME HELELELE 10°S

+ (Error-free)& S&siAIRt, F4 F T4

o] et [29])

Faaet R Fol(lsterd wixDel wet A 5
%

24ste] B4 M@ 93 284 2@ 99 A4

O

u
AC)
fd
14

HARog y&

stod ‘ol 2 gl
dE 107 %% HELQ S UTH

tlo
N
M
(o
fru

i

filo
oft

‘ 1 V/div 400 us/div
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