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6HEFUH 9LVLEOH /LIKW &R
6\VWYHDVHG RQ WKH 3RVLW

)DUDJ ,EUDKLP .KDOLID (

3K’



oHFXUH 9LVLEO

&ERPPXQLFDWLWRQ

WDVHG RQ WKH 3F
S8VHU

E\

J)DUDEBUDKLP . KOIRXIMD

$ WKEAXBPLWWHG LQ SDUWLDO |
UHTXLUHPHQWY RI WKH 8QLYHUVLW\
IRU WKH GHJUHH RI '"RFWRU RI

SHVHDUFK XQG 68 WRDRIRE 8 >QNW & B

(QILQHHUJLQBRWRIBNLRQ 6FLHQT
6HSWHPEHU



, GHGLFDWH RMAKIDW ZEUN WR



'"HFODUDWLRQ

, KHUBHWF OUXIDAR P SRV AR UW KALLR/Q W DWW ® HHEKLINEK WK LW R DVV
RQ WKH SURJUDPPH RI VWXG\ OHDGLQJ WR WKH DZDUG
DZDUG DQG WKDW LWQOHNY ® RUHAQWVZHRUNMIKIUHQFH LQ

RWKHUV

, GHFODUH WKDW WKH :RUGV&RXRW &RV WKLV 7KHVLV

1DPH )DUDJ ,EUDKLP .KDOLID ORXVD

6LIQDWXIIBE ¥ ?ageS

'DWH ««



$SFNQRZOHGJPHQW

JLUVW DQG IRUHPRVW , ZRXODOXISMH YL R RWK DRI HPW
%XVDIRBURYLGLQJ PH HQGOHVV VXSSRUW JXLGDQFH
UHVHDUFK ZRUN .ULO®FR QILGHDE HK MKRE K & VD IVRPWVDR)IC
WRZDUG PH DW HYHU\ WXUQ , DP JUDWHIXO WR 3UR
VXSHUNMRWPWZD\V SURYLGLQJ PH KLV H[WHQVLYH DQG

FRQWLQXRXV VXSSRUWYV XVXDOO\ DW WKH H[SHN@RVKLRI

, ZLVK WR H[SUHVV P\ JUDWLW XGG®DW R HIFFDUMLKEX/P B3UKL\
(OHFWULFDO (@UIQQWHHOD@IXDIJH FHQWUH DQG DOO ZRC
WKMRXUBMBHFLDOO\ P\ FROOHDJXHV IURP RXU DUHD ]R
DQG VFLHR®\VRLERXOG OLNH WR WKDQN $]MNWX @D 8.k

(GXFDWLRQ DQG 6FLHQWLILF 5HVHDUFK DQG /LE\DQ JR

, ZLVK WR WKDQN P\ SUHYLRXV VOLSIKUD DGL RO ; WHDP '
ZHOO DV , DP DOVR JURZSANMKXPODIAR & DFCPX @ HOBW LR Q 5HVH

PHPEHUV

/I DWVBXW QRW WKH OHDVW , KHUHE\ ZRXOG OLNH WR F
IULHQG\W GOASWRLP\ PRW KHWUQDBIQ & bW/ D\HWW WP ETCKHAK HD QS

HQFRXUDJLQJ VPLOH IURP WKHLU IDFHV



SEVWUDFW

,Q WBKOH/MZ GHF DG KDV VWEKHIMID QJ GHPDQG IRU EDQGZ
FRPPXQLFDW LGRHMPRWHE® WK FEHU RI PRELOH XWERWN F
DSSOLFDWLRQV @OWIBUKQHW DS A HEWLIDEIGH RAPLXIKIWE B W L R Q
LV D GQHEPHWHBKQRORJI\ LQ RSWLFDO ZLUHOHW WRP
SURYELRWM® O XPLQDWLRSH B® G5 BWIK FR PP DGLENWELERX DOV
XVHG IRIBRYGWRRQLQJ RU ORFDOL]DWHKKEMY PIHVK VZ HG HDI
R D W W UDHFWH.DYWHF K- RZZNXYGILH W HEXULW\ LQ ZLUHOHVV FRF
PDWWHU RI FRQFHUQ GXH WR WKH SRVVLELOLW\ RI XQ

7 K W K H\DINWH V WHRHDRBNGESTFOZH U 5LA8W G LVE R VDIERQHYH LOO
UHTXL U HPW ERIWBIOP DQ 8 SWHEPPPEHUWLDQ IRUUGHUDQG IR
FRQILJX U)DXW MRGHURIRS RVHEDYHRG LQGRRU SRVLWLRQ
UHFHLYHG RSWLFDO SRZHU O H®MXVVIFIHRE@DER KR \HRL W w6
DQG RNQBKW ZLOKRMRE®W /261/26 SRBUHWERQVQGHUL
SHUIRURD QF¢H SURSRWH® YXDWHG XQGHU ERWK QRLV)
FDVHV RD@SDEMHRI GLIIHUHQW KMRFLDMLRRIQY GIRCEHRY RWY H V
$QDQDO\WLFDO PRGHO RI WKH V\VWHP ZLWK QRLVH DQ
IRU D UNVQJELR) WRVGR Y DHEWHWHRWHG 7KH UHVXOWV \
RI FP LQ DYHUDJH LV DRKL B %DERRS 1D W6 D/F H6Q BID DR R
LOQWURGXEHHO DSSURDFKQURU 0HEFS DW S ZUMKD@QHO V\
LQURDWERQAQRZOHGJIJH ERWK LQ QRLM) DQG KM RURORV
LQGRRU ORFDOL]DWLRQ V\VWHP XWLOL]JLQJ WZR YL\
HQYLURQPHQWYV RIIHULQJ OHVV FRPSOH[LW\ IRU ERWK

7/KH UHRKOWMKWH VFKHPH ZNVWHKR K S$RAMEHGD W H U D W LIR@GIVWH F
LY



SHUIRUPDQFH RI WKH SURSRVHG V\VWHP LV HYDOXDW
FP IRU BD®RHYUHDWHU WKDQ G%

7K LW K HDVASVMRR S B VQHYVZ WHRXW HLQ S X WV 6 (52O H&: RIAWSDHEWD Q
LQYHVWLEDW HW BEKBSHMWRIUUPDQFH ZLWK D Q GQZ WK K ROHAG
$FFHVV &RERMMIRGIU DQG SK\VLFDO OD\HU IRU ERWK WK
JRU D ®5 WKH UHVWRBW WKRZHG% SRARH U RSUH QEXBXULHHG
9/& VIVWHP IRV RIBWMR UDWEBY 7KH NH\ OHQJWK LPSDF\
LV DLGQWRHVWLJIDWHG

)LQDOONKWWIRSRVHY D VHFEXUH 0,02 FV&R\D\ WKHIPS\K K D W
XVHU E\ LQFRUSRUDWA QWUHDVDRIZ R FEINARGELHYRHD/QV 56§
WHFKQLTXH IRU HQFU\SWILQ JWW K HO $\&)OUDNVHRE WRRHGH G W W
WKH SURSRVHG V\VWHR WRHFR Q WENHE MG WIKH BSSOL

HQYLURQPEBRRQVWUDWHG



7DEOH Rl &RQWHQWYV

P E V Wik [ ke M « <€ € &€ & & QKK LK KK KKK KK KKK LY
7TDEOH R &&QW QUMY ¥« € € & € €K& QKKK LKL YL
ITLVW R keI ld A € €€ €€ Q€& Q& Q K QK LKL KL K [L
ILVW R «<ch@ 0/ «€ € € € & €« &« QKKK KKK KKK K [Y!
*ORVVDU\ RI $ Bk ld $d ed W & IR « € € &« &« &« [Yl
*ORVVDU\ Rk GAR RO « € €« &« & LKKL LKL LK [[L

& KD S W Hatk @ €XH( « € « & < & & € & &K K K KKK KK KKK K
, QW U R GXedrdl I B €< « « € & & & &« & K & &« &K K K KKK
SHVHDX® & D PYDUMED @R Wed «YeDx W/ d RelX « « «
2YHUYLBEZVREAOKRP P X Q L kDWW Rl
SRVLWLRQLAY W® R &« « « « « &« ««
BHFXUQW: & 6\ ¥ WdR « « « « RS
SLPV DRBKBH FN ¥ K&« « €« &« &K
2ULIJLQDO & RexW/cdkd e W/ b dReCx W <« « « «
ILVW R 3 X\ @& DM k R Qu « « « « «««««
- R X USO80 ke « <€ < <€ <& KKK K K K K
&RQIHUHQ KK «XB S tdddk « « « « « « «
2UJD QL] DMKIHR/Q AR k¢ « « & « &« & « & € « & &K K
6 X P P Xl ¥« €« ELL L LK
& KD S W HdJ € € & «€ « & & & & &K K K &KL &K KK KKK KK KKK
2SWLFDO :LUHOHVYV &RPPXQLFOMKkR Q«aWW W F
, QW U R & X & PWLeR Q) « «€ « € «€ & €« & € KKK KK
2:& V\VWHDP) YW \W WAHKR « « « « « « &« &«
&KDOOHQJHY« kR4 «Z¢ @« « « « « « ««
OLVLHEQKRPP X Q L ROW & R « « « « « &«
ILIKW (PLW Wk @Qd«'d R « «««««
& K D QEHEH & @ & €« « « « & & € « & & & &
SKRW R GdW dddFaM R td« « « « « « « « ««
O0R G X O BRMKIHRRM ¥ « « « € «€ « & & € € « & «
1RLVH/EB\V WdkdR « « « « « € € « & € & «
"D UK U UHRQ WdH « « « « « « €K«

YL



6 K RW L &/dH¢ « « « « « ««« €K K KKK
7KHUPBIO/dH « « « « « « «« €« K«
OXOWLESBEHWO W2LEWHXW Oe@Z «««««««

7KH 0,02 90 & GdkdX « « « « « « « « EEZXS

0,02 5HFH LYk ld ¢ « « « « « « EE X
THURUFLQJTXP Kl K« « « « «
OLQLPXP OHDQ 6TXDUHGT KUMDE |

,QGRRU 9/& B3RVLWLRQ&QI«&KH&EKQLT X4\

7TLPH RI SUULYOO«&ZS «ceaa «c«

7LPH 'LITHUHQFH Rl $dk&klk¥B O « ¢ &Z$

$QIJOH RI $UU k¥ B O« « « RS

SHFHLYH®G WUHPDIW K ,QGkFDODM KR Q

5HODWHIRU 566, 7THFKQLTXH LQ 9/& 6\V
6 XPP Xk ««««««« R R R E RS
& KD SW H Wk ¢ Kbkt « « € € €« &€& K KKK LK KKK
,QGRRU 9/& 3RVLWLRQLQJ 6\VWHP 8&d Xk 7K
, QW UR & X & Ml Q « « « R IR
SHFHLYHG 2SWLFDO 3RZHdk«&238«&«kV WU
2SWLPXP /D P2RJHGHM X € « « « « « €K«
9/&6\VWERPQILJIX KR WLRQ Y « «« €«
7TKH23' LVW U LEXKM k R&Xdk « « €K KKK
6LQIOBQV RIRWW.H N tJ O ke R &«
) RXAW D Q V R&RVQN HIX & OAM k R €«
7KH 5380 DW LRQXKK k & &« « « €K KKK
,QGRRU 9/& 3RVLW&RQ«Q@ & &Y Nt RV
7KB\VWHPV F U LS W dRd@X « « « « « « ««

& K D QEHEH & © & €« « « « & & € « & & & &
ODWKHPDWLFDO ORGHO RI /26
ODWKHPDWLFDO/2RGBW RI «@ R4

8VHU /RFDWLRQ 8HWHK G R ORR kK Q4d«X H
+RUL]JRQWDO GL VAR Qd~dt &AW & ¥ D W |

7 UL O D WOHHWADKINRKIR Q¢ « « « « « & & € &« «

0D WKHP PG D/DRL Rt « « « « « « « « «

S5HVXOWYV D Q €« 'd /¥ &k R &k « « ««

/ILQH RI1 6LJIEWHQDOkIR e « « « « « «

YLL



126DQRB® Q@26 /261/266FHQDULR««««««
& RP S D UBQWDIONN L \b HRM XBRARA « « « « «
$SSOLFDWLRQ RI WKH 9/& SRVLWkRQ4LC
6 KD G R AMMAEI € € « « &€« K&K KKK KKK
6HARUUHFWLQJI&B\VRVBWPLQRVLWkRQI
ODWKHPODORVG X k Qd« « « « ««
SRVLWIKRWLDBWLEIQ ABLD Q V P kW
BHVXOWYV DQ G<«k¥Y fXMNMLRQ ¥ « «
B X P P Xl ¥« €« €L
& KD SW H W« RO «€ €€ & €& & &K KKK KKK LK
,QGRRU 9/& 3BRVLWLRQLQJ 6\VWHP«8¥&&QJ«7Z
, QW U R @& X § YMLeRQ € «€ & &€ €€ & &€ &« & & K € KK«
,QGRRU 9/& 3RV L Wl«R&Q & QJ« & WMWY ddede
6\VWHPVF U LS W dRa@X « « « € &« &« &«
ODWKHPOR/GHDOEBRDOLBYWQRGEGBEKQL
1RYHO ,QGRRU ORGH&/LRU BR6/L W EKILL
S5HVXOWYV D Q <&k ¥ fXMIULRQ ¥ « « « « «
6\ V WEOHRMXESK « « € & € €« & & € € K K K K«
7TKHUD Q V P IBR/WLAMUKMRIQQAA « « « « « « «
7TKHP SDFWRRYV H QRIX ODWR U IDV\Q/GD QURIL
SBRVLWLRQLQJ HUUR Wk &x@ LW&c&L\
/263SSURMDKK « « «««««««&KK
1261/265S S URDRKK« « «««««««
&RPSDULVRQ ZLW K Bdkd¥lkR X &« «Reldt N
B X P P DXl ¥ <€« &€& QKKK KKK KKK KKK K
& KD SW Hdke ke ¥ I «€ <€ & € & & &K KKK KK KKK KKK
SURWHFWL RBQ/ W H AR « « «««&&KLLLK KL L KK
, QW UR @& X § MKLROQ « € €« & & &« K KKK K
7 KU H D,Q/NR WHRE ¥WelscR @ « « <« « « « « « « «
, Q1R U P BWRLWR IR W & Rl « « « « € « « « K
S5HYLHEZURS W R IR 8 & « « « « € € € € € « «
6\P P HWUSE Rdhdi\W « « « « « « &€« & KKK
6 X EV W LW KKV IERKX K &« « « « « ««
7UDQV S RWE KV IRTX K &/« « « « « «
3 UR G B WAk « « « « « « « « « «

YLLL



% O RYIE IS Kdadd Wk « «€ « « « « « & & €« K
$ VP P HBLUBLKRHdU M « « € « € € & € € & € K«
$SSOLFDWBXRQMR&EUS W R VAWV Y H I
TKH 5680 JR UdIMK R « « « « « « ««
HY *HQHUD Wk R 8URFF
(Q F U\ S'WHLFRJQ W { R&Xx< « «
7KBHF X ULW\«R &k &6« « « « « « «
7KH ) D F WWRRJHE @R « « « «
7TLPLEW W PENMK « « « « ««
$GYDQWDJIHAD B Y B QWIBIE Hi\M FKIQ |
$GYDQWDJIHW IR BX\EQKHRE.
ILPLWDWLRQW RW WK & 6
S5HODWH G« N¥««««««««
,PSDFW RI 3URW H FRRPWLRHIRR« Wckark Od &
9/& 6\V W BLRP X O W/ MK « « « « « « « « «
SBURSRVHEE KOHE&HWEFU\SWLRG WD Q& L |
5HVXOWBHUDRUGR ¥ Q B M Ok kR Q« « « « « « «
6 X P P DXl ¥ <« €« €& Q Q6 &K KRR KKK KKK
& KD SW K «Bleefe «€ € <€ & €€ & €€ & €& &€& &K QKK KK KKK
BHFXUH 0908 6\V W h®P«c «««««aaaaCKL L
, QW UR @& X § MLROQ « € €« &« & & K K KKK KK
SRVLWLRQLQJ LQ 0,0@«Xk& €&\ WckR «
ODWKHPDWLFD®I MRRGBRYLWLRQLLI !
+RULJRQWDO "LVWRXQ&d W LP
7 UL O D WOHHWADKARKIR &« « « « « « « «
&H Q W BH FRIIL&YCHIF X @ B ¥R @ ¥« « « «
6HFXUHO090& 6\VWHP '"HWkW & &dWl«R €«
%ORE®DJUDWKRI 3 U REBRABWHWHBV B¢ « « «
ORGLILHGOIBRBU L W D\(EBY &G ¥ « « «
(QFU\SWLRQ 'HF 0)GRN& BQV W ddedX¢ « «
S5HV X O WY DIDQ Bk ¥ « « « « € « &« K« K&K KKK
7HXBOW D P K ¥R ¥« « « &€ «€ €« QKKK
7TKHYDOXDWLR Q /RI6\0/, O/ 2R « « « « « «
SRVLWLRQLQJ (U WR Y« AW dd EXWV L R
%(S5LVWULEXWLRQ | WRR «&dkRx@«6\V\

L[



%(5 'LVWULEXWLRQ URP«XKHBO<E\V
6 X P P Ixld ¥« €« aaaEqL L LK
& KD SW H Wk @Yk @ « &« &€ <€ & &€ €€ & &€ & & & &K & K&K KKK K
&RQFOXVLRQ D Q GW)Xdd X ddde «R b RN« « « « « «
&R QF O X Wk RO « € €&« «&EKELKL LKL
) X W X U HW AN € € € <€ €& €K K KKK
$SSHRIEL
$SSHQHG L]
$SSHQG L[
$SSHQ&G L
SHIHUHQFHV



/[LVW RI| )LIXUHYV

YLIXU
)LJ

yLJ
yLJ
yLJ
yLJ

)LJ
yLJ

)LJ

)LJ

)LJ
yLJ

)LJ
)LJ

yLJ
)LJ

)LJ

)LJ

7TLWOH

7KH 8. UDGLR IUHTXHQF\ V$&KFUWNM XW
RYHUFURZGLQ J@EdKR I ©dkfe « « « « « «

7KH YLVLEOH OLJKW UDQJH LQ WKH H(
GLIIHUHQFH EHWZHH® QWK W EH EYOLQY & E DA
> @

*HQHUDO FU\SWRIKR & Kd d« X QA

6XPPDU\ RI WKH LVVXHV H[LVWLQJ VRC
LQGRRU 9/& V\VWHR «l«@ N K& ¥« WkeH V LV

6XPPDU\ RI FRQWULEXWLRQW W P/ & ISR
FKDSWHU QXPEHUV DQG DSSHQGd«HV D

YORFN GLDJUDP Rl D WS« «X/& V\V W

/ILQN FRQILIJXUDWLRQRI DJ KWW H5-MUHRI@ WL
RVLIKWR®LRNLIKW E\ ILUVW UHIOHFWI

$QRSWLFDO ZLUHOHVV FRPPXQLFDWL

,O I E E E R ZZ X XX Z XX X X XX

0SAKIH VBBUOH DW K DX 4 FOXW K 8 DAUREIQ \DRC
WKWHUD G ODQKWO HE 7KH ILHOG RI YLHRZ®R
DOQWHIDFLGH @Wc 9 &xIkQxh « « « « « « «««
3,1KRWRGLR G &dedx R €« « « « « « ««

7KH 22. VLIQDOWZKRUHBQ D UWR QRHU DEX(
D 15= VFKHPH E :(B=rafk K fd®Pdk « « « « «

7KH SRZHU VSHFWUDO GHQWBWEWAFKIEP HR

22. 5= VF KRR « « « « «€ « &« € &K KKK KK KL

D $ 7T 9/& 0,02 VI\VWHP E 7KH EORF

0,02 V\V WdHR « « « « € & & &« €« K KKK KKK
7KH 9/& SRVLWLRQLQJ XV I«k@ & IXxQ «&2$ W

$Q LQGRRU 9/& V\VWHP ZLWK WZR W\S
WUDQVPLWWHU E « «R X&J« Wd KX Q& PLAN W H I

7KH 5Z8BLVWULEXWLRQV IURP /26 1/26
WUDQVPLWWHU D WKH 523 E\ ZDWW 11
IURP /26 RQO\ F WKH 523 E\ G%P IURP
G%P ITURP /261726 ««&«&«&K KK KK KK KK KK K KL

7KH 523 GLVWURKXWLI B QRRRAGRILVY XX HIBNID-R ¥
523 IURP /26 ZEKH® E WKH 523 IURP&/Q6

RSWLPXWKH 523 IURP 1&6 ZKH® WKH 5

[L

3DJt



)LJ

)LJ

)LJ

)LJ

)LJ

yLJ
)LJ
)LJ
yLJ

)LJ

)LJ
)LJ
)LJ
)LJ
)LJ
)LJ
)LJ
)LJ

)LJ

1/26 ZKBEQLY RSWLRXWH 523 IURP /2614z

f | WKH 523 IURP /2&1/¥Y6RBKHP X P « «
7KH UHODWLRQVKLS EHWZHHQ W®&HOPD
SRZHU IRU GLITHUHQW W W B Qa/Rl«\W ¥kH G

7KH PD[LPXP KRUL]JRQWDONGDWWDP QWHV E
DQG WHPIOH DW KDOI SRZHU ZKHQ DG%
E UHFHLYHU VHGGWR Mlac¥ kW& « « « « « «

D ,QGRRU 9/& SRVLWLRQLQJ V\VWHP
SRVLWLR Q LdXxX &/ ¥ &kt R « « RS

,PSXOVH UHVSRQVHV RI 9/& SRVLWLRC
UHVSRQVH E LPSXOVH UHVSRQVH RI !
E LPSXOVH UHVSRQVH RI @¢&«KKRQQH !

JORZFKDUW RI WKH SKRVYRYRRIQE QI/ &/ \V'
WUDQVRILIRAPWMKN |RXPLWWAE UWUID@R WKH

7KH 9/& FKDQQHO PRGHOOLQJ IRW«G& U]
6LGH YLHZ®GERRU 9/&«VAY YRR « « « « «
7TRS YLHZ SRVLWLR Q& & /¥ it R « « «

7KH UHODWLRQVKLS EHWZHHQ WKH 61
IRU D DQJIX&DUEHKBRRU]RQW D O, @ &¥aN D

7TKH UHODWLRQVKLS EHIWZAHHI QI H 1D D)
TN E KRULJIRQWDQ @ URWDEAHHIHHQR/
ZKHQ WKH SRVLWLRQ R «dkikkK&dddk LV

6SDWLDO GLVWULEXWLRQ RI WKH ORF
VIVWHRRRWUHOHVYV /26« &/cdxd@ B e dRe «

6SDWLDO GLVWULEXWLRQ RI WKH ORF
VI\VWHP IRU WKH QRLV\ /26 VFHQOdk«R Z

(VWLPDWHG EOXH FLUFOHW TDX@@® HJ\H DI(
VIVWHP DW 6k « « G € « & « €« K K KK«

6SDWLDO GLVWULEXWLRQ RI WKH OR
1261/26 VFHQDX kR« « ««« €«

6SDWLDO GLVWULEXWLRQ RI WKR &IRE¢&
VFHQDULR D Wk &d &« ««ld U« « «««««««

(VWLPDWHG DQG UHDO SRVLWLRQV IR

615 LI ZZZZZ AR Z

7KH UHODWLRQVKLS EHWZHHQ WKH SR
IRU DSIRWDR @&/ L R Q L &/ ¥ dkkt R « « « « « «

6SDWLDO GLVWULEXWLRQ RI WKH ORFD
QRLVHOHVYVY FDVH E QRLV%&OMbk Z&KHQ

%(5 PDS RI WRWDO UHFHLYHG GD®WwP a¥
6T DOBZLWKR X XR kW« « « «««« « «

[LL



)LJ
)LJ
)LJ
)LJ

yLJ
yLJ

yLJ
yLJ
)LJ
)LJ

)LJ

)LJ
)LJ

)LJ

)LJ

)LJ

)LJ

)LJ

%(5 GLVWULEXWLRQ PDSV LQ WKH UHF

LQFOXGLEAP AKBR®QHEE FKDQQHTd FKDQQF
DQEGE FKDQQHO Z K HB@b<be kB « « « « « «

7TRWDO % (5 IRUIVWKH\UWBRP ZKHQ &k

% (5 IRU IRXU FKDQQ WAV XKWREW 1 QMW KMHHWH
LYV EORFNHG DQG«W&Kdk 6d b« « G%

TRWDO % (5 0RO WK HV\VWHP XVLERWIK
PHWKRG ZKHQ FKDQQHO LV E ©RFNH (

7KH EORFN GLDJUDP Rl SURSR WG «3/ &

JORZFKDUW RI D UHDO VFHQDULR IK
WUDQV R k WM kK A/ « « « €« &K KKK KL K

6LGH YLHZQRGRRU 9/ & QI R « « « « «
7ZR 7[V LQGRRU SRVdiMkR Q4 QX ¥&V W P
7RS YLHZ RBRNKIHV L R Q L«@ & &/ & Mkt R « «

D'LIIHUHQW SRVLWLRQV Rl WUDQVPLW'
VIVWHP DQG E WKH EOLQG«¥S8R: QG

7KH DYHUDJH SRVLWLRQ HUURUV DJDL
IRU IRXU SURFHGXUHY DQG-BGWILRQMQ VD
ZLWK FP E SURFHGXUH FPZLWISU
ZLWK U, DQG G SURFHGUH IURER

HIWHQGLQJ SURSRVHG SRVWRQRQ LSQJ
SRVLWLRQLQUD«Y KW H P« ««a «««&««

SHFHLYHG RSWLFDO SRZHU GLWWWKLEXV

'LITHUHQW DSSOLFDWLRQV IRU WKH S
RSWLRQV IRU WKH VFHQDULR D kG«

D 7KH DQJXODU HUURU YV 615 E WK
IRU WKH RSWLPXP WUDQVPLWWHUTfV St
WKH UHFHLYHUTV SRV kW& R dd«c«« P

6SDWLDO GLVWULBEXWLROR B | Z3 RWKLRKLYR (
/26 VFHQDULR DQG ZKHQ WKH WUDQV

P P P P E DUH P P
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Chapter One

Introduction

1.1. Research Fundamentad and Motivation

1RZDGD\V WKHUH LV DQ H[SRQHQWLDOO\ JURZLQJ
LQFUHDVLQJ QXPEHU RI WKH QHWZRUNVY XVHUV $V D
ZKLMKUH UHSWEVHDOGLHRG )UHTXHQF\ 5) FRPPXQLFDWLR
FKDOOHQJHV WR DFEKLHYH WKLV WDUJHW GXH WR WKH C
LPSOHPHQWDWLRQ RR\HW Y IDRYG VGHFMKBXPSHEWUXP RY
WKH SUHVHQW 8. 5) DOORE® WILR Q FEK DMKAMMW RDHS/E A VWHHG
WHKHJIJKO\ UHVWULBWREW P RS HIQGMR B/H FSOUR ¥ 5 H AW HRW
DYQ DOWHUQDWLYH WR FXUUHQWVXIEWHING \D\D @R P X QLF

,QGHHG WKHUH KDV DOUHDG\ EMHDD O QKPROY \RU W \
RQ RSIMLUFIDERFRXQLFDW LRPFKQRORJILH VY SDRESWDFDIQ H}E
FRPPXQLAMMIB® ,5 DQG YLVLEOH OLJKW @ QPWKXQ\W IR
ZH IRFXV R QDW MH 9 RDWK K HMHPWALRE) DQ RYHUYLHZ R

ZLOO EH JLYHQ

1.1.1.0verview onVisible Light Communication

,Q UHFHQW&\WHWINWHPYV KDY HQHZHUG HR MIHIWLDVE ®H
WHFKQRORJ\ DV D VHTXHO WR 5) WHFKQRORJAKIDW KH U
LV BPHUJLQJ WWRPMRMRBFKLHYH KLJK GDWD UDWH XVL
HOHFWURPDJQHWLF VSKWWWDXMHOHB J¥ KVOPOWROHIQ QfF

9/& WRHRIORKLEKIHUUBEGIJW®R DNVGIHOQMW ZRU NV UHF A HOHDG



)L WKH 8. UDGLR IUHTXHQF\ VSHFWUXP DOORFDWLRQV FKDUW WR VKRZ RYHUFURZGLQJ SU



LQFUHDNYBBDUFK DWWHQWLRQ LQ WZR ORWBWWRGHBLGH W
VLPXOWD@HFRNBQXPLQDAMIWRD WYBQVPLVVLRQ )XUWKH
RITHKWAWIH EDQGZLGWK Ra DS %VY]|R KLPFAXWLMO \ WLPHV OD
5) EDQGZLGWK PM VKRZQ LQ7RVKLKLNR .RPLQH ®URS
HPHUJLQJ DUHD LQ R SZKURIDIX W \MWIHVAW CUILIGAL RBEDQ 7
ZKLWH SKRVSKRU /('6 :3/('V DUH WKH PRVW SRSXODU
PRGXODWLRQ EDQGZLGWK XS WR KXQGUHGV RIUH |IDX\HL
D QXPEHU RI VHULRXV FKDOOHQJHVY DVVRFLDWHG ZL\
FKDOOHQJHY LQFOXGH RSWLPDO VSHFWUD DOORFDW
FRQVXPSWLRQ TXDORGN\ RREVMHUYWNFH. QGRRU SRKNLWLR
contributions of this work wilfocus onthe lasttwo challengesnamelyLQGRRU SRVLW

DQG VH¥FX@LW\

)L 7KH YLVLEOH OLJKW UDQJH LQ WKH HOHFWURPDJQH
5) EDQGZLGWK DQG WKH YLVLEOH OLJKW EDQGZLGWK > ¢



1.1.2. Positioning in OWCSystems

6 DW HEDOAHMEHS RV LW LR RE R @FEHMCK BR VLW LR Q RQ N @\W\W H
DFFXUDWH ORFDWLRRZHAM B VX WHKRHBNMHN R IQ\FR BBERYL G L Q J
VDPHRVLWDRBXQDF\ IDQ HQX® R/KWB WKR WHDSHQ V LWXI IHQGI UR
KLJK SRZHU FRQVXPOWMLR®LQJ WKH ORFDWLRQ RI D VP
HTXLSPHQW LV VWLOBORW K KOMOHQOR R Q/K COXGNHLW KH FRF
*+] XQOLFHQVHG IUHTXHQRMUQ@W [TE RMW XIOQW HERIQEH Q
'HSHQGLQJ RQ WKH XVD)H RHD YlOMRPRIDWK HDVHG SRV
RIIHU ORFDWLRQ DFFXUDFLHR>ZLWKQ Q/$UKHNVK B QIRFPIO
VIVWHPV XVH D MRLQW FOXVWHULQJ WHFKQLTXH IRU
WKDQ ZLWKLQ D UDQJH R$ dULRG EDWHI\G %DXANHBE&
ZLWEXKDQOGLQJ ZLWK ORFDOL]DWLRQ DQG WUDBNLQJ@FD
$ WUDFNLQJ RRVBG BRWMA ZKLFK GHWHUPLQHV WKH
DFFHVV SRLQW VWR 8 RED OW>XOWHW B ERDD RYVGHU WR GHWH |
ZDV GHYHORSWGPH WRFADDMLQJ )V\\DMMZ RENV:IDW¥ WHSR
)XUWKHUPRUH D UHD® WHPP HRWQBWNRYNYV E BVIDE LARC
GHWHUPLQHG IURP WKH 566, YDOXHV ZDV GHWHIO RRHGH
IRU PRELOH XVHUVHORGBASHHIODW BG VRD WR WKH>SRaV LW
+RZHYHU UDGLR IUHTXHQF\ EDVHG WHFKQRORJLHYV
LOQWHUIHUHQFH DQS ED K MR BSGRLFEMWLRQV WKH S
PRVWO\ GHVLJQHG IRU WUDFNLGJ @WKXINVOGOHY K PEHYJI R

LQGRRU SRVLWLRQLQJ VA\VWHP LV FKDOOHQJLQJ

2Q WKH RWERHU VKDQENE O HV WIRQVPLW ORFDOL]DWLR
LQVWDQFH &RVVX HW DO SURSRVHG D ORFDOL]DWLR
SURYLGH WUDFENLQJ LQIRU RPXWLVRIQHW RHRW KHEXIPESR VY H G

RSWLFDO ZLUHOHVY LQGRRU ERPNBHGLFHWORQJIZEDPIS \X V\



GLIIHUHQFH DQG WKH WLPH G LADHU QW H RRQ KDAWIHR WS K K
DFKLHYHXGRRU ORF DO LRI IVR/@EMCARQ WK H VSIPEH RI P
%LDJL DQ6 9BORBRSRVHG D VLPSDOLFHWKRG /(' GHYL
LQGRRU SRVLWLR® L&D W HUHIHPRGFRR RSDUYMR WKH LPS
UHVSRQVHV RI SRZHU DQG WLPHVWDPEIWN WKB ORRBW
GWLFH>-I@URSPVHW KRGEN K\EEFHWZWMW®LEDVHG SRVLWI
PHWKRG DQG WKH FRQYHQWLRQDO WHBH L NRHUG Z\LEHRIERHD/
VHQYRWZRUN :61 OWWARFWBRVHWHRQLQJ DQG ORZHUPSRZI
HWSDO@HYHORBEEXYQVPHQW PHWKRG WR UWBRBIXE K LW KI
FHQWLPRWHRRQUHW DEURSRYHL LQGRRU ' SRVLWLRQLC

XWLORFHDWLRQ VB OGWV D G LD/DANEEFORIRIBR R LQJ HUU
WKDQ FP

1.1.3. &curity in OWC Systens

6IXULW\ LV DQ LPSRUWD QW M DEKWIA FIDQV ARFUHIBME \R @
WZRURFHV V H X W\ IODSMHRSGEAM F X UL W\ LQ : H[L Y DKIHAEN V
WR LPSUR YUHHKE X BIPRXDQW B O G U\BMLEXUBDWKOLVHYV WHF
DVXDQWXP NH\ GLVWWV XEMWX G @V HIFK=KLIE B W B RSRVH
D QHZ GHVLMXOWMKHPBPHGLIJLWDO F K IDRUGHP HHW RS WA QD
JIWHFKQRQ@QRWKH RWKHU KDQG VHFXULW)\ LQQRSRVUABO H
DFKBIQOH -RVH HWQBZ VBHRISRVTHXAHY IRU LPSURVULD.E W K
QHWZRIHRYWKRG XVHG PRGXODWMRH WRKUHPIHG/ \EDH/FMEL
HOQWSW GDWD LQ WKH PRENOD WIFKGRPHVBEHTFW QFH 6S L
6SHFWUXP '666 DQG UHTXHQF\ +RSSEQ®6SUHDG 6SHI

&U\SWRIWDWHEOLTXH LQ ZKLFK EQIRUG OB WQR® FIXYKIHKEU V
E\ DXWKRUL]JHG XDVHURWP S O/ RY HQHU \H @FRH WWKX G LHY DO J

KLE®DLQWH[WWIHIW *VSEBHVHFUHW NH\V DQG VHQGLQJ



XQVHFRBAXQLFDWLRW WKBIQWHHHLYHU VLGH RQO\ XVH!L
ZKBRVWAKEN VHFUHW WR\@ HFWHSME @ BSREWWHQWWKH RUL
8VLQJ WKH WHWVKHLWKHU LWSRVVLEOH RU FRPSXWDWLI
FUDFN WRKHWRGRUH FU\SWRJUDSK\ FDQ SURWHKW G
JHQHUDO FDWHJRULHV RI DWWDFN LQWHUUXSWLRQ L
DUH WKUHH PDLQ XQLWV LQ D W\SLFDO FU\SWRJUDS
GHFU\SWLRQDQG D NHX @DW NV KRPIJQWVPK H NH\QMIHPHQW |
PDQDJHV WKH JHQHUDWLRQ GLVWULEXWLRQ UHFRJQI
> @

&U\SWRJUDSK\ WHFKQLTXHV D UHDIQIRULGIO\ RI ALK
RQH UHODWHV WR VI\IPPHWULF FLSKHUV NQRHQHIQF BRI
ZKLFK XVHV WKH VDPH NH\ IRU ERWK HQFU\SWLRQ DC
WHFKQLTXHV DV 'DWD (QFU\GWLRREH6VQFQEDWICGR Q(6W $Q
2QH 7LPH .H»> 27.28) WKH RWKHFROQG G HFKIQVTXH LV DV
NQRZQ DVNSIXEFULBWRJIJUDSK\ ZKLFK XVHV WXWLBQIIBQ
GHFU\SWLRB®$ DAJRULWKROOIPIDKH NH\ ([FKDQJH DQG
FU\SWRJUBISKAXPPDU\ RI WKH LVWDRMW BIQLG/ \R UQ J L\DRDAX F
WK GRRU 9/& V\WWKHRULND RXEQOLIHEBZHYHU )LJ H[SC
EORFN GLDJUDP RI WKH ZRUN ZKLFK KW BIHIPQ IGIRQ W K

2Q WKH RWKEIB6KWMHEKQLTXH KDV EHHQ XVHG WR REWD

)LJ *HQHUDO FU\SWRJUDSKLF XQLWV > @



WKUHH DQG WZR IMYQGRRUWIRWUWLRQLQJ VI\VWHP ,Q
SRVLWLRQLQJ VI\VWHP ZH KDYH LPSOHPHQWHG WKH SR
DQG VUHDMHP DSSURDFKHV DV ZHOO DV ZH KDYH FRQVL

IRU QRLV\ DQG QRLVHOHVV FDVHV

1.2. Ams and Objectives

7KH PDLQ DLPV RI WKLV ZRUN DUH WR SURSRVH DQG
DQG D QRYHO VHFXUH 0,02R®/ & KH WR P L BDL\RDG R V IMDKIH
FU\SWRJUDSKL$FVWHBKYXDX¥HVWKH REMHFWLYHV Rl WKL
X 7TR XQGHUVWDQG WKH 9/& V\VWHP DQG L QY® \DWIGI D\

0,02
X 7TR GHYHORS DQG LPSOHPHQW WWKHS®RNLWIRGHRJ Wi
X 7TR GHYHORS DQG LPSOHPHQW WKH VHFXULW\ IRU Wt
X 7TR GHYHORS DQG LPSOHPHQW WKH VHEXULW\ IRU W

SRVLWLRQLQJ VA\VWHP

1.3.Original Contributions

$Q RXWOLQH RI WKH PDLQ WROUWMULEXWLRQV RI WKLV

% ,Q &KDSWHU 7KUHH

X $ FRPSUHKHQVLYH LQYHVWLJDWLRQ RI WKH UHFHLY
FRPSDULVRQ EHWZHHQ WKH 523 ZLWK DQG ZLWKRXYV
DQG IRXU FHOO FRQILJXUDWLRQV LV FDUULHG RXW
$ QRYHQQGRRUSBAMLWLRQLQJ V\VWHB QX\PLLQUW\M KV HD!
VLIQDOV LQGLFDWLRQ 566, IRU WKH X\6LYWRAB 5S2KaH
DSSURD EXHDBRQG V\VW KMV BIKRPSDULVRQ LV DOVR

SUHYLRXV UHVHDUFK ZREN LD/G&H GKIRNI ZRUN KDV SX



)LJ 6 XPPDU\ RI WKH LVVXHV H[LVWLQJ VROXWLRQ DQG RULJLQDO FRQWULEXWLRQV IRU LQ



Xx $ QRYHO DSSURDFK IRUOJBZER Y& GDWDWKNK D SDUWIL
LQIRUPDWLRQ &6, NQRZOHGJH LQ ERW KDERL WKLY &
KDV SXEOLV@BHG LQ

%,Q &KDSWHU )RXU

Xx :H KDYH SURSRVHG GHVLJQHG LPSOHPHQWHG DQC
SRVLWLRQLQJ ZKDW XVLQJ RQO\ WZR WUDQVPLW\
GLVWULEXWLRQV WBSGRD\WKVER GRHQBRWK /26 DQG /:
ZLWKODGIHQG QRLVVARQGLWLRQV

X :H KDYH GHULYHG DQG YHULILHG WKH PDWKHPDWLF
QRLVH RQ DQJXODU HUURU DQG GLVWDQFH HUURU $
PHWKRG LV DOVR PDGH LAR WK LK\D ¥ KIXSEVO@/NAHEHQEG L\G K L

%,Q &KDSWHU )LYH
X H KD YR $IR\G HWIGI QVQB XAEVWMFXUH 6,62 9/& VA\VWHP

WHFKQLTXH IRU HQFU\SWLRQ DQG GHFU\SWLRQ IR
)XUWKHUGRHWWLIDWLRQ RI WKH SRIZHMX G WOQMIOMQ I
EORFN OHQJWK/KVVFRRGNX KDNGS®EOLVKHG LQ

%,Q &KDSWHU 6L[

X :H KDYH GHVLJQHG D QRYHO VHEXUH 0,02 9/& V\VW
DQG WKH 56% WHFKQLTXH

x :H KDYH GHDPHPRWHKGEPDWLEQPD RRRSERWLWLRQLQJ L
VA\VWHPV

X 'H KDYH GHF HVOHFSHIB! 56$ HQFU\SWLRQ DQG GHFU\!
VHFEXUH 0,02 9/& VI\VWHP ZLWK QR H[WUD GDWD Q
SULYDWH NH\V LV FDUULHG RXW HD\WXERHFUMKEH LY

XQVHFXUH 9/& FKDQQHO



)LJ 6 XPPDU\ RI FRQWULEXWLRQV LQ 9/& SRVLWLRQLQJ VA\VWHP ZKHWKN WKH FK



x :H KDYH VKRZQ WKH DELOLW\ WR FRQWURO WKH V
WKH XVHU HQYLURQPHQW

Xx :H KDYH LQYHVWLJDWHG WKH %(5 RI 0,02 9/& X
SRVLWLRQLQJ HUURU GLVWULBEXWYRID\DILRVW G®HRD

6150HYHOV 7KLV ZRUN LQ WKLV @KDSWHU KDV SXE

1.4.List of Publication

7KLY ZRUN KDV JHQHUDWHG WKH IROORZLQJ MRXUQDO

1.4.1. Journal Papers

) ORXVDBD/HOLQK *KDVVHPORBL 776 RI@ & %RXFRXYDC

DQES. /L0Z, QGRREDO L PFOWMSRRY. O TRV LEGKMLWWL Q.

'LRGRSW (QJ GRL 2 (

) ORXVDL$OPDDGHWEVDZR®REULGD Q% L@ BXUH
0,02 9LVLEOH /LJKW &RPPXQLFDWLRQ 6\VWHP %
(QFU\SWRRQ@QDO RI /LIJKWZDWRO7HFKQRORJ\

) ORXVD $OPDDGHHG . %XVDZRQ $ %RXULGDC
3, QGRRVLEIQHAR PP X Q L F/IRWDRQ |®WYBR®L O 5HFHL Y HG
6L J QMW H @IBN Ik DMALKREL T XWHL D Q @&/ GHHWD RIB®V  (Q J

GRL 2 (

1.4.2. Conference Papers

) ORXVD7 6RQ$ %X UWHRIQ QK=*KDVVHPORR\ 7 4 'X
& %RXFRXSBOBY DOG:3;QYHVWLJDWDRFQY \SIWERBW

ROURDGFDBDYVWEQBERP P XQLFDWIOQRMHWUQDWLRQDO 6\



&RPPXQLFDWLRQ 6\VWHPV 1HWZRUNV 'LJSEWDO

+ /HOLQK *KDVVHPORR\) §R%XB WRIQVZDAXBQ $HW D
36 HRRUUHFWLQJILWV,I0RQHBKWR PP X QL FDEW\R BV L QJ
/IRFDOL]DWLRQWHUQDWLRQD&RRRXQHB BHQYER QR QR
,&&: SS

7 7 6RQ OLQMH ORXVD= *KDVVHPORR\ 3$GDSWXDI
&RUUHFWLRQ ORGHO IRU ,QGRRU 0,02 9/& XVLQJ :
.QRZOHGJHQWHUQDRQRHUHDFH &RPSXWLQJ 0D

THOHFRPPXQLFDWLRQ &RPODLGMHRD Q '‘D1DQJ

1.5.0rganization of Thesis

7KIWKHWLBLYLGHG LQWR VHYHQ WKBISMRIDOR DMOBXWOLQ
&KDSWHQWURGRBBRYR®HV WKH UHVHDUFK IXQGDPHQW
VXPPDU\ RI DLPV DQG REMHFWLYHWKBVIAHOO DV WKH R
&KDSWRSWLFDO ZLUHOHVV FRPPXQLEFDAMW. RQ R\WAHERHR HRZ
VIVWMRUVXV 5) VIVWHPV D@®E W:KN DKOB QHKGIHVVIXHV
FKDOOH@JB W L\QVB P D Q GOREMIGMEEBEXW 0, BKDSWHU D¢
IRFXVHV RQ LQGRRUNHREBKESRIWW WRIDDWHG ZRUNYV

&KDSWHQGRR SRV EW DRY WMAPEK U HH W U BIQNAPH. @\WAH WAK H
RSWLFDO SRZHU 523 GLVWULEXWLRQV ZLWK DQG ZLW
VRPH QHZ 523 UHGBWDBQYWKLBOVR SURSRVHV D SRVLW
RQ WKUHH WUBMRIUMWAR VAHR® ULRY26/2D @® G FRBRSD
ZLWK SUHYLRXV UHVHDUFK ZRUN $GGLWLRQDOO\ DQ |

LQ 0,02 9/& VA\VWHP LV JLYHQ



&KDSWHIGRRU 9/& SRVLWLRQLQD Y WVBWRKRNVOY I/ DR WH
9/& SRVLWLRQLYHW\RWHPQED WZR WUDQVPLWWHUV D
&KDSWHU LQWURGXFHVY WKH PDWKHPDWLFDO QRLVH PF
DQG WKH /261/26 VFHQDULRYV 7KH UHVXOWV VKRZ WK
FRPSDUHG ZLWK RAWR 8 UQW & \&/RWH.P V
&KDSWHMWRWHFWLRQ R3USMNSHQWWMPKH FRQFHSW RI LQ
UHTXLUHPHQWY RI LQIRUPDWLRQ SURWHFWLRQ DQG F
WR HQFU\SW GDWD ,W DOVR SURSRYHWKE 86¥ WHFKQE
LQYHVWLIJDWHY WKH LPSDFW Rl SURWHFWLRQ RI 6,62 ¢
VFHQDULRYV DQG FDOFXODWHVY WKH SRZHU SHQDOW\ D\
&KDSWHE®HFXUH 9/8&BVWBPRSRVHY DQG GHVLJQV D QRYFH
VIVWHP BDWKB RVHUYV ORFDWLRQ ZLWK WKH DELOLW\
FHOOV DQG HQFU\SWLRQ DV ZHOO DV WKH GHSOR\PHQ
QR RYHUKHDG GDWD
&KDSWERQFOXVLRYWBDMBEHVHQWY DQG UNPPHDIN MWKR |P
UHVHDUF&KDBMHU DOVR SURSRVHV QHZ LGHDV DQG

GHYHORSPHQWYVY RI WKLV ZRUN

1.6 Summary

7KLV FKDEWHRQEWONQHG WKH PDLQ PLOHVWRQHMNKLY W
F KD D/OHBE/H KQJKOLIJKWHG DQ 9/& VI\VWHPV DQG LWV K>
WLPHV ODUJHU WKDQ WKH 5) EDQGEWMEHWKH Z6 @ GV&IHWR F
RQ SRVLWLRQLQJ DQG RQ WKH6NFHEQGDOW)\ WKL \E:HEHKD\Y!
LQWURGXFHGHBWRAW HKY DQG RURLL QXG ZRAWDH LVEKMMLIRQ
SXEOLFDWLRQV WKDW KDYH JHQHUDWHG IURP WEHHNQW k

FODULQLW&LYVY FKDSWHU



7KH QH[W FKDSWHU ZLOO LQWURRRBH9 VKW VY XWHED DH

0,02 9/& VIVWHP DQG WKH FRPPRQ WHFKQLTXHV LQ DQ



Chapter Two

Optical Wireless Communication System
Overview

2.1. Introduction

7KHUH LV D VLJQIRIEDIQOH S W FIRPE® XQLFDWLRQ WHFKG
VPDUWSKRQH WHFKQRORJ\ YLGHR VWUHDPLQJ GLJLW
$PRQJ ZLUHOHVV FRPPXQLFDMWR®RK \R | D/DK Bi: & DKINRMBHEN
VWURQJO\ HPHDIWQ J HX GHKETGHMMMZR RSWLFDO GRPD
HOHFWURPDJQHRWLFKVBHRAWWKH LQIUDUHG VSHFWUXP D
WKDW DUH XVHG DV WKH @U& QV PL \SWNRIRE NPOWCEERIAR Y LG H
DQ QF UHOL\KGG D W DWURD RKHLHINIDIGD QRHSD F L W \H[R U WDIZR R U
ZLUHOHVYV FRPP X® LORW LIRGVAMDIMFHU DQG %DSVW KDYH
VIVWHP XWLOLVL@JOWRBRRBBRVPHQUFK RQ RSWLFDO ZL
,5 GRPDLQ Rl WKH RSWLFDO VSHFWUXP W\SLFDOO\ E|
VWDUWHG VLQFH WRKM ORWBIO DWVHRWQHWERUN /$1 DSS
WKH UHVHIRUFRPRPPQLFDWLRQ LQ RXWGRRU HQYLURQP|
ZHOO @2Q WKH RWWK UHNVMI@®FK RQ 9/& ZKLFK LV DQ
WHFKQRORJ\ LQ DQ LQGRRU HQYLURQPHQW ZLWK D Y
QP KDV EHJXQ VLQFH WHKHWDDQUH LV D\SKSHI RISW LEDHAL
GHWHFVBHEVER PURGHH RISWZRDEY VKRXOG WROHWD WHH5\
ILERBWLF DQG )62 WHFKQRORJLHV +R ZPLYFHLR 2D KHE HDEMFC
RSWWH¥KQRORJLHV LV WKH PDMRIXDWRHW LH YIIDE R/SKRH

WUDQVSRUWFVIEBELHOEWLHVQ@HWZRUNYV



2.1.1. OWCSystemsVersus RFSystems

7KHUHVBYHWEO® QRIDIHW\VWHPY FRPSDUWHWGH RRHE)H 1|
LQVWDQ@FR V\VWKLFOLFHQMH ZDYHOHQJWKVY LQ WKH RS
HOHFWURPDJQHWLF VSHFWUXP IURP QP WRDQ:& QP
VA\VWHP LV PR RAHCDQL QJ LWWILVPHY ODUJ PG )WWKIHF WK B
ZKLFK LV *+] )XUWK H WDRRIU KW )R QLI DD WYHK G XOBRWRILGH
XQGHUZEDWHDQVPLVVLRQ>LY Q@WDOCOREMR@IIIHFW RI P
IDGLQKLPAK SURRIG) N QMW IBRHY QRW B[&VWVWHPY ORUH
UHTXLUHPHQW RI DFKLHYLQJ ODUJH FD SD\F MM\LIR® GBW !
DV VXFK KLJKHU GDNVRWIDONNW &K DWRH DFRLHYH WKLV Wi
5) LV OLPLWHG DQG H[SHQVLYH 5) FRPPXQLFDWLRQ V\
PRELOLW\ RXWGRRU DQG LQGRRU FRYHUDJH DQG KLJ

FRPSRQHQWVYBIUMNHQK FRQVIXPH PRUH HOHFWRRXQ®Q FSURID

JRU PRUH GHWDLOV 7DEOH VKRZV WKH FRPSDULVRC
7TDEOH &RPSDULVRQ RI WKH 9%& @\VWI

3URSHUY 5) VIVWHP 9/& VI\VWHP

%DQGZLGWK | 5GHIXODWHG DQG OLPL| 8QOLPLWHGQP

(0 LQWHUIHUH <HV 1R

JLQH RI VLJKV 1R <HV

"LVWDQFH 6KRUW WR ORQJ 6KRUW

BHFXULW\ 3RRU *RRG

6WDQGDUGYV | ODWXUHG ,Q SURJUHVV

6HUYLFHV &RPPXQLFDWLRQV _,OOXPLQDWLRQ &R

1RLVH VRXUF| $OMOHFWULFDO HOHFVW 6XQ OLJKW DQG RWH

3RZHU FRQVX| OHGLXP SHODWLYHO\ ORZ

ORELOLW\ *RRG /JLPLWHG

&RYHUDJH ORVWO\ ZLGH 1DUURZ DQG ZLGH




2.1.2. Challenges facing OWGGystems

2YHU WKH SDVW WZR GHFDRE®\2: & RDW FRFW K HQERD@HDQ
UDWHV +“REHUYH W UKKDNDLGDERMKWHKH ZLGH GHSOR\PHQ
J)LUVWO\ WKH SUHVOH@HDR I WWLRQ H Q RO W KHIQRES DAL FZI1(
DV WKH OLPLWHG GRGDRNREDID/IHW RHEEH WKH HOHFW
EDQGZLGWK PS$DWRIBO W RFRVKH RSW L F IRG VEDRDGOZLFBSOKNY L
PXOWRSWSEXW2 WHFKQLTXHV WR HROWWRGEHE V@ HR §B S DLRL\
FKD O OHQJH3Z IDW X FPRRIDLVOEWH\U PDXTBISK WP IDEUG VKDGRZLQJ
EXWVQIBHAD VW ORGOGRRVUDWLRQ DQG WKH VHFXULW\ RI 2:8&

FKDOOHQJHV DQG ZLOWKEHN @ GUHVVHG LQ WKLV

2.2. Visible Light Communications

,Q 7RVKLKLEBRBRMIBWYBZIORHUJLQ 2 DUXWDLRQ ZKL\
/('V> @®KH 9/& VIVWHP SURY L RHDHOLY R WX Q BM@RIQYE R RH
DQG RWKKIUUNWOHVY GDWD ¥RE® XAGDWLRQRYLGHV KLJ
KLJK GDW8® SUHFLVHGHRWHWWRROQQFRPSDUHG WR RWKFE
WHFKQRORBLHWWOHVYV UDGARP PKLFB@A\RQV ZRUN IRU
GLVWDQFH OLQNV ZLWKRXW WK H>Q KA GHIRKI BQN SKSWLFF
WHFKQRORJ\DIRW QGBI OYHP HQW RU HY HQ UDUZHQRNOGDA
FRPPXQLFDWLRQ QHWZRIUB Q®DILHJKMSW H F KIQ RIOBFFUR D Q
KLJK GDWWXRMMMHUH LV RQH FUXRLD @ RWKFAKWK DIK | B DWF
ZKLFK LV WKH OLPLWHG PRGXODWLRQ@$EINQVEE®KR GR R
FRPPXQLFDWLRQ LV LQWHQVLW\ PRGXO DA LR BDWER®DKOG

2:& VI\VWSHEWVWRFN GLDW\BRBERDO® VKIRAQ > @

7KH RSWLFDO SDWK GHSHQG\W FRIXGRRBH GR R ¥ QI\DLFRAC

UHIOHFWLYLW\ RI WKH FHKQQ®KIKFPEMNDY ®RIGNVR RIPH FVKW



)LJ %ORFN GLDWUDISH RO/DVWHP
RULHQWDWLRQ Rl WKRAHBON@ VFPILWRH W B COSWY RD® S
PRUH FRPSOH[ WR SUHGLFW D @GMZRWR-BWPLLRDH WIRIP\S B ®
/('V DQG /DVHU/'"LRWHROW XWHG: &V WHKRIL\QFLGH ZLWK \
UHVSRQVLYLW\ RI LQH[SHQVLYH VLOLFRXBWR & RW H A
GLYLGHG WQINHVKWZ BR QWU LB ,Q HDRQWWLWKH DYDODQF!
$3°

/LJKW )LGHOLDMLMMSHHG FRPPXQLFDWLRQ YDULDQW |
FDUULHU PRGXODWLRQ WHHKBIXKBY \VXIEXL BV RRU AKRWI
IRU DO/MH GWERMQW WUDQVPLVVLRQ GDWDFDBM BV KRIHYA
> @X HW D®FKLHYHG DQG *E V IRU FDUULHU C
2)'0 UHVSHFIWLWHK®\PD[LPXP DJJUHJDWH G D WML LW HAM
JUHEH@XH 5*% FKLSV> +@B8RWMHO O QW R W ZQ VY A DHWLR
*E V DQG DQ DYHUDJH ELW HMLU R UQUDMNMHG ROHEYHHIBR & 10Q J
2)'0 9/& WUDQVPLVVLRQ V\WWHP ZKHUH WKH\ XWLOLYV
'0 WR DFKLHYH WKLV SHU IFRUP[HEEEJWXUB/KH WTR 1§
PRGXORBN RRQYRB\RMHGDQGQ'DIFERQHY 0ESV G D WIDWWKDMLH K

FKDQ®HOV @

/ILOQN FRQILJXGDWLGRHE XHDMWRIRULBDY KQWUDWHG)WHHW

GLUHFWRH\GLDKWQ H/26 LV RXMQARRENIHMG FDQ EH FRQVLGH



GRPDLQDWRWKRZQ LQ/PIBOLQNY KDYH D QDUURZ ILHOG F
VXFRVKH\ KDYH D PLQLPXP RSWLFDO SDWK ORVV 7KHL
ORZHVW WUDQVPLVVLRQ SRZHU DQG KHQFH RIIHU WKH

*ESV DQG *ESV ZHU Q6 SRUYMHGGLQHFWHG /26
JXUWKHUPRUH WK HWUHG XV HAK [ BXZWUYEBPWKUH G6HBREWE
/126 DFKVYVHDYELGH HARWYBEXEDUW VXLWD EQIBPORIBMW.YIWH 6,0
DSSOLFDWLRQV ZLWKDRRVUKIRXYHIWQ PRELOGAB®BLRNLIKW
1/26 KDV VXE FRQEDNRUIB®DWKRQYXPEHU RI UHIOHFWLRQ
KDV RQH LW LV UHIHUUHG WR DV D GLUB¥WK®E® Z1Q216QR )L
F,WODQOVR NQRZQ DV D GLIIXWR RYAWUHFRPK & K¥ XEDHREG N

SUREOHKE OLQN LV VXLWDEOH IRU 6,02 V\VWHP DSSOLF

Y)LJ /LQN FRQILJXUDW LORQRUV LD KW U BE WRIGQRINGL JKW D L QR
RVLJKW E\ ILUVW UHIOHFMQNRQ DQG G 7UDFNHG



GDWD UDWH LV UHVWULFWHS WRIWSWKR[ERBWHQKFH RO
LOWHUIHUHQFHUH& X @AY WWKEBVH DPSOLWXGH OHDG W
PD[LPXP WUDQVPLVVLRQ VSHHG EDVHG RQ WWKRAHUWIRAR\FH &
OLQN ZKLFK WDNHV SODFH ZKHQ WHKHKWQURMHHDIDW O H
DV VKRZQ LQ MRZHYMXKLY OLQN LV H[SHQVLYH DQG FR

WIGH UHFQRQLUHFWBQG26LUHFWHG 1/26 2LO0 @H FRQV

2.2.1. Light Emitting Diodes

/('V DQG DPWH WKH LQFRKHUHQW DQG FRKHUHQWD2:&
QXPEHDGRIDQWDJHV WKDW DQ 2:GF® XSHREWRL WMAMHU RDI\M
EULJKWQHVYV LQ WKH YLVLEOH VSHFWUXP IRU VLQJOH :
PHUFXU\ DEVHQFH PRQGAMNCEBD/DL Y POUWKHU DGYDQWD JH
SDWWHUQ WKH RSWLFDWDIQR/SX OV MW KIHH HORHFWHI LED OV P R
WKH ORZ GULYH FXUUHQW DQG |RNEEKDA IV R\GRM/URLBAWLIDRT
WUDQVPLWWHUNFWIKRQROLW\ VSHEWUXP LV UHTXLUHG
WD U RQMWR/ PKEXOWH DV P XF K RZAHUQ DR LPRWGR REKCHH R W K
UHGXFH WKH EDFNJURXQG DPELHQW OLJKW /LJKW LV .
IURP DQ H[FARZHI WR HDUJ\ VWIKWH H7KIHUMH IRUB GLIITHUH
OHGYV WR D UQBQD®ILYW LR BW & URUFHIYW H VQIHNKS\H RWL K HD
GLIIHUHQF HVIRK H H DM BY 68 O H QUMRO B\RREZTODW LR Q

@

" L'gF'sLDBLY

ZKHUHD QG DUWMKHQHUJLHYVY EHIRUH DQGDDIWHU WKH LWU

SODQFNYV B RMYWDKYWKH I[UHTXHQF\ VSHHG RI OLJKW LC



UHVSHFWLYHO\ 7KHUH DSGMB QPWIERIQY GRH YW.\SHW RIQH R

ZKLFK JLYHV RIIl VSROQWDQHRXW IRIBWM@ DO UDGLDWLRQ

KLWH /('V DUH FXUUHQWO\ PDGH E\ XVERPBEURR QGELTL
*DOOLXP 1LWULGH /(' DQG <$* <LWWULXP $OXPLQXP
L H QP WR JODUH ZKLWH LL FRPELQLQJ WKUHH |
WR UHDOLVH D ZKLWH FRORXU /XPLEBR®&VSRQ@WWH @WLHNVL
FKDUDFWHULVWLFV RI /(" OLJKW /XPLQRXV LQWHQVLW

LV WKEHUUYRIMHQHHU 2L WOKX U HY SHRFOLL &/ B @/J DWW H PBW H@' V H C

Xe

+L =

ZKHOHV WKH OXPLQRXV I0X[ :H FDQ UHZULWH WJHH IRU
DV @

0L G i,.,8:&055@4
ZKH8E LV WKH VSHFWUDO OX® LY RKKHHPIR FLIAHK@F Y D\QLE L ¢
EH HYWLPDWHG WR EH DSSWR[LRIPWHO\  OP : ZKHQ
7KH WUDQVPLWW HRBLRSWWRDW KSR IMHRW DO HQHUJ\ WKDW
JLYHQ E@

2L i/%%0,0a@4

ZKH&MHY WKH SKRWR G HMEE W RUK M HQWID/GLLYDLQWH DQ JOH

2.2.2. ChanneM odelling

7KH FKDQQHO LPSXOO@P B8RV BID@OWH LJQ MVMHMWDWLRQ DER
WKH FRPPXQLFDWLRQ FKDQQHO VXFK DV FKDQQHO Gl
GLVSHUVLRQ 7K@ QWRRE\ RIWLFDO ZLUHOHVV FRPPXC

DFFRUGLQJ WR WKH GLUHFWLRQDOLW\WBW®WGDW WAL WR\G



UHFHLYHU 7KHUH LV D GLUHFWO\ SURSRUWLRQDOWHC
WKIHFHLYHU DQG WKH LQVWDQWDQHRXV RSWLFDO SR
VXUIDFH ,QWHQVLW\ PRGXODWLRQ ZLWK GLUHFW GHW
LQ WKH RSWLFDO FKDQQHO 7KH PDWKHPDW IHADQHRR B
> @
URLS8TRT DR EJ:PR
L i), 8T:1;DPF1;@EJ:P
ZKH®HY WKH UHVSRQVLY IWR\LR | VBKIR \8 R KR B FORNUWRILGMI D Q
RSWLFDQ:BRZHKDQQHO QRLVH VXFK DV VKRW QRLVH R
DV DGGLWLYH ZKLWH *DXWJXEEQ GLR/IHWHWEK:H 1F R Q DO X W L
LV WKH LPSXOVH UHVSRQVH RI RSWLFDO FKDQQHO LQ
%D S VIR CDOR Z@
6¢

A c
DR L J Jd®eU&E] a R QPQ amgET;
r a AHODASI A

ZKHRHV WKH PLQLPXPSGHMODKHD QG OG RI YLHZ RI WKH U]

EH LOOXVWUDWHGBGIDV VKRZQ

)L $Q RSWLFDO ZLUHOHVV FRPPXQLFDWLR(
7ZR FRQVWUDLQWY RQ WKH LQVWD®W B QHRTMIWRKED Q V F
PXVW EH QRIZDI\MWLYH ZKLFK PHDQV
S5 Rra
6HFRQGO\ WKHPPKNWWQRWIH[FHHG WKH DYHUDJH SRZH

UHTXLUHPHQWYV> Z&ALFK PHDQV



. N
%oéQi%ﬁ%—i i, R @P
ZKHBHV WKH SHUTRG*RQNUD@®E& RRU 2:& FKDQQHO LV P
RQ WKH DQJXODU GLVWULEXWLRQ XWLOLVLQJ WKH /I

IROORILQDIWL®Q

A5 o dp: 44 . PR
4,8 L 3 o ? KA®@:a; a Fet QaQet
r a aRet

ZKHUHV WXREHUWLDQ HPLLW VLIRS Q@K L F K

?jl:6;
jl:amq. ;;

| g
ZKH&8HLY VBRUOH DW KDOI OXPLOQDQFHHRFIMKBREZ H[SUL
UDG LD QW5IA0BAH Q& L W\

a

b>5;
S5a; L 2 s ? Ki®: 34 a

7KH SKRWRGHWHFW R#{ ZKDOL\F KD @ RBCOFOA\H PV DIV R Q. BLIFG 16 @
DQIOHKLPKVW EH QWDMWWRIDREIOWKH SKRINRGKHRAHFWRU) L

E :HFDQ WKHQ GHILQH WKH#HEMFWLYH FROOHFWLRQ

L #,..'84 rQ50Q(18
feaads L\ %5 5P (184
1 WKQIFFRWUDWR U ILA/DD DOLIGZALDADK QURHD W B FIMRLSAM LIEQ @HI D L

EH H[SUH¥Y V@G DV

a A

C:8; L Jogiean & rQoQ(1s
ra 3P (18

,Q &KDSWHU GLYHAXXKIMOOPSXOVH UHVSRQVH IRU WZR

/261/26 VFHQRUWRW QYL URQPHQW



)L 1 STKIH VBBLOH DW KD @&ls @K RALIQHD QFHD(Q VB Q8 WHHKIH
WUDG DD @MW E7KH ILHOG RI YLH2RIUMHEMEYEH@W DQJOH

2.2.3. Photodetector

$ SKRWR G HDWHFIWRMWEB WHKFHG DV DQ RSWLFDO UHFH
HOHFWULFDO FXUUHQMWKWR W \RRH. WYFYBHI@PWH EDVHG R
LQ WKH GHSOHWLRQ OD\HU 7KH DEVRUSVKROM SR BN\
HVXOW RI HOHFWURGQGW ITRL® KIRVMRHIVRIHRY KH M X Q FWLIR Q L
7KHUH LV D SURSRUWLRQDO VTXDUH UHODWLRQV]}
SKRWRGHWHFWRUV DQG WKH LQVWDQWD @KV LIRHWFE LQ
WQJH
7KHUHWYW®RH W\SHV RI SKRWRGHKRWRWYRREH W DO \SK |
3KRWRGLR&HY IFORDEMROYRWLRQ 3,1 SKRWRGLRGH RU $
LQ WKH GHSOHWLRQ OD\HU VL]H D@G& JDILQ ZRHUHDME
DQG HDFK KDYH GLIIHUHQW EDQGZLGWK 3KRWRWUDOQ\
LV DQ DGGWWIHRQHILAQ DSKCRWRGRFBGMKH UHVSRQV
SKRWRWUDQV LPRPE DALMGS KIRW R GRLIR GHHODWLRQ EHWZHF

SKRWRHXDQEQWKH LQFLGHAWURBWGED QW R@NK U L\QWV\V WHH

RSHUDWLRQ FDQWHRPRBHEDQHE[E®HVVLRQ

5 L My



)LJ 3,1 SKRWRGLRGH GLDJUDP

ZKHUH T LV WKH HRH¥ WKRIQTRDRXWXBHHIILFLHQF\ RI WK
SKRWRQV WKH SKRWRY WEHU3ODQFN FRRNWMMXM SHOR
IUHTXHQF\ PV 7KH IOXLIQWUBPSRQHLY DWW LV WKH Ul

WKH UHFHLYHG RSWLFDO SRZHU DQG ¥D®@ EH GHULYHG

LgéaaU@B@OQ&Jaaﬁ)OUEJ@éQéO O A Lif’é
caalladUxaacaaaedO Es Oé

i
7KH UHVSRQVLYLW\ FDQ EH UHZULWWHQ EDXHGORQ MW

TRI VHPLFRQGHFRMIR WDV WK RE@RGORZLQJI>HBXDWLRQ

| L= :sF 4y kATIEUT,; F ATIEUT 0
ZKHBHY WKH ZDYHOHQLW W IRH OHIRWFWLYLW\ DW WKH |
DQBLY WKH DEVRUSWKRQ@ ¥ROWKXPLHQW LHQR MQWKID W
DG OHFRRORQ SDLU ZKHQ D SKRWRQ KLWV WKH DFWLYH

YDOXHVY UDQJH EHWEKHHWHVSR/@®RVLYLW\ RI $3' FDQ EH J

WKH IDFW WKDW WKH JDLQ FDPQ @HDFK KLJK YDOXHV X¢

2.2.4. ModulationSchemes

SUHYLRXW KWXELIURIREPMBGKIODW LR Q WKHFKHR R TUREKV KC
DQDODVRIGP EWMKHRFRYUWBBYVHGW XFK DV WKH PD[LPXP DY
HIILFLHQF\ DQG WUD @K WIWMBRBUERWAHRI SUDFWLFDO 2:&

,0"" VFKHPH IRU LQGBRS SQGERWWRRRVHPY WKH DPSOI



DQG SKDVH RI WKH FDUULHU VLIQDO DUH PRGXODWHG
EH DSEQLRHSWWBPR VWKH LQWHQVLW\WRR RNGKH BS/\W GFDIKOH |
LV P DWIKOD Q *ESV 7KHUH DUH D QXPEHU EHPRRGXDEOWR
LQ RSWLFDO V\VWHPV VXFK DV TXDGUDWXUH DPSOLYV
PXOWLWRQHLQDU\ DQKYPXOORRG XODWLRQ VFRHPNW\ LRI
22. PRGXODWLRIHPRG 8XOWH DPSOLWXGERRB XOQMHWLX
IRU 9/& V\DQIBLAVEDVHG RQ /('V LFNHWRDY QCPHRAWUWKH PR

DUH

%DQGZLGWK HVIKFRHEBMLFDOO\ WKH+RZ® & BUG W/HK H W |
EDQGZLGWK LV OLPLWHG E\ WKH SKRWRGHWHFWRU I
WKH EDQGZLGWK RI FKDQQ H® VRR B X 8 BW LVRKQH VLIF\W A H
6, 7KH HIILFLHQFR, RV BADKGG PIDGWLR EHW ZHH ® @G K L

EDQGZLGWK RI WK ,59OWUDQVFHLYHU

rg>|_4@vga
7KH VHERQBPHWHU LV NQRZQ E\ WKH SRZHU HIILFL

EHWZHHQ WKH EDQGZLGWK HIILFLEQF®DQG WKH DYF

B L Bwa
7TUDQVPLVVLRQ UHOLDELOLW\ UHTXLUHV D PLQLPX
ORGXOMWKR®PHY VKRXOG RYHUFRPH D QXPEHU RI SUF
VLIJQDO SRZHU YDULDWLRQV SXOVH H[WHQVLRQV D(
3RZHU HIILWMKHQBYHUDJH WUDQVPLWWHG RSWLFDO S
LV OLPLWHG EHFD®E W [RR QAD DHY®\ QUANILXIR)L QTKWIL &R Z H U

LV WKH UDWLR EHWZHA WG W EXODHHH OB HQHUJ\ S

Y0 3 x p.
G L—, 2



7TKHVH PHWULFV PXVW EH WD NVHQ H RWHRERRO/DLW HRQ W
EDVHG RQ EDQGZLGWK DQG SRZHU UHTXLUHPHQWYV 7K
ZKLFK DUH @XOVH DPSOLWX&HD PRGEROWHL R VOWLRQ |
/330> @ KH VLPSOHVW PRGXODWLRQ WHFKQLTXH LV =
3%0 DQG KDV WKH ORZHVWDEDX) GMWNFDMKSIOIHIPHM) FY\Q W k
WKH DPSOLWXGH RI WKH HOHFWULFDO FXUUHQW LV SU
EDVHG RQ WZR OHYHOV ZKHUH WKH SXOVH @WUP0\ ZKL

WKH ELW JHUR LV DESHGINMH @WHOHEDIDQV VKRZQ LQ IRO

yLJ ZKH/LIQDO ZWMHUHSAUHVHQW YV WL QIHMS\URIY H @\
D 15= VFKHPH E:(B=raFKHPH

i 2,4 <"r QPO6y
Z'P’L\ré AHODAS A

ZKHBW t 2550 26yLV RYHU WKH V\PBRIOVLVQKMHH BY VOGXQ G W L
WHFKQLTXH KDNFWQRINMME DUKWRINW X 3O DQIBWHRIQ R
15= DV LOOXMW UWXBP® DQ DWH DFKLHYHG E\ 22. PRGX

XVLQJ D& )DVW> 5@KHRY. VLIJQODO FDX BH JLYHQ E\
TEEA:RL%_ NAZP
ZKHUH

NA?PL Drsg r QPO

KBANSEOA

7KH WLPH YDU\LQJ RSWLFDO LQWHQVLW\ FDQ EH UHSU

TP Algoq 1296 #>GA s PF G 6



ZKH#ED> @ DQG LW PXVWIBHKOYLHROWHEWIRLFDO SRZHL
36' KW LV GLITHUHQ® B-R TWKKH B&HRILAHQ E\
25&eAcedB L 121 ;°60 ET @ Boy;:s E 46U B;;
25&cAcecms B L 121 ;960 ET@ B >5 E 45 Al gy U@Fi—ﬁA@
ZKHUHLV WKH 'LUDF GHGWDHX ¥SW E Q) BCK B & QY WL H
DYHUDJH RSWLFDO SRZHU LV WKH VDPH IRU 1R=LINVQG 5

IRU ERWK EXW WKH EDQGZRBGWK HIAKHHBK®PV RRUSWKH

GHSHQGV RQ WKH GXW\ F\R&H EDREXGRNGIWK >H I ILFLH F\

)LJ 7KH SRZHU VSHFWUDO GHQW=WXFRBBEPHRD
22. 5= VFKHPH

2.2.5. Noise in VLCSystems

$00 FRPPXQLFDWQRQUHKDIERHRRD WEBEEGLYHG VLIQDO
VLEBY WKH OBBMWK BRZRIWH LD IMWVHW @ RIL IKHRISHD JDRA IV
LV W\SLFDOO\ JHQHUDW REBHM RF FHKSWH H QWEKHHFIWWK R 1Q

FDQIHQHUDWHG IURP DQRWKHU QRLVH W\SH

2.2.5.1. DarkCurrent Noise

7KH GDUN FXUUHQW QRLVH LV JHQHUDW HIE LDM DL WHX/B

WKHUH LV QR OLJKW L QPLGHQWHR OXSIK\R R/ RVGHHWUHHFYAHRU V }



UHYHUVH VDWXUDWLRQ FXUUHQW IORZ WKURXJK WKH
IDFWRUV VXFK DV WHPSHUDWXUH WKH ELDV YROWDJH

RI GDUN FXUSHOWAYV S$ IRU 6L 3,1 SKRUWRGIREWMLYEGO)

2.2.5.2. ShotNoise
7KH VKRW QRLVH LV JHQHUDWHG E\ WKH GDUN FXUUH
IURP EXON DQG VXUIDFH OHDNDJH ,W H[LW\RW L\QR B OB

QRLVH LQ SKRWRGHWHFWRUYV 9DULDQFHV IRU EXON F>
> @
8%sL t M/ 6($
82,.L t MrS
ZKHYBQOUH WKH GDUN DQG WKH NBKM$[B+H:N\LO~@IMN[IDQB F>
ASALV WKH/'PKHDQH FXUWHEHAR WRISL YRAAKH HOHFWURQLF |
HTXLYDOHQW QRLNVNHVEWERGEZI1IGVQKI DEWRU ZKLFK LV JLYF
/ L +o+4a
ZKHYHVY WKH DYHUDJH RI WKH+WRWKXK®M BXWQ K MS B X UIJKARN

JDLQ 7KH WRWDO YDULDQFH Rl \@AKRW QRLVH FDQ EH Z
8%acL ES6E 68l tM K200 sl 224185 E t Mo g $
ZKHYHV WKH SKRWRFXUUHQW GX2H..WRlE DW K B URKFHE. YH

SRZHU IURP WK Y VIWYBE DQELUHG UHFHLYHG@OASRZHU I

2.2.5.3. ThermalNoise
,Q JHQHUDO DOO HOHFWURQLFDGRDIGF H W KW D BIFRRIY
WKH WKHUPDO IOXFWXMDWDRGRA PRWEWRQ RQMNR GXWH WK

ZKHQ WKHUH LV QR RSWLFDO SRZHU RU YROWDJH DSS(



DOVR UHIHUUHG WR DV WKH -RKQVRRLYRLNE@G )XWW KH.L

*DXVVLDQ ZLWK JHUR PHDQ DQG BPW® YDULDQFH FDQ E'

~ i 5: - i ..
&% L 52 %o +8° Ee—gD{ of #o+$74

ZKHBHY WKH EDQGZLGWK R MWK HVKB H ETW WIUDGEM FRNME B |
%ROW]PDQQ %, ERQWKMDIQWHG FDSDFLWDQFH RI VgH SKI
DEVROXWH WHPSHUIDMYRBE Y ROWDVHVEKBILY7 FKDQQHO C

#LV WKH SKRWRGHWHFWRG DUHD DI &V KB QQERAIMIFAWK IDF)\

Q@

2.3. Multiple-Input Multiple -Output (MIMO)

,Q UHFHQW \HDUV LQGRRU 9/& V\VWHE@VWRDRRBEH
LOOXPMPOQWIIRMQ WKH VDPH WLPH UBW®DWY RIHVO/ILIRED H X
DUH W\SLFDQQWHKTXXCBHSA@MHKLVVIDFW UHVXOWY LQ DQ |
ZKLFKDUMHTXLUHPHQW RI WKH QH[W JHQHUDNWILLRK) RUIV
*HQHUDWLR@7KH CHDWQIGZRGWKH YLVLEOH UDQJH RI W
VSHFWUXP FDQ EH UHDGLO\ H[SORQ BPKR® WRBS\B B MWW B, R-
FRPPXQLFDWHRY WVW\¥92 WHFKQLTXHV KDYH EHHQ DSSO
DFKLHYH KLJK GDWD UDWHY E\ LQFUHDVLQJ WKH VSHF
PRUH UREXVW ZLWKRXW LQFUHRVEDQV HW KW\ \G) MV KDWY |
DWWUDFWLYRIUD@GBWRDPBIOO\ LQFUHDVLQJ WKH FKDQQH

HQYLURQPHQWVWFDKHDHRKVL\WWYWHPELW V GDWD UDWHYV DQ

LQ @

W LV VWLOO XQFOHDU ZKHWKHU 0,02 WHFKQLTXHV I
WKHUH LV QR QIBRRUW MNSAWLDOO\ LI ZH RQO\ KDYH /21

LVKDL ARUUHODWLRQ EHWZHHQ LQGRRU RSWLFDO ZLUHC



LH 0,02 WHFKQLTXHV PRVWO\ GHSHQG RQ VSDWLDOO\
2:& 0,02 LQFOXGH LQFUHDVEQ @AMKKHK HMWRURXWKRXRMDLQ |
0,029/& D,PDJIJLQJ O ORLEK VLPLEGDBHW® BPRPPXQLFDWLF
DQ@GHHGR SWNVKEOG\VWHP LPDJLRQ® 0,DRLIFK VLPSOHU DQG
DIDLQWREWRHW\ FRQGLWWPGEWY D\VW PKOWIDSWOH WUDQVP
UHFHLYHUV WR VHQG DQG UHFHLYH SDUDOOHO GDWD
VHSDUDWHO\ LI LW KDV IXO0 NQMADH G JIH RWPRXW. RQK |
WQDPLWWHG SLORWRRIUQD/AVD SBOLFDWLRQV LQ KRPHY\
ZLWK PRUH PRELOLW\ DQG FRQVLGHU VKDGRZLQJIVWR [
7KHUHIRUH LI DQ\ VKDGRZLQJ WDNHV SODFH LQ DQ\ R

NQRZOHGJH RI WKH &6, DQG DV D UHVXOW FDXVH D VL

> @

2.3.1. The MIMO VLC Model

$Q RSWLFDO ZLYW/KOMY B @VEP2VVLRQYIRWWWE HPEFOLRN W |
DUUD\ XWLOLVLQJ LQWHQVLW\ PRGXODWLRQ DQG GLUt
VLPXOWDQHRXVO\ WU EQ \PRHDNRHEBN G S O/HD LVWERHKBIR) H Q W
PXOWLSOH SKRWKRZQWHFWRUVKH QXPEHU RI WUDQVPL\
FDQ EH LQFUHDVHG RU GHFUHDVHG GHSHQGLQJ RQ W

UHTXLUHPHQW ZLWKRXW DIIHFWLQJ WKH 0,02 SULQFLS

TKHUHFHLYHARR QVUIULDWY Rl IRXU SKRWRGHVRSMALRQWD O3
LPDJLQJ FRQFHQWUDWRUYV 7KH UHFHLYHUV FROOHF)
FKDQQHO PDWUL[ DQG UHFRYHU WKH RULJLQIDO GDWD
GHVFULEHV WKH 1 9/&KH ORPRO\YWNHPLR QD QORR\GINM &/ HR UF §

EH H[SUH¥Y VHGE\

UL*TEJ



yLJ D 9W&i0,02 VIVWHPREN GLDNKIBP/RI0,02 VIVWHP

ZKHUHY WKH UHFHLYHGLVLW®B C-FKBDBEYROVKBIWWMULD QVPL\

YHFWRULUWD@EH $:*1 YHFWRU KDRDEBH RPSDQGHG IXUWKH

Bs Bs 7 Bg Ty Js

(DY (DY DY s ..l
“&O” 5 o) od MOE WO
Das Die D7 Dbg 8 Js

7KH LQS AW &®WV VHQW WR WKH VHULDO WR SDUDOO

RXWSXWV ZKLFK DUH D SDUDOOHO GDWD VWU KMHPMH @
VKLIWHG WR DSSO\ WR V&K H7 KOH / (¥ WADLODP\L RMIWZRKGH BIH J Q D

sd&d DQIGLVY WKH QXPEHU RI /('V DW WKH \UDQVPLWWH

$00 GDWMD®D VMW WHIIDEmW PN WNVNGPH WLPH (YHU\ UHFHL\Y
ZKLFK LV D OLQHDU FRPEH QW RIHRDD® GORFHVYV RI W
PXOWLSOH[ VLJQDO LV EDVHG RQ HVWLPDMKL YU RDEENP FE K\

DQG UH&LEHIKHYH FKDQQHO FRHIILFLHQWY DUH FDOOHC



ZRUGV WKH AKBEQRWHDIMDKH IJDLQ |IR&yWEAE; ZKKDEV®H O

WKHEXXP RI 3'V DW WeKIH BHH\HFKDKQW MO R K L F KMKQAWI D Y C

EHW ZF{ WQ D Q \DPQWBKMH H F H E QIEBQ/ ;

2.3.2. MIMO Receivers

7R FDQFHO WKH HIIHFW RI WKH FKDQQHO PDWUL[ +
YHFWRYV WUDQWRQPHWGPDWUL[ HTXDOLVHU WR REWDLQ
VLIQDO [YHRWRHDWXPEHU RI FULWHUWR WYXWDWP BW@ B\H
FRHIILAZKHEWQ EHY LIGHRS WZR W\SHV R HATODIDAVNXHHEL/ND V L
=HURUFLQJ 6)Q®&P OHDQ 6TXDUHG (UURU 006( :KLO
VXFK DV GHFLVLRQ IHHGEDFN HTXDOLVHU '")( PD[LPXI

GHFRGLQJ ,Q WKLV VWXG\ ZH SUHMNWHOQW IlR@Q® R@WHG WK

2.3.2.1. ZereForcing (ZF) Equaliser

=HUR )RUFLQJ HTXDOLVHU LV D ORZ FRPSOH[LW\ OLQ
IDFW WKDW LW PLQLPLVHV WKH ,6, UM $RQR H Q QG LDY B
IURP WKH FRPELQDWLRQ RI WKH FKDQ QH @+RIHNHUN N
HTXDOLVHU KDV LWV GLVDGYDQWDJHV VXFK DV QRLV
HVWLPDWERRQRQQHOKWWDWH LQIRUPDWLRQ &6, WR DFKI
VLIQDO ®MFWERU WKH WY HKXBPRLFKRRVHV WKH PLQLPXF
VIXDUHV VROXWLRQ DQG LV JLYHQ E\

UL f"%sas! UF *T!0

x1i 2A8- L xi?2Aehi2A8
x @ X @

Ft*'@Et** UL r
UL :*i*;?S*i$

‘l"'JL :*A* ;?S*Ag



ZKHUHHWXIHWLRQV XVHG IRU WKH UHDOHAKDOQQRQ ? 0 RW
WKH FRPSOH[ FKDO&HB*PDWUL WB&E SVHXGR LQYHUVH
+ :H VKRXOG DOVR QRWH WKDW WKH H[LVWHQFMHVRIVD

WKH FDVH ZKHUH WKH PDWUL[ GRHVY QRW KDYH IXO0 U

2.3.2.2. Minimum Mean Squared Error (MMSE) Equaliser
,Q WKLV WHFKQLTXH WKH VTXDUHGFRBBERW HRE® BQID Q
W DNHBP HXOD OXHSQMWHD YHU\ FULWLFDO GLIOHBHQFH
HTXDOLVHU LV D OLQHDU HTXDOLVHU DQG LW ZRANV V
PDWKHPDWLFDO PRGHQA\RUIDANEQHTXDOLVHU
UL f" %' ' OF TI6

L f"%se' <9BYF TI6=

7TKHQ WKH HTXDWINWARQPDWUL |

78 2,12 E &f 475+

ZKHBHD Q& DUH WKH SRZHUV Rl WKH WUDQVPLWWHG V
UHVSHFWLYHO\ )LQDOO\ WKH /006( HTXDOL]HU IRU WK
L 2, :2** I E &b 75+ @
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ZKHUH LV X\DWGDRUFKDQQH O HDMDWLI RZ& M UHDAB P KROH [
FKDQQHO PDWUL[ 7KHEMEERY.MDWFX@WLRQ FDQ
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2.4. Indoor VLC Positioning Techniques

,Q JHQHUE® QGDGEWMBGLSRVLWLRQLQJ WHFKQRORIJL
ZLGHO\ XVHG IRU D QXPEHU RI \HDUV PRVWO\ IRU RXW
EH XVHG LQ LQGRRU HQ WIRIRGRH RWM HW R P VX QIGWRW K H
VLIQDO DWWHQXDWLRQ E\ ZDOO®, O @G G QW DRY HW KRE 10
FRPPHD® *36 V\VWHPV RV 0L QH® KFHH RBIGMU WK XV PDNLQJ
IRU LQGRRU DSSOLFDWLRQV ZKHUH D PRUH DFFXUDWH
DQG VKRSSRQRHQWM.UORFDOLVDWLRQ LV UHTXLUHG ¢
QXPEHU Rl SRVLWLRQLQJ VFKHPHV EDVHG RQ UDGLR
ZLUHOHVV ORFDO DUHD) IQBQWGRUNXHMRRWIK ZKLFK RIIH

FRYHUBJHQW/DO®DWLRQ@FRVW

7KHUH DUH PDQ\ WHFKQLTXH QR U URRDRBVIVEQ QOB HL ® V1
RQ WKH XVHU RXWSXW LQFOXGLQJ WHFKQLTXHV XWLO
RWKHUV ZRUNLQJPVQ ,GLRIMKHQVE RIRRY WKHVH DUH WK
EHH@® SOR\HGLLQHWZR@NJGRRU SRVLWLRQLQ QOWRB L\

FDQ EH FDWWJRUL]HG

x 3UR[LPLW)\ D GDRUHNKPOZRUEMWKF EDVHG RQ WKH WUI
D IL[HG QRGH DQG D PRELOH QRGH ,Q WKLV FDVH L
WKH PRELOH QRGH PLJKWREHUDQUHRI WKH WUDQVPL\

x JLQJHUSULQWLQJ ORFDOLVDWLRQ BQ@ XRULION KPR ZHRYV WL
ILUVW DWDJIH QW OHDUQLQJ RU WUDLQLQJ VWDJH WR
UHFHLYHG VLJQDO VMBHG@I®W KD QQGIFRBADLRIQOLW\ GL
HVWLPDWHG VLJQDO 6HFRQ®OH VZKH LR QVIKPH XK/ b W
GDWD JDWKHUHG IURP UXQWLPH DQG WKH WUDLQLC

ORFDWIERQ



Xx TULODWHUDWLRQ WULDQJXODWLRQ DOJRULWKP XVH
XVHU DQG WUDQVPLWWHUYV ZKHUHDV WKH WULODW
DQJXODWLRQ PHWXRG EXHWM Y HMIQHWKH PRELOH@RBH
IROORZLQJ VXEVHFWLRQV ZLOO H[SODLQHGBGH¥RBH TKI

WKDW XWLOLVH WKH WULODWHUDWLRQ DQG DQ&OD

2.4.1.Time of Arrival (TOA)

7KH 72% WHFKQLTXH XVHV WKH VLIQDO SURSDJDWLRC
LWEDVHG RQ WKH WLPH IRU WKH VLIQDO WR WUWIXH® |
PHWKRGHWLYRF UHIHUUHQJIJWR DWGLPHXRWLHOLVHG LQ
7KH PDMRULW\ RI FXUUHQW UHVHDUYIFK RR LQKH SVUKRGBW .
VSHRMGKHUH IRV H

§ 6 s
@QL R saaovuochas PR aaaouocvaa

ZKHBRfhaouocb¥s WKH SURSD J MWV ROKW LGP/ WQ QFH EHWZH
DQG WKH WUDQVPLWWHUV 7KH ILUVW VWHS LV WR PH
VWHS LV EDVHG RQ WKH HVWLPDWLRQ SURFHVV IRU W
WUDQVPLVWWMNDWIXRQQGE XWLOLVLQJ WULODWHUDWLRQ
RI WKH XVHU PRELOH QR G HD QKA VUW WHK QIQTFKHU B B T XD\
WUDQVPLWWHUW D@® WKH@KIFREMPMHEBRXQG 5& %D RHG?2
UDQJLQJ IRU DQ LQGRRU SRV IYW UR @IFFX VDWWWHH B LIVFKD. G
SHUIHFW VI\QFKURQL]DWLRQ EDVHG RQ WKH URRP{V JH
SRZHU DQG WKH /(' DQG 3' FKDUDFWHULVWLFV 7KH DY

DQG >FP @



2.4.2.Time Difference of Arrival (TDOA)

7KH VWXG\ Rl WKH GLIIHUHQFH LQ DUULYDO WLPHV EH
WR GHWHUPLQH WKH UHODWLYH SRVLWLRQ RI WKH XVt
> @QG LW LV VLRSODUWR MWRFHKQLTXH 72$% 7KH SRVL
WZR VLPXOWDQHRXVO\ WUDQVPLWWHG VRDQESOW KZU RVXJ |
DGGLWLRQDDK K DAILG ADQHQIERY EHWZHHQ WKH WZR VLJQI

JLYHQ E@

Rod RFBL - F<

@L € e Rou

676
ZKH@HdV WKH GLVWDQFH EHWZHHQ WKH WUDQVPLWWHU

,Q> @LlDK HW DO UHSRUWHG D 9/& SRVLWLRQLQJ P|
GHWHFWLRQ DQG VLPXODWHG WKH V\VWHP XVLQJ 0$7/¢
LQ SRVLWLRQLQJ WKH @D UIBW HW FAHL YSIURS®VHG D OR
E\ XVLQJ WKH SKDVH GLIIHUHQER\DL@MG F'RBSXQH b WILE)
REWDLQHG DQ DYHUDJH ORF D\@LR ¢ WSIOERSR RIEGD PO \V |
9/& EDVHG ORFDME.REBUYLFH /%6 DQG WKH PHDQ RI SR

PHWHU

2.43. Angle of Arrival (AOA)

7KBH2$ WHFKQLTXH LV EDVHG RQ WKH LQWHUVHFWLRC
HDFK IRUPHG E\ WKH FLUFXODU DDQGL WX HE FGWEX H A B &Y KXH

'H DVVXPH WKDW WKH SR¥LW MR RV UDIQH KMMWAUNT Y SF



DQG WKH DQJOH EHWZHHQ WK By WU ¥ Q R B QWLMIHILK I Q\G KW

SRVLWLRQ RI XVHU LV JLYHQ E\

To L TkwE Qugda.. '@y

WL YwE Quge <Vy

ZKHBH & LV WKH QXPEHU RI@\V3 D\Q WKW &/LHMINDQE G

XVHU DQG WKH WARDE®R VLW MW HOUW DB QG GY LW/
@L & Q,

'H FDQUIMWH XVMWXH PDWDYVY [ RR:CPRYZ V

B L - T

1 r F ‘O ‘('9'7%:1 r 'y @@ s FTs
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,VODP DQG .O@MNRYRVHG DQ LQHUWMLMD O, 1D ZILVDKV DR@ WH
$2%$ DQG ,16 ZLWK WLJKWO\YHR DS O H G J$2 $1 WRR D FKEP

UHVSHFWLYHO\ ZKLOH XVLQJ WKH $2$ WHFKQLTXH RQ¢
> @Q $RYWLPDWLRQ DOJRBLWKP X\VD Q G 2N WIRGUDIDWIH BSH

WR LPSURYBDRVKIDDBRRBRVHG EAX®QJ/HH DQG

yLJ 9/& SRVLWLRQLQJ XVLQJ WKH



2.4.4. Received Signébtrength Indication (RSSI)

$Q 566, W O RPBIW KRG AR\ HE GLHEEDOMHIFS O R F I ® L FIXW
UHTXLUHV DW OHDVW WKUHH OLJKWLQJ VRXUFHV LQV\
PHWKRG XVHV WKH UHFHLYHG SRZHU W K HGHWFHHUAGH
WHKHFHLYHU WR HVWLPDWH WKH GLVWDQFHVY EHWZHHQ
WKH WUDQVPLW WALV D GE DMWY WKGY DUHE NQRZ @ KW UH

WKH QXPEHU RI WUDQVPLWWHLA, FIOKH V8RN QWELHR) D@l FW

TuF L% E WF UL @4

(TXDWLRQFDQ EH UHY PDWRHRY IR OO RZYV

T FT CUFRW o @FQ@,F BFTLFEFY

tée - - & CL N - o

Ta F Taoss TWF Uios; @5 F @ F Tgos FT5, F s F L
ZKH@HV WKH GLVWWQBK VEBLQMEAMMIH UHFHLYHU ZKLFK |
JULLV WUDQVPLVYL@®RQ HTXDWLRQ DV

vl 2,0 :@U),a
ZKHBHDQZ%, DUH WKH UHFHLYHG DQG WUDQVP)LWW HGKHI
UHFHLYHU* J®LQ WRB FKDQQHM XPAWLRKQL RK @KH GLVWD
@H FDQ EH DEOH WR FRPSDUH WKH SRVLWLRQLQJ

JURP WKH FRPSDULVRQ DV VKRZQ LQ67MNWEHOAKQLTXH KIRY

ZR UN E H RiidsneéthodRdoes not require synchronization.

7DEOH 7KH FRPSDULVRQ EHWZHHQ WKH 9/& SF
723 7'28% $2% 566,
$FFXUDF\ ORGHUNMRLBE ORGHUMRLB /RZWERRGHUI[ ORGHU
6\QFKURQL]| <HV SUHF <HVWSUHFL 1R 1R
3RVLWLRQ F IHWZRU 1IHWZRU IHWZRUN 1HWZR
,PSOHPHQW
RQAD\ ZD\ <HV <HV <HV <HV
SRVLWLRQL
&RPSOH[LW)| &RPSOH| ORVW &RP ORUE6ZRPSO 6LPSO




2.5. Related Work for RSSI Technique in VLC
System

The RSSI trilateration method is widely employed in Vhé&sed localizations and
requires at least three lighting sources installed on the ceiling to achieve positioning. There
are a number of previous researchathe RSSI technique in VLC positioning. tever,
these works maddifferent assumptions and had different accuracies. For instance, the first
assumption g LOS and did not considehe effect ofnoise. As an example, the Epsilon
system was implemented and evaluated by Liqun,et & 15] andis based on the measured

received signal strengtiRE9 at a receiver using the following equation:

2 L % < ¢i énp; 10200

where %and—l, arethe perLED constant related to the maximum emission power and the

current duty cycle of the LED, both included in its beacon. The positioning accuracies are
0.4 m, 0.7 m and 0.8 mifthree typical environment¥iging et al.[116] have proposed an
indoor localization scheme. This is known as Lightitude based on visible received light

strength (RLS) an@OST devicesising this equatiofiL16]:

el L O AT
where . 4 is the maximum RLS whilei, and Uare constant @s the distance between the
transmitter and the receivand can be obtained by a efoe-good calibration to achieve a
mean accuracy of 1.93 m and 2.24imtwo different environmentdn [117], [118] and

[119], a positioning algorithm based on the extinctiatio (ER) distributions was reported

by Yang et al. which can be expressefllds]:

"4 L SrZ ' %e202,; Ltr 7 %g808,;
where & and 8, are the high and low voltage values respectively using the trilateration

method. That algorithm achieved extremely low average distance errors of 1.5783B cm, <



cm and 1.689 cm fareferences [117], [118] and [118dspectively. Jia Ziyan proposed in

[16] an indoor VLC positioning system for indoor WSN based on hybrid method of the RSSI
technique and the randgeee VLC method in Rician fading environments. The accuracy was
good with lower power consumption and with very small numbers of pack¢idhand

[121], Sertthin et al. proposed a switching estimated receiver position (SWERP) scheme

using root mean square errost@ince (RMSED) which is given h§22]:

4/5'& L §—§A§@5'éé&g
where ' 53 3&;is the error distance of each experimental reanoll Jis the number of
experimentsThiswork is based ormbedding éxis sensor anesulting inan accuracy of
298 mm under different field of view (RQ configuration. Indoor three and two
dimensional (3D and 2D) positioning systems were reported by Tuan and Ja8g1A3]
and are based on the following equattoncalculate the distee between a user and a

transmitter E

Tog L ¥m
where |, s the optical constant related to the parameters of the VLC environment. The
proposed system aims to improve the accuracy of VLC indoor positioning but the number
of localization packets is quite large.[Bb], Yong et al. proposed a new indoor 3D and 2D
positioning system using a location code and a spatial distribution map based on the
extinction ratio (ER) of location code which is theioaof electrical power level of the
location codeThe psitioning errors wergoundto besmallerthan 3 cm and 12.3 cm for
2D and 3D positioning systems, respectively. The indoor VLC localization based on the
received signal strength ratio (RSSR) aneédequations was proposed by Jung efl#i4].

They pesentedhe received power as:

2% L G

U6/



where GL #:D*>52, 2 is the source power anBis the height of the roonThe

a>5
6
average and maximum of positioning error were 1.12 cm and 3.6%espectively. An
indoor positioning was demonstrated by Hann et aJ18%] usingthe correlation values
between the received data and each address vector as a result to get correlation sum rai
(CSR). The distancerror has maximum and average values of 1.495 cm and 0.651 cm
respectively. Indoor location estimation was proposed using RSSI and the relative position
between multiple optical receivers by Yang[i26]. The maximum estimated position
obtained wasmallerthan 1.5 cm of error and the average was 0.65 cm in symmetric and
asynmetric circular pattern. Ifil10], Yamaguchi et al. designed and evaluateddoor

positioning system using op#l orthogonal codes (OOC) theory, code mapping table and

trilateration method based §hl0]:

:a>5°4,0p ;U ;am?f %K

The maximum and mean of location errors are 0.403 m and 0.08 m respectively. Three
dimensional indoor VLC positioning algorithm based on nonlinear estimation and RSSI

technique was proposed by Wenjun, et aJ1Rv]. They used the following RSSI equation:

a>50ip ;U RO
@L 5 6 Evo

and nonlinear estimation to minimize the error defined as:

58 Afg ¥ 8F TuSE GF YOS E VK ;O F @°
The RMS error was 0.0464 m of the 3D positioning systerfila8], lturralde et al. have
proposed a novel location system using VLC and location identification based on dynamic
active radio frequency identification (RFID) calibration (LANDMARC) algorithm with
adoptionof a mathematical formulation using quadratic equations and the trilateration
method to minimize the location estimation error compared to the LANDMARK algorithm
[123]. In [31], Cossu et al. reported LOS localization OWC algorithm in[ ihdoor

positioning system. However, there were not any values on location error averggse. In



53], Hyun-Seung et al. proposed an indoor Vp@sitioning using RF carriellocation

based on the following equatiof8}]:

@J ¥%af2ol ¥% 52,8
where 2; @nd 2 ; gre the received optical power and the RF received power respectively.
The adjusted distancg; gan be expressed gBl]:

@ 9@ %@ @8 rQJIQs
where 9 is a weighting factor,J and % are the normalizing factor and the normalizing
constantrespectively @V WKH HVWLPDV@HGY GLKNW DGAWHXBYBG C
technique has an averagesjiimning error of 141.tm and2.4 cm with and without using
the adjustment process for different values of sangile respectivg. A novel indoor
localizationby Wang et al. if129-131]. It is dependent on the RSSI technique using the
following equation:

XL gy

iy ’
where, 5% LV WKH UHFHLKid thq beamUdaetprind @) e localization beabhe
UHVXOWYV LQ WKLY GHPRQVWUDWLRQ VKRZ W KvithMiheD Q D
ability to reduce the positioning time by 8Q%9], ZKLOH LW ZDV § [130FP IR
However, in[131], theauthors used the signal incident anglg) g dJ; ;) to estimate the
distance and the results show that an average localization accuracy of 3.81[X32],In
Saadi et al. presented an indoor positioning system base@®rR_ED, and TDM was
used to incorporate angle information at the receiver and different frequencies foandeD
LED>. The precision of the proposed algorithmS§s FP HYHQ LQ WKH SUHVH!

noise.

The second assumption is a LOS scenaribarpresence of noisehile the SNR is very

high, meaning thathe noise has little effect. For instanoe[133], Zhang and Kavehrad



proposed a 2D indoor localization based on LED and the difference in transmitted power

between Os and 1s at the transmitter s2dg jg@and at the receiver sid; ( v

;a>5° am@: %l ;U ;amq Eorng

@ =t &
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Fromthe results, the localization error was higher than 5 cm when the average SNR is 30
dB only. An asynchronous indoor positioning system was introduced by Zhang eflé4in
using VLC technology and least square estimation for two scenarios (direct and sunlight
exposure) and with accuracy of 17.25 cm and 11.2respectively. IM135], Luo et al.
proposed an indoor VLCagsitioning system using dual tone mdhlequency (DTMF)
technique without the need for clock synchronization and the system was analysed both ir
time and frequency domains. The average positioning error from this technique was 18
millimeters whernthe SNR= 10 dB In [136], Jaechan Lim published a paper in whilch
authordescribed an indoor positioning system based on RSS measurement and trilateratiot
using the least square (LS) medhand the maximum likelihood (ML) estimator. The results
showthatthe ML method is better than the LS method by approximately 10 dB gain for 10
cm error. In[137], Bangjiang Lin et al. proposedhandoor VLC positioning system using
orthogonal frequency division multiplexing access (OFDMA) scheme with a mean
positioning error of 1.32 cm and error vector magnitude (EVM) of 12 cm when the SNR >

10 dB.

The third assumption is an LOSNLOS scenarichim dabsence of noise dsscribedn
[138] where Wenjun et al investigated the impact of multipath reflections on the positioning
accuracy of indoor VLC positioning system using the RSS technique with a linear LS
estimation approdcand combined deterministic and modified Monte Carlo (CDMMC). The
root mean square (RMS) error was 0.0423 m when the reflections were neglected and it wa
0.8064m when the reflections were considered. However, the authors calculated the RMS
error for twotypes of estimations: linear and nimear[139]. The RMS error was 0.5589

m and 0.4642 m for linear and nbnear estimations respectively for the idooom.In



[140], Abd Elkarim et al. presented two lighting systems that are distinct and provide a

uniform lighting system based on the RSSI technique as defined in:

L -®62§:E53:a>5;°ip: 0. (96

@ S'EDX‘&)

where, 253 WKW RXWSXW HOHFWU L FibeOmé&R BehliratichRrPorgWere 3
0.0462 mm and 4.3 mm for distinct and uniform lighting respectively when assuming only
a LOS. However, thenean localization errors weflgl.98 cm and 9.61 cm for distinct and
uniform lighting respectively when considering the effect of diffuse reflectionfl4a],
Keon et al. developed an indoor localization device based on TDM using bit stuffing method
(to avoid light flickering and to prevent intgoulse interference) as well as the RSSI
technique which is presented as:

HL =A Q1 E 5A0!
where Hk the distance between the light source and reg&@vethe signal strength measure
and = &4 DQ% DUH YDOXHV IURP H [[él bdxPrid® and dean HfV X S
location errors were 3.89 cm and 1.68 cm in simulation whereas 10.29 cm and 3.24 cm ir

experiment respectively.

The fourth assumption isSL&OSNLOS scenario in the presence of noise and was studied
in a small number ofvork such as irf142] by Zhuo et al. wheréhe authors proposed the
novel indoor positioning algorithm using VLC environment based on the signal received at

the mobile terminal (ML), which is expressed by:

NP L 2, A%g 55P X DR EJ:P
where,2, LV WKHGI BRY WU |U R Fhid prévidegpositioning resolution higher
than 0.5 mm but the noise level was minuscule (i.e. the noise power lei40idBm to-

180 dBm). In[143, 144] Aminikashani et alreported a positioning algorithm based on the

RSSI technique which can be presented by:

(0 L ?f ;96"
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7TDEOH KH FOBMWILIRQ RI WKH 566, WHFKQLTXHV LQ WKt

1R DXWKRU | UHIHU 9/& HQYLU|[ ORGXODWLR| 1RL $SFEXUDF
IRLVHOHVV /26 VFHQDULR
/ILTXQ H| > @ i ioPp %)6. 1R
<LTLQJ | > @ P P QR®H¥LILH 1R P
<DQJ HV > @ 1 1 FP 15=22. 1R Fp
<DQJ HY > @ 1 1 P )0 1R
<DQJ HY > @ 1 1 FP 7'0 1R Fp
LD =L\ > @ R QRW VSHF| 1R | QRW VSH
6HUWWKL > @ 1P 68 330 1R P
6HUWWKL > @ QRW VSH QRW VSHF| 1R PP
7XDQ -0 > @ OQRW VSH QRW VSHF| 1R | QRW VSH
<RQJ HV > @| Pi Pi QRW VSHF| 1R Fp
“XQJ HW > @ 1P 7'0 1R FpP
+DQQ HY > @ T 1 FP 5=22. 1R FP
<DQJ HY > @ 1P 436, 1R FpP
<DPDJXFK| > @ i 1P QRW VSHF| 1R P
"HQMXQ > @ 11 P 22.7'0 1R p
,WXUUDO]| > 1P QRW VSHF| 1R | QRW VSH
&RVVX H > @ QRW VSH 2)'0 1R| QRW VSH
A\XGHXQJ| > @] 1 1 Fp 436, iR F
A\XGHXQJ| > @ 1 1 Fp 436, iR Fp
'DQJ HW > @ i1oP QRW VSHF| 1R Fp
'DQJ HW > @ OQRW VSH 22. 1R 5 Fp
'DQJ HW > @ OQRW VSH 22. 1R § Fp
6DDGL H > @ 1P 7'0 1R § FP
1RLV\ /26 VFHQDULR
-KDQJ H > @ 1P 22. G U § FP
-KDQJ H > @ i1 P 22. G % FP
/IXR HW| > @ 7P QRW VSHF| G PP
_DHFKDQ| > @ i7oP 22. G % Fp
%DQJIJMLD{ > @ 1 1 FP | 436.2)'0% G % Fp
TRLVHOHVY /261/26 VFHODULR
HOMXP | > @ i1 P 22. iR :
HOMXP | > @ i1 P 22 iR :
$EGD(8ND‘ > @ i1 P QRW MSHGF| 1R T:Fr
HRQ HV > @ 1 © FPl QRW VSHF 1R o
TRLV\ /261/26 VFHODULR
“KXR HY > @ TP 5=22. G%P pp
GO
$PLQDLONDV > TP 2)'0 22. o P
HL ;X H\{ > @ R QRW VSHF| G9 FpP




where, LV WKH KHLJKW RDLMW KW KW UKDHNI KMV R/IHW\K RV K H FSHRLZ
D W W H @ beDndn Riositioning errors was 0.2609 m and 1.01 m for OFDM and OOK
modulation schemes respectively when the SNR is 15 dB and 25 dB with different number
of subcarriers. 11145], Wei Xu et al. presented an indoor positioning scheme for VLC

system using muliPDs and the RSSI tegigue based on the following equation:

@L QG/§ 36>5#[? >5%

where, #is the PD area, andis the vertical distance between the LED and Pz mean
positioning error was 6 cm and its maximum error was arouraildnder M =1 (number
of LEDs) and N=3 (number of PDs), whereas under M=2 and N=2 the mean positioning

error was 4 cm and its maximum was 13 cm under the real VLC channel when SNR=10 dB.

Finally, the Table 2.2 shows the summary kfii FODV VL I IHF B&6L R/MDHIR K QVIKT
WKH 9/& SRVLWLRRULQAQRXMIVGMHARAMIHQW VFHQDULRYV DV -

VFKHPHV DQG GLIIHUHQW 9/& HQYLURQPHQWV

2.6. Summary

7KH PDLQ @RDOWRIU ZDV WR UHYLHZ WKH LQGRRU Yl
LWVGIXRHQWDOV DV ZHOO DV DQ LQGRRUKDRL2] RO M Wk
QXPEHHUDWXUHV RIVOFRRVEDUHE LW WR 5) FRERXQMWHWA
DQG VRREKRIOOHQJHYV ZHUH DO VR&RB S WIDRRPISU H& HD@B\AL
UHYH®Z9/& VIVWHP )RU LQVWDQFH /('V 3'V DQG WKH ¢
PRGHO RI WUDQVPLWWHG RSWLFDO SRZHU DQG WKH LF
ZHBGHVFXYXHEKHUMKH RSW L FB®ORWHRFGHHWY HDEXME. 22 . PR G X
VFKHPH ZHUH VWXGLHG ZLWK GLIIHUHQW W\SHV RI QRL

FKDSWHU DOVR LQWURGXFHG WKH 0,02 9/& V\VWHP ZLW



XVHG )LQDOO\ WKHUH DUH IRX9/E&ERFRPRQVIWRHFKQL VXWHW
EHIBQVFXOW B BRD O G GhedhagRe@summarises all results from related works on
indoor VLC positioning systems which use the RSSI technique under different assumption.
The next chaptewill introducea newalgorithm for anindoor VLC positioning system
based on the received power levels of LEDdthetrilateration method with comprehensive
investigation of the impact of noise for both LOS and LOSNLOS scenarios and applied that

in MIMO VLC application to reover the data with a partial CSI knowledge.



Chapter Three

Indoor VLC Positioning System Using
Three Transmitters

3.1. Introduction

VLC systems based on LEDs technology not only provide higher data rates for indoor
wirelesscommunications and offer room illumination, but also have the potential for indoor
localization. We begin with an investigation on the received optical power (ROP)
distributions with and without optimum Lambertian order which are evaluated and simulated
by MATLAB for indoor cellular VLC system considering two types of illuminations. A
further analysis of the results are also presented as well as an analysis into the ROI

relationship.

In addition we proposea new algorithnmfor indoor VLC positioning usinghie RSSI
technique and the trilateration method. The end of chaptereport an application based

on indoor VLC positioning in a MIMQ/LC systemby simulation as well

3.2. Received Optical Power (ROP) Distributions

3.2.1. Optimum Lambertian Order

There area number ofstudieson cellular VLC systems which focus mainly on the
uniform received power distribution and the reduction of distortion that is generated from
multi-reflections. A new genetic algorithm has been repodtet@ininga uniform ROP
distribution forcellular VLC systems withouncreasing the distortion fromultipath[146,

147]. In [148, 149] a spotlightscheme provides low channel distortion when usimgl|

divergence angles of LEDs. Subsequernttig, cellular configuration ithe best solution to



achieve a higher data rate and obtain a uniform algbiower distribution. The conclusion
from these studies is that the divergence angle geentangle at half power) of the LED is
an essentiaparameteras it affects both ROP distributions and the channel distortion for

indoor VLC systenj150, 151]

From equation(2.10), it can be noted that the Lambertian emission andkgrdepends
on the semangle at half luminance (divergence angle) of the LED. Subsequently, an
optimum Lambertian ordeiQLO) is dependent on the optimum divergence angle of the
LED. The OLO is used to minimize the channel path loss and to obtain unifornb&@&
on the number of cells ingtandardoom. The OLO can be derived from the conventional

Lambertian model as follows

From (2.9), we can derive the output power of Lambertian radiance depending on the

irradiance anglea as[149, 152]
a4 >5;

@l —— 2?7 KOa @ (3.1)

Where @is the optical power radiated into the solid ang#. Therefore, the total

transmitted optical power can be written[549]:

2L 14 ga0ama 0 3.2)
In this derivation, we assume only a LOS pdly. using (2.14), for each cell, the

maximum ROP occurs a L r and the minimunROPat a L &,¢s Those are presented

as[149]:

2encel 2o .. 98;658;C8;4 rQ8Q a (3.3)

:a>5;°y

2enval 26 xmf ?2KQ¥ 06 ...99:650;C8;4 rQdQ & (3.4

where &, g ;and @ g sare the maximum irradiance angle and the maximum distance between

the transmitter and the receiver inside every single cell (Radius of VLCreslbectivey,



8is the perpendicular distance between the transmitter and the receiver. The maximum valu

of MiNiMUMROP (2 & 13 ) OCCUrS When!E’?—?“;wUL r, where[151]:

'ERa40 0 A 7 v
— 2L @ KQ%oeSEl ESiZr.. Goe (3.5)
where,

GL 2:6:0;C9; ..."9,—"—4& (3.6)

1
6 *pia

We can express the OLQ (, )as:

?5
_ jl:amagia;;
where & 5L ... % @—' ;and the optimum sergingleat half poweras g4 n¢an be
*@ia
given aq149]:

F s4 (3.7)

I mnrl—

& eannil ... 2011812 ppa (3.8)

jl:
3.2.2. VLC System Configurations

The illumination of the proposed indoor VLC system hasndividedinto two types in
this chapter. The first proposal is a single cell for the whotan, and the transmitter
constitutes of LEDs array that is in the middle of the ceiling where that the dimension of the
roomis 5mx5mx3m (width, length, height) asasvn inFig. 3.1(a). The second proposal
usesfour cells,whereeach single cell hasteansmitterin the middle. Theypical room has
a dimensionof 5mx5mx3m as showm Fig. 3.1 (b).Here, the assumption is that all
transmitted optical power from trangtars and the ser@ngle at half power of each LED
are the same. The next investigation will be on the ROPghotodetecto(PD) with and
without the optimum Lambertian order from a LOS path, a NLOS path and both LOS and

NLOS paths from thérst refledion.
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3.2.3. The ROPDistributions

LEDs are used for illumination and data communication in future applications and have
a number of advantages including luminous intensity and transmitted optical power at
visible light spectrums. In thishapter the ROP distributions are analysed and discussed.
The simulations arearried out usinghe parametersvhich presented inrable 3.1. The
illumination and data communication for standard room is implemented twgingjfferent

typesof illumination, namey, single and four transmitters configurati@ssfollow:

3.2.3.1. Singlél'ransmitter Configuration

For office environment, there &requirement for room illumination which is defined by
the international organization for standardization (ISO) to bedmt\800 Ix to 1500 Ix.49,
153, 154] ,Q WKHVH VLPXODWLRQV WKH PDJ[LRetdas the O X P
PLQLPXP LOOXPLQDQFH LV 8§ O DW WKH FHQWAIH DQC
The ROP distributions were investigated for LOS and NLOS using (3.9) an@), (3.1
respectivelybased on (2.14), (2.15) and (2.16). WHite, LOSNLOS using both equations

to calculate the total ROB].

sl 2:820 2K0A 4. 0;850;4C0:4 1 Q3 Q(18 (3.9)
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rQosQ(18 (3.10
Fig. 3.2 @) and (b) show the ROP distributions in absolute value (watt) and dBm when the

semtangle at half power is equal to 70° from LOS path. Note that the maximum received
SRZHU- LMG&%P DQG WKH PLQ{2P dBm. TEe@odhtnunkatdn system is
able to detect a received optical sensitivity (used with the AD8015 -trapedance
amplifier) equal t636 dBm at 155.52 Mbd4.55]. The ROP distribution in dBm units from
NLOS path is showm Fig. 3.2(c). 1RWH WKDW W K429 BB &rfel XhE nhinim&m

L V-3 dBm at the corner and the centre respectwblgreas Fig. 3.2d) shows the total

ROP from both LOS and NLOS paths. Some statistical standards are praséraiele 3.2

which shows that thre is a very small difference between the ROP with and without
optimum Lambertian order (i.e.; optimum seamgle at half power). This means that the
optimum order does not have an effect on the ROP for an indoor VLC system using single

cell [156].
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3.2.3.2. FourTransmitters Configuration

The positions of transmitters are selected as mentiameBable 3.1 toobtain an
illumination profile as flat as possible. The comparison may be divided into three main
categories. Firstly, the ROP from LOS path as shimwrig. 33 (a) and (b)has § G%P
difference between the maximum ROP witlsemtangle at half power of 70° and the
maximum of ROP with optimum serangle at half power. On the other hand, the difference
of the minimum ROP is quite low (i.e. less than 1 dBm) whamusemiangle at half power
equal to 70° and optimum seiangle at half power. Secondly, the ROP from NLOS path as
shown in Fig. 3 (c) and(d), where we use serangle at half power of 70° and optimum
angle respectively. The statistical datarable 33 indicatethat the difference between the
maximum of the ROP with and without optimum Lambertian order is very small. However,
WKH GLITHUHQFH LV TXLWH KLJK L H 8 G%P EHWZF
Lambertian order and with serangle at hdlpower of 70°. As a result, this causes very high
multipathrinduced ISI but it provides a good flat illumination as shawrFig. 33 (e)
compared to a four transmitter configuration with optimum Lambertian order which is

shownin Fig. 33 (f).

TDEOH6RPHWWDWLVWLFDO VWDQGDUGYV IRU 523 |
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3.2.4. The ROPRelationships

Fig. 3.4 showshe relationship between the semi angle at half illuminance of an LED and
the ROP. The curves explain how tlm@ximumpower underneath of transmitter changes
with different semiangles at half poweklVe note that there ignintelligible expnential
relationship between the maximum received optical power levels andasgiri at half
power (& ¢ less tharl0 degresbut it is linear between 4@and 80" However, there is
clear difference in the maximum received optical power levels when adi@gsmitted
power levelof less than 10 wadt However the difference is significantly decreased when
the transmitted power leved more than 15 wadt On the other hand, TableZ.Table 3.3.
and Fig. 3.4 providsome information for ROP from one and four transmitterdesign

indoor VLC positioning system based on ROP distributenms$ RSSI techniques

As shown inFig. 3.5,barchars explainthe relationship betwedhe transmitted power
and the maximum horizontal distance for a VLC cell for different values chhale (i.e.

& ¢ equal to 8, 1, 15, 2%, 27, and 30 ) and different transmitted LEDs power

yLJ 7KH UHODWLRQVKLS EHWZHHRQW®H B W/[LKXPI 55Xz
WUDQVPLWWHG SRZHU OHYHOV



(i.e, 2s=1,5, 10, 15, 25, 35, 50, 65, 80 and Wts).Fig. 3.5 (a) shows the previous
relationship when the receiver sensitivity -6 dBm whereas Fig. 3.5 )(lshows the

relationship when the receiver sensitivity3® dBm. These are based on the received optical

)LJ 7KH PD[LPX® GRWWIPRQAMDDJIJDLQVW WKH W UD@MPH \U
SRZHU ZKHQ D UHFHLYG%WPV HQWIHFHYYWU @PA@VLWLYLW\



sensitivity of PD but the second case was plotted to compare the effect of the sensitivity or
themaximum horizontal distance. From the chart, it can be seen that there was no difference
between the maximum horizontal distances whentrdmesmitted power is more thdr®
watts and the ser@ingle at half power is more than 50 degrees or the optimurasegia

when the sensitivity of PD 86 dBm.

3.3. Proposd Indoor VLC Positioning System

3.3.1. TheSystemDescription

Throughout this work, we considanindoor VLC environment as illustrated kig. 3.6
(a). The coordinator, the visibleED and the sn¥a device as anobile user are the three
main parts as required by the IEEE 802.15.7 protg;dl8]. The standard room size is 5 x
5 n? with a height of 3 m and the receiver plane is 0.75m above floor as illustrafegl in
3.6(a) and Fig. . The room is assumed to bmpty. The coordinator generates different
location codes foour WUDQVPLWWHUYV EDVHG RQ WKH WUDQVPL'
and combines them to the transmitted data (i.e. is to frame).trEmsmitted data is
modulated using ooff keyingtime division multiplexing (OOKTDM) modulation
scheme. The intensity modulation/direct detection (IM/DD) technique is employed to
generate the transmitted signat,P, as shown irFig. 3.6(b). These transmitted signals are

up-sampled by 10 times.
Notations: In what follows, we shall use the following notations:

X ks, P The impulse response of LED.

x Dy PR: The impulse response of VLC channel.

X Dpa ey P The impulse response of VLC channel in LOS scenario.
X Dupg aeg Pr The impulseesponse of VLC channel in NLOS scenario.

X DupaeicagiP: The impulse response of VLC channel in LOS and NLOS scenarios.



X Dry:P: The impulse response of the PD.
x J:P: An additive white Gaussian noise (AWGN).
The impulse respons# LED, [k 3,15, was derived by applying a pulse function to the
LEDs in the lab as shown in Fig. 3.8 (Ax a result, the output signal): P, of the LED is
given by[142]:

URL T:RX DbR Li, TIPF1:D il @1

yLJ D ,QGRRU 9/& SRVH@WRRKLELDYWDPHPI IEQGRRU 9/¢



where X denotes the convolutiomperation Then,the output signalU: P, is sent to the
VLC channel with the impulse responsgy;: P, &s shown in Fig. 3.8 (b) and (c). Fig. 3.8
(b) shows the impulse response of the VLC channel in LOS scergj@: ;: P, whereas,
Fig. 3.8 (c) shows the impulse response of the \Mi@nrel in a NLOS scenario,
Dug A g4 P, where we have considered only the first reflectidre signalN: - in front of
the PD is:

UP X Dpaey P T .. [k

Ni=LUPX DgPLJ 3.12)
o fo

UR X DoaeicagiP
at the receiver sidaye receive four signals from four transmitters (i.e., four LEDS) using
one PD based on OGKDM scheme anthe output of the PD is given by

M:P L N:P X DryP (3.13)

where Gry L ? KJ O P lmXis work, we assumé&; ;= L r& Ultimately, the received
signal of the overall system can be expressed as:

N:P L N:PREJ:Pa (3.14)
where J: B is the background noise which is the combination of thermal, shot and dark noise
and can be modeled as AWGA.low pass filter (LPF) was used to reduce the impact of
QRLVH 7KH 566, WHFKQLTXH zZDV LPSOHPHQWHG WR
technque, the receiver separates the received data from each transmitter by slot time an
recover the original data with location codes. These location codes are then used to detec
the locations of the transmitters and simultaneously measure the poweotexadry LED,
2 ékan,0 Consequently, we can obtain the received power lekigl:r;, at distanceD
from the typical room measurements. Finally, by applying the RSSI algorithm and the
WULODWHUDWLRQ PHWKRG ZH REWDLQ WKH XVHUYV C
methodology will be explained. The flow of the mathematical and signal sgoise

illustrated in Fig. 3.6 (b).
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Fig. 39 shows the flowchart of the proposed VLC positioning system which is an end to
end positioning system from the coordinator to the receiver. The coordinator generates
GLITHUHQW ORFDWLRQ FRGHV IRU WKH IRXU WUD®DVPL\
combines them with the transmitted data as shown in Fig. 3.6. The remeiver other side
recovers thedata based on the OGRDM schemeand hence it obtains the locations of
transmitters from the transmitted location codes. During the locatiortremgenission, only
one LED is active at a time to ensure the receiver gets thect@ode from a dedicated
LED. BecausevH KDYH E NWH&E & VWGE F KM KIHXHN/KBHEHVW ZD\ WR
WUDQVPLWWH UW KK UMRH  R/RDU/RXB-HW VG XM E HRY W KIHP Q R IE W/
WKHVH BRI WRVUHGXFH W KFefdasitidnMmoLaRyQrithgh theéh WiseR tHe

WUDQVPLWWHUVY SRVLWLRQV DQG WKH UHFHLYHG SRZ

3.3.2. ChannelModelling

In this subsection, we recall some of the basthodologies for VLC channel modelling
that exist in the literature. The general form of Friis transmission equation gives the
relationship between transmitted and received power for any communication §/$%m
157}

2/vL 2¢& 1 vy (3.19
where 2, ,and 2 ,are received and transmitted signal power respectiyglyis the receiver
gain and* :. ;is the channel gain which is function of distanc&he relationship between

transmitted and received optical power banwrittenas follows > @

vl Ag2 Dupswri; E Ty i @uimp syl
where Hs the index of thetf transmitter and  stands for lineof-sight and 0 refers
to the nonrline-of-sight (NLOS) paths (also referred to as the diffused configurations). In

this work, we distinguish two cases); LOS only andi{) LOSNLOS.
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3.3.2.1. Mathematical Model of LOS Path

For the first LOS case, the impulse respons¥Idf channelbased on Subsection 2.2.2.

ZKHQ WKH GLVWDQFH EHWZHHQ .\DIH WWKHQ VP U BASRIDD) Bt

expressed ag @
.. AU ¢ A --
Apaci O #Hpoaei 0 A-F=] . a QO 18
Daf:PS@}R L J 44 E | UDE | g U X VQ Q( . (3.17)
r d—-St"™cet
with
a1 0; LaT>5 L% and Haoumeio: L #y ... "0, 620;%0;
where:

X 4dua g1 0;is the transmitter radiant intensity for the LOS scenario,
X #guaei0,is the effective signal collection for the LOS scenario,
X ais the irradiance angle,

x Ois the incidence angle

X 65 0;is the gairof anoptical filter,

x C:9;is the gain of amptical concentrator,

X #gis the detector effective area,

X . L @6T& Tis the distance betweeltransmitterto-receiver 4 T
x FOVis the field of view of the receiver,

x | isthe Lambertian emission which is giverepuation(2.10).

3.3.2.2. Mathematical Model of noALOS Path

,Q WKLV VWXZ6 FRRHLORWDWLRQ LV FRQVLGHUHG GHS
VXFK DV WKH VL]H RI WKH URRP DQG WKH UHIOHFWLRQ
URRP DV WHKGIOVDYWRR DRIQDWLRQ RI WKH UHFHLYHU DQ
QXPEHU RI IDFWRUV DIIHFWLQJ WKH UHIOHFWLRQ E\ RI
VXUIDFH PDWHULDO DQG LWV U RIX thk @ldovitl NDASGasw, ke L

impulse respnse of VLC channel is given by @



X %0 xx cxeag 14 AodAog 4 .
Dirpeg P L PAg, HCAEiOHoupaeidi .. Whog.. Mu@A@F—% Aar Q uR (1 (3.19)

ra ‘—SE ™ot
With
e a>5 TN .
4agaei0; Lo . %kagpeand #gupaeid; L #y ... 05 096:k05 0aCkds 0@
where:

X 4ug Aei0;is the transmitter radiant intensity for the NLOS scenario,
X #guzmaeio;is the effective signal collection for the NLOS scenario
X FAsthe index of ta F'of multipath,

X éis the reflectance factor,

X @ #peig a reflective area of small region,

X .gis the distance between LED and a reflective point,

X .gls the distance between a reflective point and a receiver,

x Wis the angle of irradiare to a reflective point,

x Uis the angle of irradiance to the receiver from multipath as depicted in Fig. 3.

)L WH/& FKDQQHO PRGHOOLQJ IRU GLUHFW DC(



3.4. User Location Methodology Using RSSI

Technique

This sectiordiscusses the RSSI techniquarafoor positioning using threeansmitters
with the trilateration method. This approach recovers the channel characteristics from the
incident light and estimates the receiver location by analytically solzihgmbertian
equation group. In what followsje describe the algorithm thatows the calculation of the
path loss as a result of attenuation. Fempation(2.15), which is abasicequation that can
calculate the received power in VLC environment forlacgtion inside a roonthe received

power at distance gutilizing (2.14) and(2.16) can be expressed as:

20 kB 040 L 2B & % B, KO, 0CHB A0 . 1B 08 (3.19)

The received powamderneath the transmitter, i.e. at distabe@d 04, L ag L 1, is
given as:

2 T8 L 2 A (3.20)

asshown in Fig. 3.10.
From (3.37) and (3.38), assumiry, 8,;8C. 0; L s(This meanghat we do not have any
attenuation or amplification for the received optical signal from these stages because of the
employed positioning VLC technique here is RSSI technique which is depend on the
received power levelland 94, L ag, therefore the mathematicaéquationof the RSSI
technique can be written as:

2y vk Bs,0L 2/ rd;a.. 8> >S5 ka0 (3.21)
where EL sd & ‘" vrepresents the number of transmitters inrtieen andUL t is apath
loss exponent correction factf®1]. Subsequentlyfor the sake of simplicitywe shall

rewrite the above equation (3.39) as:

2\akaa 0L 2,4 :r;8..°9” “5k3s0 (3.22



)LJ 6LGH YLHZ®GRRU 9/& V\VWHP

3.4.1. Horizontal DistanceEstimation

From (3.40), we can calculate the angle of irradiargg (1sing measurements of the
received power at distanbend at distance ; We can now calculate the horizontal distance

estimation, @, as:
@, L D&P =ds, (3.23
3.4.2. Trilateration Method

The process of determinirgpsolute or relative locations tdrgets by measuring the
distances using thgeometryof circlesis shownin Fig. 3.11 There are four power levels to
be determinedat the receiver. However, the receiver vgllect only the three maximum
power levels that will be used in the positioning algorithrarder todetermine the location

of theuser So, we can uséi¢ RSSI algorithm to calculatas,(i.e., a, ax and az). We
then calculate@ a@ f * T@ using equations(3.40) and (3.41) respectively. Now, the

trilateration method can be used to determine the positidheofiser by obtaining the

intersection point from the three following equations:
TeeF Tie °E:WeFUs °L @
ATeeF Tie PE:UFUs °L @ (3.24)
TeeF Tig, °E:leF Ug, i° L @
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where @ a@ f * 1@ are the horizontal distances between the transmitters and the
receiver and Tjs , Us ), (Tis, Ue ) and (Tis,, Ug,) are the position coordinates of the

transmitters, whereaslg «d.k & is the position of the receiver.

3.4.3. Mathematical Analysis ofNoise

In this subsection, weonducta noise analysis for the proposed positioning system. By

setting GL | E UE s (3.40) can then be written as:

2/ \#Kag, OL 24 :1;4.. Pkap,0 (3.25)
Equation (3.43) expresses the ideal system case which means theneiseraffecting the
system. From thijsve can derive:

O E @ 1
L ... %L iy, (3.26)

ENrﬂ‘:4;

On the other handk the presence of noise, \nave:

2/ okt OE 240 L 12y 11 E 2 ;... PkAs E ¢ar,0 (3.27)
where Z,and Z, are the noise power levels at distangend Drespectivelyboth are white

Gaussian noise, and as.js theangular error at distancey Consquently:
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an E can L ... Fum 4 oE (3.29)
that is,
s 0. @ @ > B o5 & ENmg@uf
. 05 ‘_.5
iap L L Enme 4 65 0 MF ...l —=—=M (3.29

From (3.41), we caocalculatehe horizontal distance in the ideal and the real cases as shown

in (3.41) and (3.48):

@E ¢c@L SU-f:es,E ¢, (3.30)
(@L SU:— fleé, E ¢33 0F — flés,0; (3.31)
Finally, from (3.47) and3.49), we can obtain the relationship between the angular error
( ¢apg or the horizontal distance errog @ for wide range of SNR at any point in the VLC

room.

3.5. Results and Discussion

The indoor positioning system is simulated using MATLAB tt @ SRLQW WKH
position. The system parametargshownin Table 3.5First of all, the location algorithm
whichis shownin Fig. 3.6 (b) wasppliedin order toobtain the performance tielocation
error at 441 pointen the floor in a typical roonbm x 5m x 3m) by the two scenarios
mentioned before (i.e. LOS and LOSNLOS). AccordinfSipthe required SNR to achieve
a target BER of 19is 13.6 dB. Therefore, our simulations consider an SNR of more than
13.6 dB. From thenathematicahnalysis of noiseye have simulated two scenariwhich

are LOS and LOSNLOS scenarias follow:

3.5.1. Line of Sight Scenario

we simulated and plotted the relationship between the angulat gdand a wide range
of SNR when the receiver is at different positions of the rimrhOS scenari@s shownn

Fig. 3.12(a), wherewe select three different positions. It is noted that the angular error is



different from oneposition to another when the SNR is less than 10 dB. However, it has
approximately the same effect when the SNR is Higreove, the relationship between

the horizontal distance errog,@and the SNR is plotted fig. 3.12(b) for three different
positions of the receiver, where it becomes stable at high values ofisatRlition, we note

that the performance of angular eramd horizontal error for the position of the receiver is
(2.5,2.5) m do not have the same trend in terms of the position (0,2.5) m, and (0,0) m becaus
of the distances between the transmitter and the receiver are not\opeaver, the errors
arenegative because the angle from the first term in (3.47) is less than the angle from the
second term as well as the distance from the first term in (3.48) is less than the distance fror
the second term based on the negative angular error.

Now, we investigte the effect of differenfbcation codes on the angular error and the
horizontal distance errdor LOS scenarioWe assume four défent location codes which
are[0000 0001], [1000 0000], [1010 1010] and [1111 1111]. This means that every signal
has a dferent average normalized power level which are 0.125, 0.125, 0.501,and
respectively. Then, there isdifferencebetween location codes when the SNR is less than
15 dB becausehe VLC system istableonlywhen SNR is more than 15 dB then we can
usedifferent location codes and there is not any impact on the positioning actoracy
angular error or horizontal distance error when SNR is more thaB s shown in Fig.

3.13 (a) and (b). Therefore, we can conclude that there is not any iompée positioning
accuracywhen weuse different location codes with OOK modulation

The result in LOS scenario (i.e. in the absence of any reflections from walls) were
generated under both noisy and noiseless cases. In the first case, the VLC pgsiysteim
is considered to be an ideal systemaning thanhoise dos not affect any stage ithe
aforementioned VLC systerihe spatial distribution of localization errors of the device are

plottedin Fig. 3.14 for the ideal scenario.
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In the second case, wevestigate the senario wheteise is present in treystemHere,
the same positioning algorithm is applied but with noise added to the received signal. The
noise is modeled as normal AWGN over the SNR range of 0 dB to 30 dB. The selected
localizationerror distributionis poltted at 20 dB in Fig. 3.15. Rbermore, the real and
estimated positions of device poltted at 20 @l depicted in Fig. 3.16. In addition, all
statistical measures of central tendency (mean, standard deviation and maximum value
indicate that there is free error in the noiseless L&A ario. However, in the noisy LOS
scenrio, the localization error average decreases spectacularly when the SNR increases (

shown in Fig. 3.15) anffom all statistical measures of central tendency that are illustrated

in| 7 D E O K For instance, we obtained an average positioning error of less than 5.6 cm

when the SNR was more than 15 dB, whereas, the avepagm®ping error was less thdn
cm when SNR = 30 dBThere areextraresults from ROP distributions approach for

positioning using three transmitdhat have presented appendix A.

)LJ 6SDWLDO GLWWORMHADWIRRD HRUIURU RI WKH SRVLWLRQLQJ
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3.5.2. LOS and norLOS (LOSNLOS) Scenario

In this scenarioye used the same positioning algoriththlised in the LOS scenario. To
further investigate the LOSNLOS scenario we considieogid the LOS paths and the NLOS
(LOSNLOQOS) paths (i.e. the received optical power is calculated from LOS paths and from
the first refection off the walls). This scerais carried out fotwo cases. The first case is a
noiseless LOSNLOS scenario which means that no noise is present at any stage in th
aforementioned VLC system. The average error slightly increases in all locations in the
typical room, especially nearllge walls where the maximum error herei20 cmdue to

the directionality of Lambertian as shownFig. 3.17

On the other hand, in the noisy LOSNLOS scenahe, selected localization error
distributions are poltted at 20 d&nd depictedin Fig. 3.18. Furthermorethe real and
estimated positions of the device are poltted at 2@uiddepicted in Fig. 3.19t canbe
noted that,in Fig. 3.19there isa clear difference between the positioning error most
positions in the room and positionsar the wallsWe note that the majority of the estimated
positions are inside thr@om (usefulfeature),and that the effect of reflectis are clear on

the estimated positions that are close to whilladdition we have some statistical standards

that are shown in 7 D E O Hwhich show that the localization error average decreases

signfincantlywhen the SNR increases.

Furthermore,Fig. 3.20illustratesthe relationshigpetween the average positioning error
and the SNR for the LOS and the LOSNLOS scenarios. Indeed, both scenarios provide at
average error of lessah 7 cm when SNR = 15 dBn the other hand, when the SNR is
approximately 30 dB, the LOS scenario providesaaerageerror that is close to zero
whereas the average error in the LOSNLOS procedure ihbkes$ cm, whereeason behind

that stems from the directionality of Lambertian as aglthe impact of noise.
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3.5.3. Comparative Analysis of theResults

In order to evaluate the proposed positioning system in which the same RSSI technique
and trilateration method are used, a comparison of the results in literature is refpired.
the table of a fair comprisinthe somecondition under which the results ihe previous
works were conducted were also used in the proposed study (for instance, the VLC
environment and modulation scheme parameters are illusinai@dle 3.7. The summary
in Table 3.7is divided into two scenarios: a LOS scenario and a LOSNé&€@8ario. Each
scenario has two cases: noisy and noiseless. Notably, in thistbrdyis free error in
noiseless LOS scenario, whereas, there were errors in the previous studies. On the othe
hand, in the noisy LOS scenario, the results in the prewask show the positioning
accuracy at specific values of SNR only such 4$33] and[136], andthe accuracies are 5

cm and 10 cm when SNR are 30 dBd15 dB respectively.

In the noiseless LOSNLOS scenario, the previous results show that the average
positioning error is high (for example, 0.8064 m and 14.98 cnjil88] and [140]

respectively). Whereas in the positioning system, the average distance error is less than 3.



cm. On the other hand, in the noisy LOSNLOS scenario, the average positioning error was
0.5 mm in[142] but the noise power was very low (i.e. the range of noise power was from
140 dBm to-180dBm). In addition, ifil44] the RMS error was 1.01 m when SNR =25 dB.
However, in our work, the average distance error is 4.21 cm when the SNR is 25 dB. At the
end of this comparison, we can conclude that the proposed positioning system is investigate
in LOS and LOSNLOS scenas under both noisy and noiseless cases. In other words, this

study is more comprehensive with the highest accuracy reported so far.
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3.6. Application of the VLC Positioning in MIMO -
VLC Systems

3.6.1. Shadowinglssue

Generally,auniform illumination within a room is required aVLC environment. T
can be achieved by using the irradiance of light with a waeiangle at half power as
lighting equipment, where at the same time, it can be used to minimize a shadowing effect
[68]. There is an optimal number of lighting sources based on the datmeate density of
pedestrians and room modeltc. to make the VLC system robust against shadowing.
Overall, this study highlights the need for the optimal number of the four lighting sources as
transmittersas mentionedwhich can achieve better blockingte performanceNote that

the previous/LC model was MISO system based TDMA in Section 3.[161].



The lighting distribution is not only used to achieveniform illumination but to also
increase the channel capacity. This is done using multiple lighting sources (i.e. LEDS) as
multiple transmitters (with each of them sending independent data streams) and multiple
photodetectors at the receiver siBesultng ina MIMO VLC system (which igxplained
in Section 2.3 of Chapter 2). We propose a 4 x 4 MIMO VLC system which is shown in Fig.
2.8. Here we use a ZF equalizer at the receiver side to separate and recdvanghetted
signas. In this equalizer, waeed to obtain aimverse of * (i.e. * ?9 and multiply it with
the received signaj to estimate the original signaﬁ’g&ags follows:

ek * 7. (3.32)

This is valid when the® matrix is square and full rank which means the inversmds
in other words, the determinant &f matrix is nonzero. This model suffers fronthe
shadowingproblem The shadowingroblemis defined as blockage of oner two of the
LOS paths duringhie process of gathering full channel state information (CSI). The CSl is
required in a MIMO VLC systerandcan beestimatedoy sending a pilot signal (PS) at a
specific time. Thus, if one transmitting signal from four transmitting signals (for example
6 B was blocked, the receiver cannot receive the PS f8opAs such, the ZF equalizer
cannot estimate the original data, not only from the shadowed transmitter but alsbgrom
othertransmittergi.e., the data from6 E, 6 |, and 6 T) due to theleterminant of* matrix
being zero. In this case, the matrix inversion is not available.

There are two approaches to address this-radiced problem. The first and simplest
approach is to reduce the MIMO order (i.e. from 4x4 (M = 4) to 3x3 (M = 3)). Therefore, it
LV SRVVLEOH WR DSSO\ 7KLV DS SUR DifkKailund. TnX L U H
addition, it needs to ensure thétgis not active while data is being transmitted (e5gk
might only be briefly shadowed during the piloting process but thereafter not shadowed
during the data transmission which will create intenfiee with other channels). The second

solution possibility to deal with rankeduction is to use pseudoversion (Pl), which is



detailed in[162]. In contrast to the previous approach, Pl does process theeadused
matrix and produce the inversion, and therefore does not require the knowledgesog the
link blocking. However, the data recovery process will still demand @hgts completely
blocked during data transmissidor two previous approachewhich is not practically
feasible. In the next section, we propose new methods to solve this problenmaniise

the system complexity.

3.6.2. Seltcorrecting MIMO -VLC system using

positioning

3.6.2.1. Mathematical Modelling

In this section, wenodelthe proposed setforrection method. When PS fro § is
blocked,thefull-rankchannel matrix* in equation(2.35) with elements obtained by (2.36)
can be represented as:

Bs B By
* LfQ5 De D7
Ds Ds D~
s ke Dy

In (3.51), the last caimn (i.e. the fourth column) izeroas there is no PS fro@ § In a

j (3.33)

= = = =

noisy channel (i.e. strong dent light) the values in the fourdolumn might not be zeros

but contaning random noise values. For the proof of concept, we consider that the channel
here has a high signtd-noise ratio (SNR) level, and as such, noise can be assumed to be
low and not included in (3.51). However, noise will be considered in the simulafibas
inversion of * matrix does not exist due to the matrix determinant being equal to zero,
therefore, an estimate of the 4th column elements for data recovery is need¢8l.sB)in
Since 4 Treceives the signals an@ Tlocations from 36 T (6T;, 6 Fand 6 ) during the

piloting period, we can estimate tleTposition and determin&; g 0y g D, gand D; gHaving



obtained the4 Tposition, which will be discussed in the next subsection, the values of

&> 2 @0 N0 R A7 determined and we can thus estimate the CSI:

%?Qael?

Hence, the estimated channel matri() Is:

é>5|°D
6 X

T)...é-:é@; ... "D Cdig 60, (3.34)
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Once * 4 ¢ computed,4 Tcan accept and successfully recover data for all four channels,
which is a significant improvement over the Pl approach. Note that the proposed ozathod
be applied to any MIMO VLC system (i.e. with P \). Furthermoreit can also function

even if the system loses all PSs fr@rg, 6 . «., 6 T

3.6.2.2. PositioningEstimation Using Three Transmitters

In section 3.4, the positioning algoritheonsiderech SISGVLC sygem based on the
TDMA technique,the RSSI method and the trilateration method to gepdséion of the
device in the VLC environment¥We have applied this algorithm in MIM@LC system
(note that, a MIMOVLC receiver has four phiodetectors and we have to use at least two
of them to apply the positioning algorithm). The receiver alrdaknowledge of all the
positions of photodetectotsing the positioning algorithm (i.e.; from the RSSI technique
that has explained in previsusubsection) This is because when the positions of
SKRWRGHWHFWRUY DUH NQRZQ DQG WKH WUDQVPLWW &L
VLC room, then, the distances between the transmitters and photodetectors are also knowi
In other words, we cacalculate the distance between the transmitter which is blocked and
the photodetectors@y). Therefore, the uncompleted CSI matrixcan be corrected from
the fourth transmitter without having a pilot signal as indicated below:
1. We know the distancegy from the positioning algorithm and the room dimensions.

2. We calculate the incidence anghg using the following equation:



ag L ... 7°:D@; (3.36)
whereh is the vertical distance between the transmitters and the receiver.

3. We use the same assumption whiclaisl. 6y and Ckdy oL 6k0p0L sa

4. Finally, we can calculate%?g asing (3.52).

3.6.3. Results and Discussions

The proposed setforrecting MIMO#A/LC system is simulated and evaluated using
MATLAB to validatethe above concept. The simulation parameters used icabeare

depictedn Table 3.7.
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The proposed selforrecting MIMO VLC system works under the condition that the
receiver @esnot receive CSI fronb Fdue to the shadowing problem. However, in the data
transmission period, all transmitters still transmit signals and the receiver collects signals as
per the normal scenario. In this proposed model, we used data rate of 0.5 Mbps as it can b
sent within tle experimentally measured 3 dB bandwidth of the LEDs. However, it is
possible to use higher data rates based on the 3 dB bandwidth, but the focus here is on tt
operation demonstration of the setirrecting method. The localization error distributions
were plotted in two cases (hoiseless and noisy cases) when SNR = 20 dB as shimgwn in

3.21(a) and (b)respectively.
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Note that BER value below r’* is truncated to this level. Lower BER can be obtained
with longer tests but there is no gain in doing so in this proof of concept study. Secondly,
we examine the BER performance fotchannels of 4x4 MIMQVLC system with the
presence of noise and when SNR = 20 dB. Fig. 8h®8vs the BER distribution maps in the
receiving plane of the four channels. The BER of channel (1), whielialsiated by the
receiving datdrom 6 T, is very low underneatt Fand in the nearby area. However, the
combination eféct of low received power (fron® F) at the opposite corner area and the
noise amplification increases the BER at the corner due to large vaiUé fe. that means
the Ogcoefficients are very small). Due to the dependence on the room configuration, other
interference light sources, and different noise power distribution might be able to help
alleviate this effect. However, such consideration are not part of the stthis work. The
BER for channels (2), (3) and (4) are similar to the BER of channel (1) as shown in Fig.
3.23. Furthermore, the total BER performance of the MIMIGC system is shown in Fig.

3.24 when SNR = 20 dB. The results show that the proposedMIMC system does not

work at corners as the BER is very low.

In the second scenario, which has the blocking issue, we assume that the MO
system operates under the condition of interchangeably missing a pilot signal from one
transmitter (in this wdk it will be from 6 ). The results in Fig3.25 and Fig3.26 show
that the sekcorrecting method (explained above) allows the MHIMOC system to recover
the original data even in the absence of a pilot signal from a transmitter. By applying the
self-correcting method, the receiver is able to adapt to the missing pilot signal from one
transmitter to fulfil the* matrix and recover data. Nothat the BER performance flmur
channels in Fig.3.25 obtained using selforrecting method is similar to the BER
performance for €hannels irFig. 3.23. Furthermore, the total BER performance of the self
correcting MIMGVLC system is similar to the total BER performance of MINQC

system without missing arpilot signal as shown in Fi§.26 and Fig3.24 respectivelyTo



date, one can therefore see that this work has proposed a novairsstting model for
recovering 4x4 MIMQA&/LC data in the case of missing pilot signal from one transmitter.
The indooWVLC positioningalgorithm has been used to estimate the missing CSI thus fully

restoring the full MIMGVLC transmission.
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3.6. Summary

In this chapteranindoor VLC systenwasinvestigated using two types of illumination:
single and four cell configurations. The comparison has shown that the four cell
configuration has a superior flat illuminance over the single cell configuration. In addition,
a comprehensive investigation e ROP distributions was conducted and a comparison
between the ROP with and without optimum Lambertian order for single and four cell
configurations was made. The spatial distribution of ROP and the numerical simulation
results have shown a very smalifelience of ROP for single cell with and without optimum
Lambertian order, whereas the difference is quite high for the four cell configuration.
Moreover, the relationship between the samgle at half power of LED and the ROP has
also been studied as wak the relationship between the maximum horizontal distance and
the transmitted power level and seamigle at half power with different levels of receiver
sensitvity. We have als@omparedour work withthe existingworks on the indoor VLC

positioning system whichave the same modulation scheme aseld the RSSI technique.



The chapter has also discussed a novel 2D indoor positioning system using LED ceiling
lamps which are modelled mathematically using the RSSI techriitp@esimulations were
carried out to calculate the effect of distortions on the received optical power from three
transmitters using the trilateration method. We have found that there is no effect on the
positioning accuracy when different location codes ased. The proposed positioning
algorithm is able to determine the user's location with an average error of 5 cm when the
SNR is 15 dB for a LOS system. However, the error average in LOSNLOS is around 8 cm
when SNR is 15 dB. In general, the average ateareases dramatically when the SNR is
increased above 15 dB. A comparison is made with previous works on the subject and we

have demonstrated the good performance of the proposed positioning scheme.

Finally, we have introduced a novel approaelsed onfte proposed positioning scheme
for recovering 4x4 MIMQV/LC datawith a partial CS| knowledge. Theoretiealalysis and
numerical evaluation have been outlined both in noisy and noiseless cases and have show
the capability of the selforrecting method usg the RSSI positioning technique with the

trilateration method.

The next chapter will introduce a new indoor VLC positioning system based on the
received power levels of only two LEDs for different environments. The proposed model

will use only two equatins to estimate the user location (in a full 2D receiving plane).



Chapter Four

Indoor VLC Positioning System Using
Two Transmitters

4.1. Introduction

,QGRRU SRVLWLRQLQJ RU ORFDOL]DWLRQ EZDWHGZRG!
DSSOLFDQEROPYWLRQDO O R ¥ DADKH DWW IRDWHKHIPWM LR Q W H
ZLWOKV OHDVW WKUHH VHSDUDWHWXKYKW [ Q JOMREIOAVH_HR\Q
environments,LED based lighting fixtures offer in addition to illumination and data
communications, highly accurate positionirwg . T@ereexista number of techniques
for indoor positioning systems (IPSs). However, in certavirenments such as (i) small
rooms, long rectangular roomsetc, where the number of lighting sources is less than
three, (ii) long corridor, tunnels etc. where lighting sources are positioned in a single row;
and (iif) rooms, halls etc. wheresalectechumber of LEDs could be used for localisation,

the trilateration method does not work accurately.

In this chapter, a new indoor VLC positioning scheme based on the received power
distributions of only two LEDs, and offering to alleviate the dependenctelateration, is
reported for different environments. The proposed scheme considers both RSSIs and th
lighting fixture layout within a room. This could help reduce the cost and complexity and
offers similar performance to the trilateration based IP8.chiapter outlines a mathematical
model for the VLC channel with Gaussian noise and will numerically evaluate the system
performance over a large range of SNR.aMestudy the effect of noise on IPS. In addition,

the results are compared with the exitingteration technique



4.2. Indoor VLC Positioning System

4.2.1. SystenDescription
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WKH VDPH DALRBH RVKH SRZHU OH Y 0kdRAD EPR& K3 U D Q V P
&RQVHTXHQWO\ ZH FDQ REW D RQgW,K D W HFABAW BB ASIR B H
W\SLFDO URRP PHDVXUHPHQW YV & 9 @FQE KDKH aF DFADFX |
DQ@ 7KH ILQDO VWHS LQ WKH SURSRVHG SRVLWLRQLC
WZR HTXDWLRQV RQO\ WR JHW WKH XVHUYV ORFDWLRC

)L ,Q YHPNWHAENVLRQV WKH SURSRVHG G KWL M[ISFODLLQ.

4.22. Mathematical M odel for L ocalization Using RSSI

A 1-D localization scheme based on the signal path losses from two Txs was réported
> . @ere, we will use two Txs for the2 positioning system. Fron#(7) and (4.8) we
have the received power for the case when the Rx is just beneath the Tx at b fi€ight
= h) (seeFig. 4.3),which is defined as:

. 14 >5; 5
2/ 'ra; L 2XV6 5 Qoir; ...

N

20174 L 2= a
Note that 2, :ra; is the received optical poweleterminedat distancenh, which is the
vertical distance between tiwansmitter and receiver, (i,einderneath the transmitter) as
shown inFig. 4.3. Hee, 0 gL ax @s the transmitteaind the receiver are assumed to be in
the parallel planes. Underneath the Txs (i.e., at disthhcan this casethese angles
(Oacfas pare zero. Fron(4.7) and(4.12, the relationship between the received optical

powers at andL distances @, g [ * T2c.arespectively) is giveby:

s oax 2.0 am?y L eamgye
204 5 OAG L 2/ \ir &; ,{O £




where & @nd 0 @re the angles at distanice Note that, for. ;L QN .éA,Uwe have:

2 @omoLl 2 il % >S4 EL sd
where Efis the number of transmitters in the roofL( s& in this work),Li is the distance
from Tx to the receiver and= 2 is a patHoss exponent correction factor . @&om @.14),
and knowing 2,4 ¢aa g and 2, g:r;, we can determine the angle of irradiangg
Therefore, the projected horizontal distarn@between the transmitter and the recetaar

be determined as follows:

@L DU-f &y

)L 6LGH YLHZ®BRRU 9/& V\VWHP

4.3. Novel Indoor Model for Positioning using RSSI
Technique

Here, wepropose an indoor localization system using only two transmitters as illustrated
in Fig. 4.4. We will also investigate the accuracytloé localisation using the proposed
approach in different scenarios. Fromld), it is possible to calculate the irradiance angle
ax pThe receiver needs tieterminghe received optical powers atljgneath each Txi (i.e.

2,4 DQG LL DW WKH FXU W00 X Vsihgefiuaton AH, We.dar) L |

determine azs and azg for Tx1 and Tx respectively as shown in Fig. 4 Mext, @and @



YLJ 7ZR 7[V LQGRRU SRVLWLRQLQJ V\VWHP

(horizontal distances betweeniTXx2 and the receiver) can be calculated fraggand azg
using(4.19. Fig. 4.5 showshe top view of the -D system as well as the predicted power
contours of the two transmitters at the positions (0.25m, Om) and (2.75m, Om). To determine
the X VHUYVY ORFDWLRQ ZH QHHG WR ILQG WKH LQWHUVH

can be obtained by solving the following equations:

:TVVF TXVS'6 E :u/vF U(VS'6 L @5
T F Txvg® E:U W F U6 L @

J
where ( Tx 5 Wiy} and ( Txy g Uy ) are the position coordinates of the transmitters and
:Tvvaly, ; is the position of the receiver to be determined.
In previous works, there has been no analytical model for the impact of noise on the
positioning accuracy in a standard size room as previously mentiorgztiion 4.3.1. In

this section, we will develop the noise analysis for the proposed sy=gesatian (4.14) can

be rewritten bysetting GL | E UE s

P

. %;

In the case of a noideee scenarigfrom (4.17), we alschave:

Qe e L 20@irs .

aol ... I%Mbp

En - 4
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However, if there are noises with the powersZpfand 2 ,that are present at the receiver
position and underneath the transmitter, respectively, these noises will be added to the
measured received optical powe & as i and 2, g:r; at distances ol and h

respectively and are given by:
27030 E 2 L K2 \@'1 E 240... " ax(E ¢80
where

2 E canpl ... %8 FEN0%& g o

Tno' 4 >EUU;

0 @& 6 1,8 B 5 - -
;3 o P& N 8 © 5 8 Buefh 25| FENM0 %6
gl .. ffL B4 > B MF ... %@ | §—TN 2 P

Therefore, the link SNR is given by:

7 E 50 1 O > ” E 50 %O 1
L SrZ‘ %o®9%0 7 o7 NMO®O 4
aam aah

where snr and SNBRre the linear and logarithmic values of sigiahoise ratio respectively.

Note that the noisegiand J; have normal distributions (i.e. AWGN) and the average noise

power can be written as:
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Where B:Ji; L :4a&;is AWGN (ais mean and is equal to zero aéds the variance of

noise and is equal to one). Substituting for the noisé.&1i), we have:

N { KE L Y Ua E 50 Vs | { E 56 15 O
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Equation 4.24) shows the relationship betwegas gnd SNRFrom @.15), it is possible to
calculate the horizontal distance under the condition of without and with noise as shown in
(4.195 and @.25, respectively.

@E ¢@L DU~ fou(E cany
Therefore, the distance difference du@ddase is given by:

c@L DU—foaE cangF DU—fang

L DU~ s E é¢any F — fono;

From the above equation@ (24) and @.26)), the relationship betweepaz gr ¢ @and SNR

at any position in the room determined.

4.4. Results and Discussions

4.4.1. Systentetup

The proposed -2x indoor positioning system ahownin Fig. 4.4 is simulated and
evaluated using MATLAB. The coordinator generates different location codes @
IRU WKH WZR WUDQVPLWWHUV EDVHG RQ WKH WUDQV
transmitted d@ as shown in Fig. 4.2. The receiver on the atfter recovers théata based
on OOK-TDM (time division multiplexing) schemand hence obtains the locations of

transmitters from the transmitted location codes. During the location code transmission, only



one LED is active at a time to ensure that the receiver receives the correct code from

GHGLFDWHG /(' 7KH SRVLWLRQLQJ DOJRULWKP WKHQ X

power levels. The main simulation parameters adopted are preseiiauied.1. Each Tx

contains a number of LEDs whose parameters match those of commercially available LED

devices.

4.4.2. TheT UD Q V P LRyswadndJ) V

The proposed systems evaluatedin four scenarios where the positions of the two

transmitters mounted on ceilireye changedis shown in Fig. 4.6 (a). The positioning

performance is evaluated at 169 points (i.e. on a 13x13 grid) on the floor of the room. These

scenariosare summariseth Table 4.2. In each scenario, we test five different transmitter

positions tcevaluate the proposed approach.
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7DEOH/KH VLPXODWHG VFHQDULRV RI WKH
6FHQDULR 7 [[FRRHWG LQD W B Qg

6FHQDULR (FRRUGTYH'D WHYG FP

6FHQDULR 7 [ FRRH@GT Q DUAH
6FHQDULR (FRRHUGH D WHUG!

In scenario (1), the two transmitters are located at the cornéne fom and are then
moved toward the middle of the wall by a 25 cm step. Five different positions were tested
where Fig. 4.7 (a) showike average pmition error against the SNR for all possible positions
in a typical room. In all cases, all curves are close to each other, and the average positionin
error (for the entire room) tends towards zero for SNR more than 25 dB (i.e. for high SNR
values). In lhe second scenario (2), when the transmitters are away from the wall(i,§g.
= 25 cm), the distance between the two transmitters is decreased by 50 cm in every step (i.¢
Tx1 and Tx are moved towards each other by 25 cm in each step). The relgiibesiieen
the SNR and the average error is ploitedrig. 4.7 p). The obtained average positioning
errors is slightly higher than that of the first scenario because there are two solutions wher
solvingequation(10) andequation(11). Each solution can be equally considered as the user's

location. Therefore, we can consider that the receiver is in a bigger area whereas there is

)L D'LITHUHQW SRVLWLRQV RR WS R R LW WRQ DQUENWKEIDR QRS
VSRWEKIRUNLQJ DUHD



blind zone for determining the receiver position if it moves to the small area between Txs
and the wh as illustrated in Fig. 4.6 (b). Note that in Fig. 4.6 (bere is two possible
solutions due to the intersection of the power circles o&fid Tx. The blind zone is shown

as the line drawn through the topia@rsection points (red pointgYithin theblind zone, we
cannot determine the accurate position of the receiver. Outside this blind zone (i.e. working
area), the system should operate normally.

We have also carriedut the evaluatioof scenarios (3) and (4) to explore the system
performance unddalifferent transmitter configurations. The relationships between SNR and
average errors are plottedkig. 4.7 (c) and (d) for scenarios (3) and (4) respectively. For
the third scenario the average positioning error is higher than those of the fisstcamd
VFHQDULRYVY )RU LQVWDQFH IRU WKH WUDQVPLWWHUYV
(0.25, 0.25), (2.75, 0.25) m at an SNR of 15dB, the average position errors are 51.24 cm an
28.77 cm. This is due to the presence of the blind spot abh&ease for the second scenario.

As shown, Fig. 4.7 (c) and (d) approximately similar and both shassignificantaverage
error compared to scenarios (1) and (2). The minimum positioning errors in a blind zone for
scenarios (3) and (4re 0.5, 1, 1.52 meters whetthe >-coordinate is 25, 50, 75, 100

centimetresrespectivelyfor the four different positions.

Note that in scenario (1) there is no blind zone whereas the blind zone slowly emerges ir
scenario (2 In some suggested environments, there does not exist a blind zone problem
ZKHQ WUDQVPLWWHUVY SRVLWLRQV DUH ORFDWHG DW
proposed environment, and other similar environments, the proposed environment, the
seond position of transmitters is optimal (i.e.; scenario (2)), and at the same time, the blind
zone is small. Then, it does not affect the positioning error except in 16% of the total area.
Therefore, we suggest that this area (i.e.; the blind zone) dbasentor users but it can be

used for furniture.



)LJ $YHUDJH SRVLWLRQ HURIRQ¥1DI® VG VRIDVRRUQIBOICR G L | |

WUDQV P LIWWHRWQWY OR F6 F HIQP U LFP  6EHQMKU ZRWK FP 6FHQDULR
ZLWK Y, DQGEFE QDUEZRWK VHH 7DEOH DQG )LJ D IURP

SURSRVHG SRVLWLR@QE YSVRBRFPHEISRVLWLRQLQJ VI\VWHP

We have applied different SNR values to the process. At very high SNRs, the average
error (across the room) in scenario (2) is a margirtatiiherthan in scenario (1) (see the
range of SNR above 22 dB in bdtly. 4.7 (a) and (b)). Is also showhat he performance
obtained is similar for low SNRs. However in scenario (3) and (4), both poor SNR and the
locations of transmitters contribute towards @se performance (séeg. 4.7 (c) and (d)).

From the evaluation, it can be noted that the best losfmmthe transmitters are those



shown in Fig. 4.7 (a) (i.efrom the first scenario). However, there are many possible
positions of Tx and Tx. Note that the locations of these transmitters will have an impact on
the transmission power in VLC. Ideally, the power should be minimwhitst maintaining

a proper operation. Next, we investigate the minimum transmission power required to
achieve accuta positioning where the received power needs to meet the sensitivity given

in Table 4.3. Table 4.3 depicts the transmission powerr@utdor scenarios (1) and (&s

)L 5HFHLYHG RSWLFDO SRZHU GLVWULEXWLRQ

TDEOH/ KH UHTXLUHG WUDQVPLVVLRQ SRZHU DV D IX

SHTXLUHG MGUBR)
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it can be seen, a reductiontransmission power levels is observed when two transmitters
are close t@mne anotherThis result indicates that the optimum transmission power requires
the lighting distribution to be as flat as possible. Fig. 4.8 showstibateceived optical
power distribution for position number (2) in Table 4.8.(the trasmitters positions being

(0.250) & (2.75, 0) m) has flatness.

Therefore, a compromise between the power and the lighting should be reached. Note
that the minimum received power is above the receiver sensitivity meaning that the VLC
positioning pocess reaches the best position for scenaridl fi3. proposed configuration
(the transmitters positions) being (0.25, 0) & (2.75, O)spyactical for environments such
as long corridors, tunnels and areas close to buildings etc. where the lighting units alonc
small corridors are typically placed at the intersection line between the wall and ceiling.
Another application could be in areidmt are close to buildings such as gardens as shown
in Fig. 4.9 (a) and (b). We have performed the same approach for scenario (2) by selecting
WKH WUDQVPLWWHUVY SRVLWLRQV DW mum

positions for scenari@¢2). The layout of LEDs in the configurations in scenario (2) are

)LJ "LITHUHQW DSSOLFDWLRQV IRU WKN VS REEBAR\VRHG/ VRUD\Y R
F WKH EHVW FDVH IRU VFHQDULR



practically related such that one could use a line of LEDs for localization compared to more
than two LEDs in the traditional IPSs. Similarly, this configuration (i.e. the transmitters
postions (1&2) being (0.25, 0.25) & (2.75, 0.25) m) may also be adopted in a room or a hall
using the extra illumination sources for positioning system when the main illumination

source is used for lighting only aeownin Fig. 4.7(c).

4.4.3. Thelmpact of Noise onAngular Error and

DistanceError

In the subsequeninvestigation, using4.195, we have determined and plotted the
relationships between the angular ergag gnote that¢ agsis the angular error of Thand
¢assis the angular error of Bxfor a range of SNRFig.4.10 (a) shows these relationships
when the receiver is at the centre of the room. It is ntdtatithe angular error is very
sensitive to the signal quality; however, it is more stabilized at high SNR levels. In addition,
the rehtionship between the horizontal distance ergg® (where ¢ @ and ¢ @ are the
horizontal distance errors for T,xand Tx respectively) and the SNR is determined using
(4.26 and is plotted irFig.4.10(b). The results are shown for the optimum posis of the

first and second scenarios.

4.4.4. PositioningError and its Distributions

4.4.4.1. LOSApproach
We also investigate the positioning error (the differdmetsveen the estimated position
and the actual position) in tieisy and noiseless cades the LOS approach only.e.; the

effect of reflections are ignoredphis can be expressed as:

'L ¥ Mgk TagoRE (el Losh



For the investigation considering the noiseless care (i.e. ideal case), we present two
optimum positions of the two transmitters as mentioned in the preséation. Fig4.11
(a) depicts the-D localization error distribution of this algorithm for thedb position of
VFHQDULR ZKHQ WKH WUDQVPLWWHUVY SRVLWLRQV
Fig.4.11 (b) shows the distance error distribution for the best positsmewario (2) when
WKH WUDQVPLWWHUVY SRVLWLRQVm, 0.25M)UMom thede F

figures, an error of less than one cm is observed for the best position of scenario (1).

yLJ D7KBQJXODUBH B URUWKH KRUL]JRQWDO G IMRMDAQLF+
WUDQV SIRWWRRWAHQDULRY ZKHEEBH FHYYHSRVLWLRQ LV



However, there is a clear distance error in the area under the transmitters in the best
position of scenarigl) due to the directionality of Lambertian. On the other hand, a
similar result is observed in the best position of scenario (2) but the distance error is
slightly high in the area under the transmitters which also stems from to the directionality

of Lamberian.

)LJ  6SDWLDO GLVWULEXWLRQ RI SRVLWLRQLQJ HUURU ZLWKR;
ZKHQWWKHQVPLWWHUVYT SRVLWLRQV D DUH =
P P

We have further investigaté the system perforamce in the presence of noisehe
simulations are at the two positions mentioned above. Firstly, the results presented here ar
the selected localization error distributions (depidtedrig. 4.12) aswell as the real vs
estimated positions (plotted in Fig. 4.13) for the best position for scenario (1) (i.e. when the
WUDQVPLWWHUVY SRVLWLRQV DUH P P DQG
impact of noise on the positioning error distribnsdor different values of SNR (i.e. SNR

of 10 dB, 15 dB, 20 dB and 30 dB) for the best position of scenaribdfgxample, irFig.

4.12 (b), the positioning error is less than 10 cm in all positions except the area that is unde
the transmitters when SNR = &iB. The maximum and minimum positioning errors, mean
and standard deviatioare summarizedh Table 4.4. As can belearly seen, there is a
remarkable decline of the average positioning error when theSiN&teased~urthermore,

we also investigate thieest position for scenario J2ising the LOS approacithen the



WUDQVPLWWHUVY SRVLWLRQV D U H).Pbiw4.14 shéws the P |
positioning error distributions when the ShRequal to 10 dB, 15 dBnd20 dB, whereas
Fig.4.15presents the estimated and real positions among the four value®Rokidbh are

10 dB, 15 dBand20 dB. For instance, from Fig.4.14, we can see that the distance error is
less than 10 cm in most locations in the typical room. The mean score for theealisteor

is around 12 cm. Table 4.4 provides the sumynstatistics for thgositioning errorlt can

be observed that there is a significant decrease in the average positioning error when th
SNR is increased especially for values higher thandB5 There are results from ROP

distributions approach for positioning usingpttransmiters see Appendx
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4.4.4.2. LOSNLOSApproach

This sectiopresers DQ DQDO\VLV RI WKH NRWBH P2 6 HUSI RWR D K
7KH SRVLWLRQLQJ HUURU ZDV L @RHLWW LD Q & HG KIQRHN \
RI DQ\ QRLVH LQ WKH SRVLWLRQLQJ VI\VWHP L H LGHI
UHIOHFWLRQV RQ WKH SRVLWLRQLQJ HUURU 2YHUDOO
WKH WZR DSSURDFKHV HQW RMW ZKKRHD IS RMRR\PLR{FV QHDU
)LJ )LIXUH D SURYLGHV WKH SRVLWLRQLQJ HLU
RI WUDQVPLWWHUV IRU VFHQDULR ZKHUH WKH PHD
DURXQG FP 7KK GVHBIVEQRVEBKLW\ EHWZHHQ WKH PH
YDOXHV LV GXH WR WKH UHIOHFWLRQV RI OLJKW ,Q [
HJURU IRU WKH EWNMQBEVRWLROLWRARXW FRQVLGHULQ.
)LJ IRWH WKDWQMNKLRHBIVH LV DSSUR[LPDWHO\
YDOXH LV DURXQG FP 7KLV LV DOVR GXH WR SUHVHGC

VFHQDULR DERYH

)L 6SDWLDO GLVWULEXWLRQ RI WKH SRVLWLRQLQJ HUURU ZLV
VFHQDUZRHRQWKH WUDQVPLWWHUVY SRVLWLRQV C
P P P P



, QWKH RDWKH SUHVHIK) ZH KIDPRLWLPXODWHG WKE /261/
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GLVWULEXWLRQV IRU WKH EHVW SRVLWLRQ RI MFH QDU |

P P P P DUH SUHVHQ@WH&LE Y DOXHWRI

G% DQG G% 7KH VLQJOH PRVW VLIJQLILFDQW REVHE
WKDW WKH SRVLWLRQLQJ HUURU GHFOLQHV VLJQLILF
DSSURDFKHV WKH ZDOOV )LJ VKRXZVZWHKEA BYVWNLPD!
G % @PRGG%»w IRU WKH ERHWVAM GRWILRVLR Q) BIRBXWKNV  H/

FDQ VHH WKH HIIHFW RI OLJKW UHIOHFWLRQV RQ WKH

‘H KDYH DOVR VLPXODWHG WKH EHVW SRVIHWFMRRI IR K|
UHIOHFWLRQV RQ WKH SRVLWLRQLQJ HUURU ZKHQ ZH K
GLVFXVVHG DERWHKKRYMNM] WKH UHVXOWYV IRU WKH SRVL'
REWDLQHG IURP WKH VLPXODWLRQV WR HH P WOXIDWHJ W&V
R1 615 )LJ E VKRZV WKBWIWRVDWHRQUIQJ HUURU LV O
WKH 615 LV)LIG¥SHSLFWV WKH HVWLPDWHG DQG UHDO
Rl VFHQDULR IRU WKH SURSRWH® G\R VAMEIORDW Q D W
VXPPDU\ RI VWDWLVWLFV IRU WKH SRVLWLRQLQJ HUURI
WKH PHDQ RI SRVLWLRQLQJ HUURU DQG WKH VWDQGDU
WKHUH LV D VLIJQLILNDQYWR&H A LMUHURY WKHUWRIH HVSH

PRUH WKDQ G %
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4.5. Comparison with Previous Worls

We have comparatively evaluatethe proposed twdransmitters approach with the

existing thregransmitterd46] oneby studying their average errors as showkim 4.21

(). It is observed that there is a small difference between the two transmitters and the thre
transmitters methods. Note that there are two different geometry setups for the three
transmitters syste investigated here. The first setup (the green curegmnd.21(a)) uses

four LEDs as illumination sources but two of these LEDs are also used in theahsmitter
system (the result is shown in the red curve of the Figure). Three of the LEDs aredsele
among four of them for localization. In the second setup we also use four LEDs but their
positions are selected for the best illumination profile (i.e. the light intensity across the room

is flat). The result obtained in this case is representedeblylttk curve.

We also note that the effect of the blind zone is small in the second scenario based on th
best positior{0.25, 0.25) and (0.25, 2.7&§ shown irFig. 4.21 (a) (red curve). The effect
is in a small area underneath the two transmittersirbutther areas of the room the

positioning error is the same as shown in Bi@l (b). Fig.4.21 ( showsthe estimated



)LJ D$ FRPSDWRIVERRHMHUDJIH HUURU EHWZHHQ WKHXYUWEZR
WUDQVPLWWHUV IRU WZR VFHQDULRY DQG WKH SRVLWQLF
RIWKMHDO SRVLWLRQ JWHHQN P R /WG \S BIRON MRLQR QR QLW AR
WUDQVPLWWHUV EOXH FLUFOHV DQG WKUHH W GRQGW P QW
JRQH LQ WKID QWIRD WAV H U

positions for both cases where the two transmitters are presented by blue circles, the thre

transmitters by red circles and the rnpasition of the user by green squares.

4 .6. Summary

The proposed indoor 2D positioning was theoretically modelled and numerically
evaluated. The investigatiomas base@n the received optical power distributions as well
as the RSSI technique using LED ceiling lamps as the transmitters. The approach used onl
two equations to estimate the user location (in a full 2D receplarge)and its performance
has been thoroughly exploredA comprehensive analysis of the angular error and the
horizontal distance errors have been carried and verified through simul&terigve also
investigated the balance of lighting distribution and its impact on the positioning

performance as well as the optimised transmitted power. Statistical data have been obtaine

to carry out the evaluation. The study has also shown the piistebutions map, distance

estimation and position estimation with distance error in thatlideal and noisy conditions.



Note that this method does not require synchronization between the transmitters (LEDS)
and the receiverThe simulation results of ih system indicate that the device position
estimation accuracy is acceptable. For LOS scenario, this positioning algorithm was able tc
determine the user position with an average error was between 9.1 and 21 of centimetres fc
the best position for scenar(1) whereas the average error was between 12.1 and 26.1 of
centimetres for the best position for scenario (2) when the SNR is between 10 dB and 15 dB
For LOSNLOS scenario, the average error between 11 and 23.5 of centimetres for the bes
position for €enario (1) whereas the average error was between 15.1and 28.6 of centimetre:
for the best position for scenario (2) when tihnRSs between 10 dB and 15 dBhe average
errorwas much reducedhen the SNRvas increased

Compared to a conventiontiireetransmitters scheme, the proposed system offers a
simpler approach and can be readily applied to some cases. This offers a complementar
method to existing trilateration to reduce the complexity when appropriate.

The next chapter wilkeview informaion security and more details on cryptography. It
will also investigate the impact of encryption on SISO VLC system performance with

different cryptographic keys length for both LOS and LOSNLOS scenarios.



&KDSWHU )LYH

SURWHFWLRQWHPA&

5.1.Intro duction

7KH UHTXL UGIPWDAX LRUWD@HRUJDQL]DWLRQ KDV XQGH
FKDQJHV WQF MQXWOLUWMPEH QHHG IRU DXWRPDWHG WH
LQIRUPD®E RWKHU L QIR UPIRPISKW N W E bl if GPFEHR DWEIOB H Q W\
QHHGHRRUN VHFXULW WFRH B VL ROWRHVFREDUINHIZRIOD Q V 1S INRWFLHRAY

7TKBURAFHWHFXULW\ KDV VL[ SKDVHV ZKLFK FDQ EH GHW|

,GHQWLI\ \RXDVIWVHWHWDUH WKH WKLQJV RU VHUYLFH
FRPXSVHU KDUGZDUH ILQDQFLDO GDWD DQG UHVHDU
$QDO\WH WKH ULVINRNVIFWWWBBRULVH DQ\WKLQJ WKDV
ILOHV GDPDJH LQ FRPSXWHUYV

(VWDEOLVK \RXU VWHRHUVWEF)XSWRIOVFSROLF\ GHIWRHV W
DFKLHYH WKH VHFEXULW\ JRDOV DQG UHTXLUHPHQW
SUREDELOLW\ WKH OLNHOLKRRG RI GDPDJH DQG D\
,PSOHPHQW \RXUWE®GHIBQHAMVRXYVY SKDVH HVWDEOLVK
QHHGHG ,Q WKLV SKDNPH@WH®% SROLF\ LV LPSO
ORQLWRU \RXU WGKHWBKBIMR XV RSHUDWL @J M\Y®RIPW
ILQX[ DQG WXMD¥IWw KHOS PRQLWRU FRPSXWHU DFWLYL
DQG REVHUYH LI WKH SUREOHP KDSSHQV DJDLQ
SHFRYHU IURPLDW®D BMWIHAN RFENMFRYHU\ SURFHVV
DVVHVV WKH LPSDFW RIVWOH @W\W DAHNF R QIGWW & RUIH Q F

7KHUH DUH WKUHH RMR HXUWRNFKRSWHK WLHV



&RQILGHQWHKI QIQWR UP DW LIRHD PND R K@ IR X/ BRVUR QH/G

,QWBLWAKH LQIRGRBW IQRRWE KDYRIGWIRHG GXULQJ WUL

GHOLWHILQYDOLG

$YDLODBEWRHWIHHG WR WKNWRURUBPQ® DR VKRXOG E|

7KHVH SURSHUWLHY DUH RIWHQ UHIHUUHG WR DV Wi
PHDVXUHV WR PDLQWDLQ WKHVH SURSHUWLHV &F
DXWKHQW L FDUWLSRX@G DIVWBLERQDUH VHFEXULW\ VHUYLFHV :

SURSHUWLHV @

5.1.1. Threats tol nformation

,Q LQVHFXUH FKDQQHOV RBUIBRXRV]DQGRDLG R NOAH P
FRPPXQLFDWHG LQIRUPDWLRQ L@ IGRPPIV KQU FKP \HJDI
IORZ IURP WKH LQIRUPDWLRQ VRXUFH WR MWXBHLUQIRUP
D 7KH RWKHUNXEVKRZ WKH IROORZLQJ IRXU FOD®

FRPPXQLFDWLRQV QHWZRUNYV

f  QWHUUXSWLRQDW PIXVHWWDENWMUXFWLRQ RI WUD
ILOHV XQDYDLODEOH 7KLV W\SH RI DWWDFN WDUJF

DVVHWYV RI WKH VW.WHPEDV VKRZQ LQ

f QWHUFHSWLRQ LV DQ\ DWWDFN WKDMOHV WEKOR XW
XQDXWKRUL]JHG XVHU GXULQJ WKH WUDQVPLVVLRCQ

SFRQILGHQWLDOLW\" ZKLFK LV DOVR DQJIJIDVFHW RI W

f ORGLILFDWLRQ LV DQ\ DWWDFN WKDW LQ\DFEONHWMEB J|
WR DQ LQIRUPDWLRQ GHVWLQDWLRQ E\ DQ XQDXW

SLQWHJULW\ DVVHW RIMP)KH VOB/WHP DV GHSLFWHG



)L *HQHUDO FODRMVDWWDWNRUIPPDOO IORZ E ,QWHUUXRS'
ORGLILFDWLRQ H J)DEULFDWLRQ ; UHSUHVHQWY DQ LC
DQG ] LV WKH DWWDFN HQWLW\

f DDEULFDWLRQ LV DQ\ DWWDFN WKDW LV DEOH WR JH
WKHP WRIRKMHDWLRQ GHVWLQDWLRQ DV OHIJLWLPDW

WKH 3SDXWKHQWLFLW\')DNVHW DV LOOXVWUDWHG LQ

+RZHYHU DQRWKHUWRSBV VRI LAHDAXIUR.QP\R B H HLGQV MAH U P
SDVVLYH RU DFWLY H QDDWXALK HR DW M PNWWIDEN GLYLGH ¢
W KUHH GRUHR H V MODJGR. QG VW U D 1ML F7BK@IDE\YY QR DOWHUDWLR
DV D UHVXOW RI SDVVLYH DWWDFNV DQG DV VXFK WKH
WKH (RWRAD® EHYLGHG WMOWRFIGXWYV L | LFFFOGLL REDM/I & D\

PDVTXHUDEGBHQLDG RI VHUYALFH

5.1.2. Information Protection

7TKHUH DUH QXPHURXV VHFXULW\ WKRIGRAGEBIVER B Q3
VHFEXBXMWONWKH UHTXMWKHPHQ®NVNY R XBOLP®W MRKKILHYH W
VHEXULWMRHQWY ZH QHHGUWRXDGBRHYWWRQG DSSUR

VHEXULW\ SURGXFWY DQG SROLFLHV LQ D VI\VWHPDWLF



RQH PXVW FRQVL®HNW MKKDYHY¥R DQG WKH VHFXULW\ V|
WKH VHUYLFH ZH RIWHQ XVH RQH RU PRUH VHFXULW
DYDLODELOLW\ RU LWV UHFRYHU ZH FDQ XVH DXWKH

SK\WVLFDO OD\HU VHFXULW\

'HFDQ S UNRKMHRW PD W EIRRF KV Y FRR @ WRGRIDV Q W& HDD EL O L\
WR FRQWLURIOWD RN KQRXUK FR P PXQVY PDRY DREFPYGMLWR RSHL
VI\VWHPV DQG WKHLUSDSGDX WBEW UR JHG DR¥E& \RERBQNELENQ. F

XVHU DFFHVV LV DFKRH DX/ ENQEHEWANHG GFFHVYV ULJK

2Q WKH RWKHU KDQG WKHUH DUH RINHQ BVEGGCRHWE SO
VRIWZDUH OD\HU WR SURWHFW WKH LQWHJULW\ DQG J
EH VDIH DV LW LV RIWHQ DYDLODEOH WR SXEOIRQNFFH\
DQG DV D UHVXOW WKLV GDWD LNVVXVKHSWHB®R UWHR
VRPHWLPHV VXVFHSWLEOH WR LOQOWHUQDO DFFHVYV DV .
FRPPRQ PHWKRGV WR SURWHFW FRHEIL @ MQRWULQ@DQ VR\URL
XQDXWKRUL]J]HG XVHUV 7KH SURFHR/QY RUW KNWHR/HH GACHAFI
XQUHDGDEOH IRUPDW WR EH VWRUHG RU WUDQVISRUWH
LV QR VLQJOH PHFKDQLVP ZKLFK FDQ SURYLGH RLU
VLPXOWDQHRXVO\ +RZHYHU FU\SWRKDWSKRW VYPQHYV S
WKH VHFXULW\ PHFKDQLVPV LQ XF® LM FLISH HRRPVAVD W |

PHFKD@MR/'BURYLGH VRPH R VHFEXUL&\ VHUYLFHV

5.2. AReview ofCryptography

&U\SWRHRIIAIWRNF WZRRZRUENU\ SWKPAD QV KL GGRIIR VD Q (
WKRHD QV E\ WKH ZRUGBLH QB WWRDEGEHCEA MK XGLHV WKH VI

RI LQIRUPDWLRQ FRPPXQLFDWLRQ ZKHUH HYHU\ WUDZC



WUDQVIRUP SODLQWH[W LQWR FLSKHUWH[WVXRLBDLD V

SDUWYV ZKLFK DUSDP®/& WRBISIMBBRWO\VLYV

&U\SWRJUDS K\ RVIHVEK B LADXSIME KDQWRWPQWLRQ FDQ EH
FLSKHUV DQG FDQ RQO\ WKHQ EH GHWHFWHG E\ WKH C
NH\ WKXV APSIRYNILEOH YHU\ GLIILFXOW RU FRPSXW

PHVVDJH WR EH FUDFNHG E\ XQDXWKRUL]JHG UHFLSLHQ

)XUWKHUPRUH F UG SIW DYORDRO WZR DUMVRN 2R U GSAD QB P H O
DQDO\HLQ ZRWRK OFRBIEOR X QW VIFHHOWL & U\SWDQDO\VL
NQRZOHRGIHWWXG\LQJ PHWKRGV DQG WHFKQLTXHV WK
HQF U\ SA MRKRMY DZRQ WK H VHF UHMQ K\ SDMUGDW & W

,Q FU\SWRJUDSK\ WKHUH DUH WKUHH PDLQ HOHPH
GHFU\SWLRQ DQG WKH NNKRDQ DJIHPHOWFXIKWLBRY PR (
HQFLSKHULQJ LQFOXGHV WKH RSHUDWLRQV RI FRQY!
IRUPH LFU\SWRJUDP WR DOO H[FHSW WKH LQWH®@GHG U
PRGXOH GHFLSKHUV WKH HQFU\SWHG PHVVDJH XVLQJ \

LV WEERRLWKH HQFU\SWLRQ SFURFIRR®RH @/KHNXGORHN

7KH NH\ PDQDJHPHQW V\VWHP PDQDJHV WKH JHQHUL
UHFHSWLRQ RI WKH FU\SWRJUDSKLF NH\V ZKLFK LV
FU\SWRJIJW\NSKFH (QFU\SWLRQ SU RIHWENQWAPHRWD DOJRUL
FKDQURWH[W RI WKH RUL HS@DQ PN DI 8 Q\H RWIPEOR | W K H
PHVVDUMFLSKHUWHIB/K RUKG \SW R WHBKQIFTXHM SWHG D
GHFU\SW\B G ZH®/Q DYMLQAVRIOR QV  H T XORWHVQHISH BYJLL G000
PHVMXVLQ@DULRKWNKDWQRREHUV RU VWULQJV RI FKI

FU\SWRJUDSKEB QBEIEWHRYMEG DV

7KH HQFU\SWLRQ SURFHVYV

%L &g



)L *HQHUDO FU\SWRJMD®KLF IXQFWLRQV

ZKH®H YV WKSHKRAUSKHUWH[W RU'XIQWU HRQE DESWHL RVGI [MO JR U
EDVHG RQ WKH W\SH #DIQMHQNUNSWHL RQ INGNPLWWHG PHVV

7KH GHFU\SWLRQ SURFHVYV
laL & k¥pa. oL &K/ cdgaxo ;
ZKHUH/ WIKDODWKH UHFHLY HE® BHV¥VDSIWLRQ DOJRULWKP W

W\SH Rl GHFU\STKIHRUH N0HUH VHYHUDO JRDOV RI FU\SW|
HIIRUWY WR DFKLHYH D VHFEXUH WUDQVPLVVLRQ FKD¢
FRQILGHQWLDOLW\ GDWD LQWHS$XGW D WLRDK MW R Bl WL
DUH QXPHURXW PHPBROREWQW WKHVH JRDOV VXFK D
PDWKHPDWLFDO DOJRULWKPY DQG WKH DELOLW\ WR S
XVHUV 7KH DXWKHQWLFDWHRRBQ WRIREPDWLR QG O WOIL RH

W UDQV P L WWARIGY G R\G-DSB @

5.2.1. SymmetricCiphers

6\PPHWULF DFLMIRMBIWI FU\SWRV\VWMNPHLQ KHKLMAKPH Nt
SHUIRHPRG\SWLRQ DSGREH KW +BW DROY\RL § @G @ @RU\S WL |
RERQYHQWLRQDO HQFU\SWLF®Q BHPUPW W WLKH HRUFIUN ISV

HQFU\SWWGODHYROXOH VHFUHW NBU R RIGVD QVR@Q VAR ML \R



JLJ ORGHO RI FROYHOWLRODO FU\SWRV\VWHP

ZKHUHDV WKH VDPH VLQJOH $HRBHMVNAR D BRERINHGQHINK
GDWIRP WKH FLSKHUWH[W 7K@ UMKZERIMNAEH W HRU B WGAHD F
HQFU\SWLRQ WE®IRKLIK®P PBLS\GEHESHOQOBQYWKH HQFU\S
D O JR ULRWK/MH V DIGRRN V HF R EG® YW 8 RHKBR\Q VE M WIYQBQ Q J

SRVVLEOH NH\V

7KHUH DQHHF WYIRLIUMMNMY HDR/IU D G IHRQ IFRIQPWRERYBU\SW LR C
WHFKQ@QM XHH VOGS DRY LRBILRRSLHY RI WKH WHFRJGIWPQENAAW ML
UHFHXYHOQJVHRPHWKRE GLVWULBEXWHYKRKAWRKH PRGHO F

FRQYHQWLRQDG FU\S&RV\VWHP

5.2.1.1 SubstitutionT echniques

,Q\DXEVWLWXWLRQ FLSKPERDONRH LRWUKB L QIBFSKCRIRRVAD J +
DQRWKHU VGER ERQ@ HH@W U\'S W H GK PIHWY NADEI SR WNAHH V X EVW L W |
SURFHY WRHAU\SWHGVRHVWEORYHLULWR® AHAVWIBILH DG PHV\V
LWHBDY LWV VH WK H/E IO FSH PRAGHR/QYWHD[IEG\D QW IKEBLIW
SDWWHSQNWREEWW S DWW HWU Q K HWY W B GWAULRW R OUHD S K \

VXEVWLWX\WDRE EHSHH GIRKLG YOGS HRD/@®R Z V

X $ VLPSPDHWWDLDWXWLRQ FLSKHU PRQRDOSKDEHWLF FLS

x $ KRPRSKRQLF VXEVWLWXWLRQ FLSKHU



x $ SRO\JUDP VXEVWLWXWLRQ FLSKHU VXFK DV +LOO [
X $ SRO\DOSKDEHWLF VXEVWLWXWLRQ FLSKHU VXFK D

NH\ DQG D NHAQEXHQUB

5.2.1.2. TranspositionT echniques

,Q SUHQKQWK HD WREPKHE RGN SOD RHRIHQWU\SWHG W
VIPERO IRU DQVWAERAULJLQDOYRPHWNAEME Rl PDSSLQJ DF
XVLOHUIRUPLQJ VRPH W\SRY WKBHDEQ\WDWAL BDKOLVQ W H
WHFKQLTXH LV NQRZQ DV D W QDM BESRWLWUR Q VI RBWKIMWLI
DUH WKHWWPK QDWHV LQ SODUGWXOW DIQW FV SHKIAILVD
+RZHYHERQXQP QDU WUDQV SR WIFW HIRREE YALLREMMDE I & W ILIRWU 2
DV ZHORRQWRLMRIKW WKH FLSKHUWH[W LQ DXWDMMKKQD Q (

SRVLWLRUWIWH FROXFBRIG WULJUDP 1UHTX\HDQRMEDAEEDEHO H \

5.2.1.3. ProductCiphers

,Q VEKH @RIWDQXDO FU\SWRJUDSK\ BSRIQGHE KMH & I8 KX b\
IRU WKH FU\SQVRJR\BGHEHRMWED QVSRVLW LR QEBVSIGH B B WRWQL |
ZHWYH VXWOKEHUH ZHUH DOVR IUDFWLRQDWLRQ V\VWHPV
FODVV RI , QURGXPAWLRQDWLRQ V\VWHP D VXEVWLWXW
WKRHULJLQD O WRH \PWBDIWLSOH GLIIHUHQW FKDUDFWHUV 2
FLSKHUWH[W ,Q WKLV FDVH LW LV NQRZQ HXQF D\& WG
XVLQJ WUDQVSRVIMH BQ*WHFKRKAXHW RQH RI WKH PR\

LQ IUDFWLR QBN VRQ

5.2.1.4. BlockCiphers
7R WKH SUHVHQW WKH PRVW LPSRU\WNQW QFQURE VBV
6WDQGDUG GHBWDLOHG VWXBA BOP'EHWRHWEBVXFHG

SULQFLWYS®RG WORPHWULF FLSKHUV 7KH PRWIVWBEYWIKBEGH Q |



RQ '(6 7KH DOJRUDWKRGIZPDRAODVLWKH 'DWD (QFU\SWL
'($ +RZHYRU '(6 GDWYLIBWHELW ED®&BEQNU\SWHG HL W

NHVKH '(6 DOJRWMHKIRVF ELWYV IURP SODLQWH[WLXWLQ.
RXWSXW DV FLSKHUWH[W ,Q WUDQVPLWWHU VLGH WK
GHFU\SWLRRQUESBHHY/ XVHV WKUHH VWDJHV RI WKH '(6

WUHH XLWWHGQJIJNH\V DV ZHOO

7KH PRVW LP)XS\WRERWPHYUWIX G\ WSKSH) BRYIDWKH $GYDQFHG (QF
6WDQGDUGKK(6HVLIQHG V\PPHWULF HQFU\SWLRQ DOJ!
WULSOH '(6 DQG LV OLNHO\ WRFIUREZ XDME W RMHERIR @ \SW

DOJRULWKP DQS& 5& DV ZHOO @

5.2.2. AsymmetricCiphers

,Q WKH HQWLUH FU\SWRJWNDIB\KE B\&WRW B D 5 KW IGH SEKKE R
JUHDW HWW LIE@B QSR HW U X H $NAPR & YW L R QF UL 8 WHRIRHVS KR H
DOSRLQWB@XPOULF NH\ FU\SXERMHIDBK\S W RUYBBKDG L FD O
GLVPUVRPOD OXH WEWG/)RU R G X EMNKEQD O J R U IGMISPR@® U H
PDWKHP DWOFMOU MDM GLWLRQDO DOJRULWKPV DUH EL
V X E VW IORXIMPISIRQY WD QB FRXBWIRFIUDSK\ LV LQFOXGLQJ
LQGHS 9Q,GHPRWQ W WUDAG LMBRODBWLRQ ZKLFK XVHV RQC
HQFU\SWLRQ DQG GNANFKS WKIVRIQ RS WRERHN BKMAWK DO WV | R

DXWKHQWLFDWLRQ FRQILGHQWADOLW\ DQG NH\ GLVW

$ FU\SWR VY QMR LNOHW FRABMIZUDQVIRUPDYWERDWHW F
GHFU\SWWICRYY IREBP DU RDFK NH\ SBIQF b HIWL@Q GKHW LV
NQRZQXEOLWHKBMWPDGH SXE O LFOH UIDNEIMFGD ENHHAR® FDOOH
WKH SULYDWH NH\ LV NHSW VHFUHW 7KH FU\SWRV\V

FRPSXWDWLRQDG®OEGHDWREED HIWHROQ FRAWH SHR@ER Q H



)LJ 3XEO®IHR FU\SWRV\VWHP WR SURYLGH VHFUHF\

IRHQFLS KHQURAQRVWVKHBUHQW EXW UHSKREWARKHNH\ DR UR®H F

KDWHRPHSRUWDQW FEDURGWRINLVWLEV
f W LV FRPSXWDWLRQDOO\ GLIILEFXOW WR FDOFXODW
WKH GHFLSKHULQJ DOJRULWKP DQG WKH SXEOLF NH
f B3ULYDWH NH\ FDQ EH XVHG IRU FDF [ESKHVHGI I RKLOM
SURFHVV
B8VLOWKH V\VWHBP 8 FDQLGBHMR FRQILGHPMWLDIDRMUFHKF
SURGXFHV D PHVVDUH & QAN IZ G WILNHWY K-DOM P H Q VWHR |
OHWMWWHYLWH DOSKDEH®U H 8 BRIEHB/MNADY H GLBAVGLHRQS L Q D W |
JHQHUDWHY D UHODWHG ST D) & | DN S U\- ¥ £ V& SKLENDHLF U K1 R
DQMGQRZQ RWRM VBRVIW ZEBWHRY SXEOLFO\ DYDLODNEOH |

LD FFHVVWKMHHVRXKFAWKH P H VPG HAKEHI \ S W-7R Q UN®I VX W

;o Lo TAn

L &g s

5.2.2.1. Applications forPublic-K ey Cryptosystems
2QH DVSBFW RHRAUNSKV R VIRW MAOYO X P LIQWD WMDKKDOIVP HW U L F
V\VWH PG/LDWHQHX M/HKH G OHRRILWKPLF FUVSWRHIRD SKLF W

2QH KHOG NHIOLQOGWRE W D ISXEO BHD\ IR WKH DSSOLFDW



W U D Q \KPLHAVWHHLW K B Q WPHSWWHIIW H NH\ RU WKMN RRFER WHIL
SHUIRUP VRIPHKWOSM REQ\SWR JUDGKU D QZW HEDRDEOH WF

FODVVLI\ WKHPRWHUERWRV\VWHFO DDWWHR/ WKUHH

f(QFU\SWLRB® A SW KR Q VHPFQAMUWSHFHWYV B VAMMVD U FLSLH!

SXEOLF NH\

f'LILWDO VIWKRWSDWEKQPWY D XNVMYHSULBDWH QHLV
DFFRPSOLVKHG XVLQJ DQ DSSOLHG DOJRRL WRPDRY FFJ
SDRWUDQVEPLDIMILAK LV D IRB¥WLRD RI

f.H\ H[FKDWKH VHQGHU D Q G VWHHF H.IQWHHIU & B D @ IMFKES TVHH V \
DUH SRVVLEOH VHYHUDO GLIITHUHQWRD SIJUR D KPKH N HV W
7KHUH DUH VRPH DV\PPHWULF DOJRULWKPV WKDW

SUHYLRXV DSSOLFD Wh@rQ@re two welknown public key algorithms:

The RSA and the Elliptic curve cryptography (ECC). Though ECCniraerging

encryption algorithm.

5.2.2.2. The RSAAIlgorithm

565 FRPHV IURPVWKHKDUDFWHU IRU HDFK 5L WH¥W D6K
DV\PPHRMUUSE WRJIUDSKLF DOJR UL WKFSWRKWD\\&WA_RRHVG H Q F W\
NH\ ON@BWKXVH D ORQJ NH\ IRU HQKDQFLQJ WKH VHFX

REWDLQ WKHKHINALHRQF\ ELWVLRKB A DOKIR PRVW FRP

7KH EORRNXQHI F U\ISQV B B89G B WBWKIPDIQDEROWW EH VPDO
WKDQ WKH NHO DGRV N R | FHERFANSALB6G EH WKH OHQJWK F
DOJRULMWE®REN FLSKHWKQBQFHKI\BNY &\VK H5IDSKH UWH[W DU
EHWZHHQF sDRG VR PKH WH. V GHFLPDO GLJZWHE6RU
DOJRULWPVPDRHHERQH QW L D ODM/UMY FU RSV HA. W® BHORK!
EORFN KDIDIOXHDOHV:KHWMWK® EORFN VL]H PXVW EH OHYV

7 '%o); 3D UDF WHMA CE@DQRFN V L{GIOU\Q NGE & W V



%RWK HQFU\SWLRQ DQG GHFU\SWLRQ SIHREHR/XWNHQ F
NQRZVDMKHH YRl H DQG RQO\ WKH U BFHKUY\HIQVEQ REZP/H W KIH |
HQFU\SWLRQXPB JRURMWKIRA L :A; DQG D SULYPWH NH\ |

'@J; )RODV\PPHMQUHAWSWLRQ WKH 56%$ DOJRULWKP LV VD\
HY UDOMLRQ 3URFHVYV

,Q 5630JRUISWERLF DQG BWH FIJW B VWHGEGVXVLQJ PDWKHPD
*HQHWXWRHODUJH GLIIHUH@WMBULPH QXPEHUV
&RPSXWHUM

&DOFX\KHW(EKOHU 7RWEEH QW P X, QMFW;L R Q

6HOHFW [HQPQ\GRRRIQHNKAOB:J;aC?@B:J;; L s

~ ~ @~ ~ -

&DOFXODWH WKH SULYDWH H[SR@VAWKYWREW IRU Wk
@L :AFs; IK@J;

TKHUHKRHUBUMYDWH N:H&;HRQE WKHY SKIEOLEARIH FRQVLVV
(QFU\SWLRQ 'HFU\SWLRQ

7KH WUDQVPLWWHG POIVLYIHQFE\SMKHGSXEOLF NH\ D
VHQEWISSOWKROORZLQJ H[SUHVVLRQ
%L /%'t J;
$W WKH UHFHLYHU WKH RHERNYGBDE @EVVDJIH ZLOO EH

[ L %e'tIL: P et IJLI Pt ]

5.2.2.3. TheSecurity of RSA
7TKHWHKUHH SRAWKEBGRORIDWWDFNLQJ WHKWKBBS EEGJRI

WHQWIIRQH®ORZLQJ

%UXWH IRFIOEKGWMKLWUWL\QQJ DOOCSBRYDVWHLAHWLHYV W]



ODWKHPDWLFDO \CHYWPOHRAOR/R GARKOHRUDKHY DOHQW LQ H

IDFWRULQJ WKH SURGXFW Rl WZR SULPHV
7LPLQJ DWWDHREY WKKHUVMKQ QL Q 1 S\AKIHAK RRU LWKKHP G H F

7KH SURWHFWLRQ RI 56%$ DOJRULWKP IURP WoKWHIRUXW
RWKHU FU\SMRFRUWREPXWW IRU WKH 56$ DOJRULWKP DJEL
WKH ODVKIHH QXPEHU RIZOBLWKH Q WMKPHQQGYGGH WKHUH DU
HQFU\SWLRQ GHFU\WSLRQ SURFHVVHYV DQG NH\ JHQHU

WKH V\VWHRREHE OE H
7KH )D BWRALQ DR

SHFHQWO\ DOWKRXJK WKH FRPSOH[L®J KDW®HBQ DH
SUREOHP IRUKHOBDWWH WZR WKUHDWYV Rl ODUJHU NH\'
DQG WKH FROQWLQQWQRILWESRRAWBRKNWIWKH PRYHRXR L
DOJRULWKP QHYXOMGIEMKEXPH EHHQ VH HH ADHFPMIQRL S D W
IXUWRISWURYHRH@QWM JHQHUDOL]JHG QXPEHU ILHOG VLH®
HYHQ EHWWH, Q@ DDOERWUIDWKRODWHG DOJRULWKP WKH Q
VSHFLDO QXPEHU ILHOGWKIDHY MV K61)FPH QBVIVGIWHG QXP
VSHFLDOL]HG IRUPR BRH)DPGIOWD EZOR MXWIGR WAR GEHHF WL Q J |

OHQJWK PRU 56%$ @
7TLBMWQMDFNV

SUDFWLFDOO\ 7KH LPSOHPHQWDWLRQV RI PRGXODU
H[FHVVLYH WLPLQ X KDRK. W{HRQYIRUFHPHQW WLPH RI D
WR H[FHHG WKH PHDQ H[HFXW LRROQNW L WH\RW DMKGIL IKXIO QV B
GLYHUJHQFH WR PDNH WKLAKRXPL QWKEWW.P ER JS D W MWDLF

WKUHDW DWHKWLPSOH WUHDWPHQWY DJDLQVW WKLV W



+ &RQVWDQW H[SRQ@HKWDYBWLR HQVLRBH WKDW DOO H[S]
WKH VDPH DPRXQW RI WLPH EHIRUH UHWXUQLQJ D U}

GHJUDGH WKH SHUIRUPDQFH RI D V\VWHP

T SDQGRP GHOD\Q DGG D UDQGRP GHOD\ WRWRKMFHK LFHR®

WKH EHVW SHUIRUPDQFH UHVXOW WR FRQIXVH WKH W

+ %OLQGBHQRDQ PXOWLSO\ D UDQGRP QXPEHU LQ WKH F
SURFHVV WR SUHYHQW WKH DWWDFNHU IURP NQRZLQ

DQG WKHVH BRBYWHIQERAEY W DQDO\VLV RI WLPLQJ DWWDI

5.2.2.4. Advantages an@isadvantages of the RSA echnique

$V PHQWLRQHG HDOOR HWWRAME®BISF NH\ WHFKQLTXH
WKH DGYDQWDJHV DQG GLVDGYDQWDYNRVPRWBKE CHEFN
GHFU\SWLRQ WKH SXEOLF NH\ LV XVHG WR HQFU\SW D
LV XVHG WR G HRBUNQ¥F UL\GWILIRDWDAG GBBRULWKRPKH UHV
HQFU\SWLRQ NH\ LV DYDHUBWEH SWR Y\DKVH S B'E WD INRKS

LQGLYSIBXDRQ
$SGYDQWDBXHEWIRR&U\SWRJUDSK\

7KH SULYDWH NH\ PXVQOEHKMREZSWHL VWKBHMWXWKHQW I

PXVW EH JXDUDQWHHG

'HSHQGLQJ RQ WKH W\SH RI WKH XVH ZH KDYH DELO

SXEOLF NH\V IRU PDQ\ VHVVLRQV HYHQ VHYHUDO \HD
7KH QXPEHU RI FU\SWRJUDSKLF NHWUPDG\L W HRWPDD @ /
VFHQDULR LQ D ODUJH QHWZRUNYV

7TKHUH LV QR DQ\ UHVWULFWLRQ RI VKDUHG VHFUHW I
ZLWK HDFK RWKHU DQG WKHUBVRRHHWKLY EW\AK R JILUG

NH\ ZKLFK LV VKDUHG EHWZHHQ SDUWLHV FDQ EH Q



SDUW\DV\PPHWULF HQFU\SWLRQ GHFU\SWLRQ (DFK S
NH\V ZKHUH WKH SXEOLF NH\ LVWHKN\SULFERW HGNK/\RLW

SDUW\ LV LQGHSHQGHQW EXW WKH SDLU RI NH\V FUHI

7KH QXPEHU RI NH\V QHHGHG KDV EHHQ UHGXFHG H[\
ZH QHHG WZR PLOOLRQ NH\V RQW\ KR O |RI H LRLEDIRLER Q \

LQ VHFUHW NB\ H) FU\SWLRQ
/ILPLWDWLRQWRWWKGE 56%

7KH FRPSOH[LW\ SUREOHP LV WKH PRVW GLVIDWKBQW
56 WHFKQLTXH LV WR EEHDRXNWIVWHRKRIYYMHOPHWHKBQGPH Q

M7KHUH DUH VRPH RI TKHRGDPROAWLWDWLRQV DV

6SHHG RI LPSOWRH GW R WH RDISWRD E R Q/HHN W R F IL K HRA
NH\V VOR\HWHKLY LV WKH PDLQ UHDVRQ WKQ@RWSXXEIOW I

IRU ODUJH WH[W

7KHUH PXVW EH WKH DXWKHQW QFLJWIWRIR IR K QSSKHEWD P KX
XVHG D SXEOLF NH\ WR HQFU\SW WKH RULJLQDO PH

EH SDUWLFLSDWHG LQ WKH HQFU\SWLRQ SURFHVYV

/IRVV Rl SULYDWH NH\ WKUHDWHQV WKH VHFXULW\
VHFXULVBHEFQ\WWHRQ SURFHGXUH WKDW LW LV XVHG
RQH SHUVRQ ZKR LV XQDXWKRUL]JHG REW DIOQWR RIQN\K F

VHFXULW\ LV H[SRVHG

SWWDFENV RKMHBBE$DUH GLIIHUHQW DWWDFNV R® WKH ¢
WKH IDFWRUL]DWLRQ SUREOHP VKRUW PHVVDJH

HISRQHQW SHULRGLF DWWDFNV DQG VR RQ 7KH VHF
WKHVH W\SHV RI DWWDFNV 7R SUHVHEUNMDWEKEOH |

VXSHUFRBBXKWHOMNM WR EUHDN WKLV WARRKN LOXB ®UBEC



SURFHGRKAUHYHU GHSHQGLQJ RQ WKH SUHVXPHG GLII
WKHRUHWLF LVVXHV WKXV WKH SXEOLF NH\WFU\SYV

HITHFWLYH WR SURWHFW WKH @DWD

5.2.2.5. Related Works

The RSA security depends on the large pnmambers but they are easily factorized and
decomposedl 75]. Ren and Miao have implemented a novel approach based on DES and
RSA algorithms in Bluetooth Communication. That are using to encrypt transmitting data
and the keys of DES, respectivély’6]. In [175],a new approach RSA algorithm Bynal
Sharma et al, which uses modified Sum Cryptosystem based on subset sum of two numbel
over RSA public key. 1fi177], SamiA. Nagar and Saad Alshamma have propakecigh
speed implementation of RSA algorithm as well as they have modified keys exchange
between Gateways using structured query language (SQL) server. B. Persis Urbana lvy €
DO KDYH XVHG puQY QXPEHU WR JHQHUDWitydeecom@pkdd D Q (

or factorized to getting high security and efficiency through a netjidi&].

5.3. Impact of Protectionon the VLC Systems

5.3.1. VLC System Simulation Setup

7KH 9/& V\VWHRVWKRZY DGRSWHG IRU D VWIDIQ®DUG U
ZLGWK OHQJWK KHLJKW ZKHUH WKHUH DUH IRXU WU
Rl VHYHUDO /('V WR SURYLGH JRRG URRP LOOXPLQDWLI
DERYH WKH IORRU 7KH GDWD VLJQDO LV DHQRBB®»W HG
RI WKH ©®ARSWIKH GDWD LV HQFU\SWHG XVLQJ WKH 56!
GHWDLOHG LQ WKH QH[W VXEVHFWLRQ 7KH WUDQVPLW
YLD WKH'6,6/FKHPH 7KH ,0 ' WHFKQLTXH LV HPSOR

WWVPLVVLRQ VLIQDO DDWSOHGNEKDV VEIHRHHQV X3KH VLJIQ



ZLWK WKH LPSXOWKH UAHNISRQYRIVRIHVVHY WKH VDPH LPS)
GLVFXVVHGDOG )LJ D&EKDSWHHUH LQ WKH HQFU\BAVHG 9
KDYH XVHG WKH PHDVXUHG LPSXOVH UHVSRQVH RI 21
EDQGZLGWK RI1)LJO+D VHHAHHRQVLGHU WZR VFHQDULR
9/& FKDQQHO /26 VFHQDULR DQG /261/26 VFHQDULR
VXEVHFWLRRYG Rl &KDSWHU 7KH QRLVH LQ WK
FRQVLGHUHG DV $:*1 GXH WR DPELHQW OLJKW VRXUF}

VI\IVWHP IWMBX®®G\ VLPXODWHG XVLQJ 0$7/%$%

5.3.2. Proposed VLCScheme withEncryption and

Decryption

Without loss of generality, it is assumed that the public and private keys are provided at
the transmitter and receiver (i.e. during the initialization session connections or presetting).
Fig.5.6illustrates the system block diagram of the RSA algorithm adopted MLC system
shown in Fig. 5.5The binary stream (data) is converted inBbit parallel blocks( G L

z& xau ), where Gis chosen to be of the same or a longer length as the kegeblocks
are then converted into decimal values and encrypted by theefined public key as
described in (5.11). The encrypted data is passed through a parakelal converter with
an output in OOKNRZ format which is used to intensitgodulatethe LED. At the receiver
end, following optical detection, the reverse process of transmitter is implemented to recovel

the original data signal. The private key is employed for decryption as described in (5.12).
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5.4. Results andPerformance Evaluation

The secure VLC system is simulated using MATLAB to determine the impact of security
implementation on the LEDased VLC system. The key simulation parameters are presented
in Table 5.1. Th&ey system performance indicators to investigate are the BERa@pdwer
penalty. The VLC model is based on the equations from (3.29) to (3.36) whereas the datz
encryption layer is implemented followirtge stepsformulated in (5.6) to (5.12)n this
chapter, the maximurancryptionkey length used for simulationslimited to several bits.

This is due to the constraints of computational power of PC and the simulator. However, the
same procedure can be adopted for longer key lengths as in practical applications
Furthermore, we have kept the ratio between input atgubdata to and from the RSA
encryption block the samede Fig. 5.6)i.e.; thenumber of input bits is equal to the number

of output bits). In other words, there is no extra data due to protection. For instance, if the
input data in each block is 16td) then the output data from encryption is also 16 bits.
However, the simulation results obtained are still valid for predicting the impaatrgbéon

on VLC communications.

/TDEOH/ KH VLPXODWLRQ SDUDPHWHUV RI

3DUDPHWHUYV 9DOXHV
SRRPLJMHQIJWK LGWK +HLJKV Pi Pi P
SHFHLYH 30DQH DERYH WKH P
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:DOO UHIOHFWLRQ FRHIILFL
1XPEHU RI UHIOHFWLRQV
5HIOHFWLYH G$HP RI ZDOO P
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7TUDQVPLWWHG GDWD UDWH OESV O0OESV

&RQFHQWUDWLRQ OHQWUHI
2SWLFDO IW@WHU JDLQ

3,1 GHWHFWRU )29 GHJ
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/3) FXRWM IUHTXHQF\ 4,
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In these simulations, we transmit over one million bits over the channasanche perfect
synchronization between the transmitter and receiver. At the reasdefollowing the
capture of altransmittedbits, we have converted these bits il@bit-parallel (8bits, 16bits

RU «« ZH KDYH FDOOHG HQFdfr&w.HEesE ar®thdNddRalpattefs U
which are compared with the transmitted bits. For detection, we sample every bit at its centre
and compare the sampled value with a threshold level set to half the mean signal amplitude
As only one million bits are senvith every iteration of the simulation, we know exactly
where the encrypted code begins and ends, hence, there is no need for a preamble header :
footer bits to be inserted into the code. However, in real practical applications, baihgre

postambles are required.

The subsequent figures represent the simulated BER performance against the receive
SNR for the VLC system with and without encryptionFlg. 5.7 @), the data rate is 2 Mbps
which is well within the 3B bandwidth of LED (approx. 3 MHizAt a BER of 1@, for the
LOS scenario, power penaltieP of 1.05 dB and 1.64 dB are obtained compared to the back
to-back cases for encryption block lengths of 8 bits and 16rbdpectively. On the other
hand, for the LOSNLOS scenario, power penalti@of 1.10 dB and 1.61 dB are recorded
for encryption block lengths of 8 bits and 16 bits respectively. The power penalties are due tc
the block errors occurring in the encrypddC system rather than individual bit error in an
unsecured VLC system. In secured VLCs, whsrerror occurs, the receiver cannot decrypt
the whole block thus resulting in a block errbiowever, at lower data rates, the power

penalties induced are muamaller i.e. <1 dB.

In Fig. 5.7 (b), the data rate is 6 Mbps, whiis much higher than the LEB-dB
modulation bandwidth. This test provides a good view of the excess power penalty due to
SEORFN HUURU® )RU WKH VDPH % (5 SlkijhtlyRigHeC8QR t¢.g.W K H
additional ~3 dB at a BER of £)) The power penalties for the LOS scenario have slightly

increased to 1.21 dB and 1.68 dB for 8 bits and 16 bits of encryption block lengths



F
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respectively, whereas for the LOSNLOS scenario, thalpes have also slightly increased

to 1.42 dB and 2.13 dB for 8 bits and 16 hi¢spectively.

In Fig.5.7 (c)the data rate is 10 Mbps and one can see that for the same BER performance
the system requires much higher SNR ;(aelditional ~ 11 dB at BER of 10%). The power
penalties for the LOS scenario have significantly increased to 1.68 dB and 2.12 dB for 8 bits
and 16 bits of encryption block lengths respectively whereas for the LOSNLOS scenario, the
power penalties also show significant increasels79 dB and 3.15 dB for 8 bits and 16 bits

respectively.

We havefurther investigatéthe evaluation of the proposed VLC system with and without

encryption when the position of the receiver is at the corner. The first set of analysis examine:



the impactof the LOS and LOSNLOS on the BER performance. We have compared the
results from the LOS scenario and the LOSNLOS scenario for four channels. We can note
that the BER performance against SNR is different from one channel to another based on th
distance btween the transmitter and the receiver in the previous proposed model as showr
in Fig. 5.8 and Fig5.9. In Fig.5.8, when the data rate is 2 Mbps, the block length is 8 bits
and the distance is shortest (betweenand Rx), the power penalty is approximately 1.5 dB

for the LOS and the LOSNLOS scenarios and is 1 dB for the secure and unsecure VLC syster
as shown in Fig5.8 (a) forthe same BER performance. fing. 5.8 (b) and (c), when the
distance is slightly longeoetween Tx2 , Tx3 and Rx, the power penalty is around 1.2 dB for
the secure and unsecure system but it is higher for the LOS and the LOSNLOS scenario
(around 2.75 dB at ‘~sr’"). However, in Fig5.9 (d),the distance is much longer
between Tx4 an&x and the power penalty is 1.2 dB between the cases of with and without
encryption for the LOS scenario whereas it is 1.7 dB for the LOSNLOS scenario.
Furthermore, the power penalty is more than 5 dB between the LOS and the LOSNLOS

scenarios.

In Fig. 5.9, when the data rate is 2 Mbps and the block length is 16 bits, there is clearly an
increase in power penalty compared to 8 bits. Firstly, in 3:8.(a), when the distance is
short (between Tx [1] and Rx), the power penalty is approximately 1.6 dB Inetfveegecure
and unsecure cases for the LOS and the LOSNLOS scenarios, whereas it is 1.4 dB betwee
the LOS and the LOSNLOS scenarios for secure or unsecure VLC system. Secondly, in Fig
5.9 (b) and (c), the power penalty is around 1.6 dB between the seliunsecure cases for
the LOS scenario but it is around 2 dB for the LOSNLOS scenario. However, the power
penalty is 2.7 dB between the LOS and the LOSNLOS scenatrios in the absence of encryptio
and it is 3 dB in the presence of encryption. Finallysio 5.9 (d), the power penalty is 1.5
dB between the secure and unsecure cases for the LOS scenario whereas it is 2.7 dB for

LOSNLOS scenario. We also note from the same figure that power penalty increases



significantlybetween the LOS scenario anéd ttOSNLOS scenario. It is 4.7 dB and 5.9 dB

for an unsecured and a secured VLC system respectively.

)LJ SHUIRUPDQFH RI % (5 DIJDLQVW 615 RI XQVHFXUH

EORFN OHQJWK ELWV IRU D &KIKD@HPC & @E G& KD

FRQVLGHULQJ /26 VFHQDULR DQG /261/26 VFHQDULR ZK
GDWD UDWH LV O0ESV



yLJ 7KH SHUIRUPDQFH RI %(5 DJDLQVW 615 IRU XQVF
ZKHQ EORFN OEIQUWKRU D &KDQQHO > @ E &KDQQHO
ZKHQ FRQVLGHULQJ /26 DQG /261/26 VFHQDULRV WKH 5
LV O0ESV

Figure 5.10 illustrates the power penalty against the data rate forl® doiis encryption
block lengths ata  *"sr?’for the LOS and LOSNLOS scenarios. Firstly, we consider
the LOS scenario when the position of the receiver is in the middle of the room. Fdnithe 8
case (see Fig. 5.10, red curve), the power penadtypsoximately 1 dB for data rates up to
7 Mbps increasing to over 1.5 dB at a data rate of 10 Mbps. Forthiede®e (see Fig. 5.10,
blue curve), the power penalty profile is similar to tHeit8case but it is on average higher
by 1.52.0 dB. Secondlywve consider the LOSNLOS scenario when the position of receiver
is at the corner of the room. For the 8 bit encryption block B-if) green curve), the power
penalty is between 1 dB and 1.5 dB for data rates up to 7 Mbps wheéseasreases to over

3 dB at 9 Mbps. On the other hand, for the 16 bit encryption ldask (Fig. 5.10, black



curve), the power penalty is between 1.5 and 2 dB for data rates up to Giidopasing to

around 4 dB at for data rates of 9 Mbps.

Though he performance of a secured VLC system is heavily dependent on the encryption
block lengths, it is noted that the redundancy is relatively small. As the encryption block

length increases the redundancy is further minimized.

)LJ 3RZHU SHQOHOWDbWY WDODWH IRU WKHI/&¥ \WRHHFD DK |
UHFHLYHUYY SRVLWLRQ LV WKH PLGGOH RI WKH URRI

ELWV EOXH FXUYH DV ZHOO DV IRU /261/26 VFHQDL
R WKH URRP DQG WKH EORFN OHQJWKYV DUH ELWV J

5.5.Summary

This chaptehasfastreviewed information security with different techniques. We focused
on cryptography and its techniques which were divided into symmetric and asymmetric

ciphers. Furthermore, we also studied in detail the RSA technique.

The chapter has also investigate@d tHLC system performance with and without
encryption in the MAC layer and physical layer for both the LOS and LOSNLOS scenarios.
The results showed that the block error severely affects the system BER performance
especially for the 18it encryption key legth. The proposed secured VLC system requires
more SNR to obtain the same BER performance. The power penalties observed ranged fror

1 dB to 1.7 dB for the-8it encryption block length and 1.6 dB to 2.7 for thebit&ncryption



block lengths and for diérent distances between Txs and Rx within the 3 dB LED bandwidth.
We have also investigated the BER performance against SNR with different data rates fol
unsecured and secured VLC system. Overall, these results highlight the presence of powe
penalties beveen ~ 1 dB and ~3.5 dB for data rate from 1 Mbps to 10 Mppectively

for both LOS and LOSNLOS scenarios.

Though the selected key lengths in this chapter were small mainly due to the limitation of
the computer and the simulator computational pevtiee results have generically indicated
the trend of tradingff and error propagatioas well as showing the minimum bandwidth

loss of the secured VLC system.

The next chapter wildiscuss thelesignof a novel secure MIMO VLC system based on
the positiorof the user and the RSA encryption in MAC layer with different key lengths and

more ability to control the size of the encrypted VLC cell based on the user environment.
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6HFXUH 090 6\VWHP

6.1. Introduction

The high data rates can readily be exploited to create optical MIMO communication
systemsMIMO-VLC systems have thus become an attractive approach for increasing the
channel capacity, particularly in an indoor environment. Such systems have already beer
demonstrated to achieve Gbps data rates and been repg@@dda, 85] However, security
in wireless telecommunicatiosystems is a common concgespecially in MIMO VLC
systems.What is known abou security is largely based upon empirical studies that
investigate how to implement the techniques to achieve a required purpose. RSA is more
widely used in many security systems and still guarantees security of the system if the ke
length is long enougt{44, 45] Several studies investigating RSA algorithm have been
carried out on an improvement of security and overcome on the limitation in RSA method
such as speed, computational cost, loss of private key sometimes result break the securi
and some types of aties for example factorization problem or short messagee of these
studies havdoeenmentioned in Chaptes. Consequently, in this workve have opted to

adopt the RSA technique as outlined in subsequent sections

Indeed and at the present time of wigj there are only a few number of reseasthat
studied security in VLC systermes mentioned earlier in Chapter Bherefore, the main
objectivesof this chapter are three fold and can be summarized as foll@§adevelopment
of a mathematical modetif positioning in noAmaging MIMO-VLC systems, € Besign

of novel secure MIMG9/& V\VWHP EDVHG RQ XVHUYV ORFDWL|



affecting the efficiency in both ideal and real scenarios aB){d¢eployment of RSA
encryption at the MAQayer with no overhead data and with the ability to control the size

of the encrypted VLC cells based on the user environment.

6.2. Positioning in MIMO VLC System

We haveused the RSSI technique of indoor positioning using three transmitters with the
trilateration method. The method recovers the channel characteristics from the incident light

and estimates the receiver location by analytically solving the Lambertian equations.

6.2.1. Mathematical Modelling of Positioning Algorithm

The following algorithm cleulates the path loss as a result of attenuation. Ecprations
(2.36 and @.33, which is a basic equationnecan calculateéhe power distribution in a
VLC environment for any location inside a room. The received optical power at a distance

. utilizing (6.1) with the assumption d¥s g & az ycan be expressed as:

..a>5;

2r e @ 00 AL 2V

LA S B @ A @ fB- B, AR
Thus, the received optical power underneath the transmitter, i.e. at a diB@sshown in
Fig. 6.1. (04, 4L ax, 4L I is given as:

2r v & L 2, :Uz

Fromequationg6.1) and (6.2), assumin@s 0;8Cs d; L s (meaning that we do not have

any attenuation or amplification for the received optical signal from these stages because o

the employed positioning VLC technique here is RSSI technique which is depended on the

received power level as well ag;L RN ‘QAJ.YTherefore, themathematical model of

RSSI technique can be written as:

2ri oAy L 2rppo v . % 7o kas o



where EL FL sd & K N represents the number of transmitsad photodetectons the

room andUL tis a patHoss exponent correction fact@®1, 48, 93]

6.2.1.1. Horizontal Distance Estimation
Fromequation(6.3) we can measure the angle of irradia@g, Ausing measurements

of the received @wer at a distanc®( 2r 4 : 1 ;; and store iatreceiver which uses it along
with the received power at distance; for all positions in the room. The final step calculates

the horizontal distance estimation using simple trigononjé8ly

@y D f o,

6.2.1.2. Trilateration M ethod

The process of locating absolute or relative locations of targets by measuring the distance
using the geometry of circles is shownFig. 6.2. Asthe figure illustrates, there are four
power levels to be measured at the receiver. However, the recdivezlact only the three
maximum power levels that will be used in the positioning algorithm in order to determine
the location of the user. So, we can use the RSSI algorithm to caléglgfee., assn assn
and az7) and then calculate@s &g f * T@ynusing (6.3) and (6.4) respectively. Now, the
trilateration method can be used to determine the position of user by obtaining the

intersection point from the three following equations:

JLJ MGH YLHZLRGRRU 0,029/& V\
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where @ ,a@ , f * 1@, 1are the horizontal distances between the transmitters and receivers
and (Try, Uy).(Ty, We)and (T, U,) are position coordinates of the transmitters; while

( Tr @4 1y is the coordinates of the photodetector in the receiver Hri&y.

6.2.2. Centre of Receiver Calculations

The receiver array has two different designs based on the diréctoder of
photodetectors as shownmFig. 6.3. Therare two configurations for designing the receiver
array: (anticlockwise configuration®) Elockwise configuration. If the coordinates of each
of photodetector I Ty Ak} and photodetector 2 T &) )} are known, we can
calculate the coordinates of both photodetectors 3 and 4 (in an anticlockwise configuration)

from the following expressions:

)L WS YLRI' VIVWHP IRU SIWW.MPLRYLQJ WULODWHUDWLRQ



Tru7l Trwe DQGHhu7L UpeE U
Trvgl Trus DQGhysl UnsE U
Note that in this proposed system, the requirement is to calculatedhdinates of the
centre of the receiver (CORA) and not the coordinates of each photodetector in the receive

array. The estimation of the coordinates of CORA can be calculated using the following

equations to reduce the positioning error:

<& <FL s&
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6.3. Secure VLGMIMO System Description

The security task in wireless communications has become a matter of concern due to the
possibility of unauthorised access to transmitted data. This stems from the fact that all user:
use the same channel. However, in a VLC system, this issue is lessrmehdecause of
the inability of light to through the walls. Recently, several typeeséarchshave been

SURSRVHG RQ VHFXULW\ DW WKH SK\\17/2D180]@ bypkd)l WR

MIMO-VLC system is designed to broadcast signals and hence any user in the VLC cell

)L WKH UHFHLYHU DUUD\ D DQWLFORFNZLVH FRQILJXI



range can receive the transmitted data inside the illumination coverage area. This

communication system does not have a secured transmission link for each user.

6.3.1. Block Diagram of the Proposed Secure System

Figure 64 showsthe block diagram of the proposed dnebnd secure MIMOVLC
system. It consists of a transmitter and a receiver, as well as 4 x 4 MIMDhannels
acting as the downlink and an RF ordRannel acting as the uplink due to the VLC system
not possessing an uplink. This still presents the biggest challenge in VLC systems, and a:
such an RF/IR uplink was adopted.tAé transmitter side, there is a coordinator that has the
location codes o'W KH W U D Q V P L W&\hBVd tofisiBdred vy taReevi () the user
is new, andi() the user is not new and thereaipossibility to move ta new location as

follows:

Case I: the user is new, the coordinator sends locations codes tmdydoeiver via the
MIMO-VLC channel. The receiver receives four signals using four photodetectors and
UHFRYHUV GDWD E\ WKH 006( HTXDOLVHU ,Q WKH QH|]
based on the RSSI technique that has been discussed in the psmdtian. The receiver
FDQ VHOHFW WKH SXEOLF DQG SULYDWH NH\V IURP NH
the public key and power levels to the transmitter via the RF/IR channel. The transmitter
subsequently receives them, and decides if thl®4AVLC channel is suitable for data

transmission.

&DVH ,, WKH FRRUGLQDWRU HQFU\SWV WKH XVHUTV
them with the location codes and sends the data via the MIMOchannel. At the receiver
side again, all four signalpass the photodetectors stage, the positioning stage and finally

the decryption process using the private key to decrypt the ddtee positioning stage, if
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the new location is not the same as the previous one, the receiver generates another key bas

on the new location using the cryptographic keys stage.

6.3.2. Modified RSA Algorithm and Encrypted Cells

In Fig. 6.4there is a stage at the receiver side that generabdéis pud private keys. In
this section, we explain the modified RSA algorithm that produces a number of encryption/
decryption keys and distributes them on encrypted VLC cells. All frames from the
transmitted data are divided int@bit parallel blocks G= 8, 16, 32, 64...), where k is
chosen to be the same length as the key, which is generated by this modified RSA algorithm
The modified RSA algorithm is given ilgorithm 1 below. We have modified the RSA
algorithm for two main reasons; the first is the need to encrypt data without an increase in
data length compared with plaintext data and as such to maintain the capacity of the channe

This means that the transmitted messagelpek | .: Emust not be more thad(r Ol . O



J). For instance, if we have a block of 8 ihen Jmust be less than 255. However, there

is a difficulty to find two prime numbersL@nd M of which their multiplication result is
exactly equal tol . Therefore, we select a percentage which is called maximum percentage
of unencrypted data (MPUED) between data that is encrypted and data that cannot be
encrypted (because it is more thdn The second reason is the requirement to generate a
number ofkeys that are enough for every encrypted VLC cell. In the modified RSA
technique, we are adding another level of ambiguity by not encrypting all transmitted data
that is less than five percent. In this secure system, the problem of keys distributiearhas b
solved using the generation of cryptographic keys in receiver (i.e.; at user) and sending the

public key to transmitter onlyl73, 181184].

The second process in this part relates to the distributidineddeys on the encrypted
VLC cells. InFig. 6.5 the standard VLC room has been divided into small square areas
called the EncryptedLC cells, where each encrypted cell has only one centre called the
FHQWUH RI HQFU\SWHG FHOO &2(& 7KLY PHDQV WKDW
WKH FORVHVW FHOOYY FHQWUH GXH WR WKH SUHVHQ
teciques and SNR. This approximation is the reason why it is difficult to make encrypted
VLC cells smaller than this area. This system represents a flexible scheme in that it is able

to control the size of encrypted cell.

In Fig. 6.5,we have three sufigures which show three different sizestioé encrypted
VLC cells. We have tested 4, 16 and 49 receivers for different lengths of cells, which are

0.50m, 1.00m and 1.50m, respectively. Therefore, all receivers in encrypted VLC cells have
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only COEC (i.e., all positions inside cell approaches to one position which is COEC), and
then all receivers have the same identification but theytaké# different public and private
keys. Therefore, if one reduces the size of encrypted cells then the number of receivers wil
decrease as well. For example, if we decrease the length of encrypted VLC cell from 1.5 m
to 1.0 m, at that point then, the nuenlof receivers will decrease from 49 to 16 receivers as
well. The reason being that we have assumed different environments such as conventiol
hall, large office having approximately 16 users and small office has around four users. In a
convention hall, ta length of encrypted cell (LEC) is assumed 0.5m because the number of
users is large and close to each other and every user has two or three devices. In additio
these devices have the same COEC due to its deployment/use by one user. In the propos
modd, there will not be computational complexity because every receiver generates

cryptographic keys based on its location and implements a decryption process as well.



)LJ 7KH HQFU\SWHG 9/& FHOOV ZLWK WKH FHQWHUV RI
&2(& UHG FLUFOHV DUH WKH SRVLWLRQV RI WKH XVHUV

9/& FHOO VL]H IRU GLITHUHQW OHQJWK RI HQF(& SW RGDBK
(& P

6.3.3. Encryption/Decryption in MIMO -VLC System

7KH UHFHLYHU JHQHUDWHY WKH B%@&OHU] P QR BEDWY RW
WKH SXEOLF NH\ RQO\ WR WKH FRRUGLQDWRU DW WKH
7KH FRRUGLQDWRU FEQQBUW VWGED\S D VEDVUGEEHO EOR

« EDVHG RQ WKH SXEOLF NH\TV OHQJWK ZKLFK LV J

7KHVH EORFNVY DUH WKHQ FRQYHUWHG LQWR GHFLPDO

IRUPXOD

%L I?UIK@]:E



where :AE&J:E & g;is the public key | .isthe parallel transmittednd it is function of
- gand %encrypted data, respectively. The palaéincrypted data is converted into serial
data with an output in an OGKRZ format as shown in upper part F6g. 6.6 The bottom
part of the figure depicts a block diagram of the RSA decryption after recovering the original
data signal. The receiver ogarts the data from serial to parallel blocks and applies the RSA
decryption using the private key that already exists at the receiver side using the following

formula:

| gL %Y IK@:E

)L 7KH 56% HQFU\SWLRQ GHFU\SWLRQ DSSOLHG LQ 0,02 ¢



where: @E al: E & g;is the private key an@and | gare the parallel encrypted and received
datg respectively. In the final stage in the process, all decrypeallpl data are converted

into decrypted serial data and passed through the upper layers.

A comparison between the traditional RSA algorithm and the modified RSA algorithm is

outlined inTable 6.1and it has shown the security and speed of modified R§dérithm

are improved.

7TDEOH/ KH FRPSDULVRQ EHWZHHQ WKH 56%$ DOJRULWKP

1R 7KH 56% $OJRULWK

7KH ORGLILHG 56% $0JR

‘H PXVW VBH@QBVRNVGHWHUP |
PRGXDXV

'H KDYH FDOPBDXQE@BEWWIEG RQ H
EORFNYV OHQJWKV WR JHW F

7KH ODUJH S UR © B H{OSMRES\
YDULREOMMWR SURYLGH W
WKH DOJRULWKP

7KH VWUHQJWK RI WKH DOJ
YDULD&MDIQ® 7KHUHMMIRRUH
WR EUHDN

$00 SDUDPHWHUV DQG FI
JHQHUDWH S T H G DU
WUDQVPLVVLRQ

$00 SDUDPHWHUV DQG FDO
QXPEHU RI SXEOLF DQG L$IHY
EORFNYV OHQJWKV DUH \DMR:
UHFHLYHU

'H KDYH XMIHBY SXEOLF
@; DV SULYDWH NH\ IR
GHF U\ SSWIRFGIWNWVWHS/HFWLYH

H KDYH ORAEHEIGE&y DV SXEOLF
:@E&:E4; DV SULYDWH NH\ IR
GHFU\SWLRQ SURFHVVHV UH

"H QHHG WR VHFXUH FKD
5] WR H[FKDQJH WKH NH\
NH\

‘H MXVW QHHG WR VHQG SX
EHFDXVH WKH NH\MW WH{RENHU
EDVHG RQ WKH SRVLWLRQ RI

7KH XVHU KDV MXVW RQ
SULYDWH NH\ DQG DUH FK
SHULRG ZKHUH LW LV VRH

7KH XVHU KDV D QXPEHU RI S
DUH FKDQJHG BRWH @/ LRRED VRK |
IURP WLPH WR WLPH DV ZHOQC

7KH 56$ DOJRULWKP LV D
OD\HU

7KH PRGLILHG 56% DOJRULW
OD\HU

6.4. Results and Analysis

6.4.1. TestParameters

The proposed system described in the previous block diagrbRig. 6.4andFig. 6.6
is simulated and evaluated using MATLAB. The coordinator genetia¢dscation codes
depending on the transmitter's positions on the ceiling and combines themaoshatting
data signalT: B to be sent to the receiver by an LED. The transmitted signal is modulated
utilizing an OOK modulation scheme. Each transmitter contains a number of LEDs whose

parameters are similar to typical commercially LED devices. Theréna types of noise



associated witlproposed system: thermal noise and shot noise. In this study, we have
calculated the transmission matrix (CSI) frot3@ which is then used to find y matrix
from (2.35. Furthermore, at the receiver side, the tragsman matrix is available and we
have used this matrix to estimate the data usdif(. we haveconsidered that the noise in
general is an additive white Gaussian noise (AWGN) added to the MIMO signals. The main

parameters of the proposed system aregpitesin Table 6.2below.

/TDEOHGLPXODWLRQ SDUDPHWHUV IRU SURSRVHG \
3DUDPHWHUV | 9DOXHV
6L]JH RI URRP
/HQIJWK P 1 ZLGWK P 1T KHLJKW P | i1
TUDQVPLWWHUV
1XPEHU RED(VHG WUDQVPLWWHUYV

7TUDQVPLWWHUYV /RFDWLRQV

7TKH /("TV W@BOH DW KDOI SRZHU ):+0 GHJ
TUDQVPLWWHG SRZHU SHU 7 ZDWW

2SWLFDO 5HFHLYHUV
1XPEHU ED¥HG UHFHLYHUYV

7KH GLPHQVLRQV RI WKH UHFHLYHU FP 1 FP
5HFHLYHU SODQH DERYH WKH IORRU P
$FWLYH DUHD $5 RI UHFHLYHU [ P
+DOI DQJOH )29 RI UHFHLYHU GHJ

"HWHFWRU RULHQWDWLRQ WLOW KRULJRQ| GHJ
"HWHFWRU RULHQWDWLRQ WLOW YHUWLFLO GHJ
*DLQ RI WKH RRSWLFDO ILOWHU
/JHQV UHIUDFRWLYH LQGH]

7UDQVPLWWHG GDWD UDWH 5 0OE V OE V

SHFHLYHU VHQVLWLYLW\ X\LIPG /G WEFW KO-P G%P

/3) F)RWM IUHTXHQF\ 55

. < VZHHS UHVROXWLRQ i P
(QFU\SWLRQ 'HFU\SWLRQ

(QFU\SWHG 9/& FHOOV VL]H 6HH )LJ

/IHQIJWK RI HQFU\SWHG FHOO /(& P
7KH OHQJWK RI HQFU\SWHG NH\V ELWYV
OD[LPXP SHUFHQWDJH RI XQHQFU\SWHG GEL

6.4.2. TheEvaluation of MIMO -VLC System

‘H KDYH DOVR LQYHVWLIJDWHG WKH % (5 DJDLQVW D Z
JLUVWO\ % (5 DIDLQYQSHIV) RE WV YXYIBH62 9/& V\VWHP Z
VKREZQ )LIJJUHHQ FXUYH ZLWHKRQW MR HREU\BH VLPX
9/& V\VVEIODXH FXUYH ZLWKRXW WKH HQFU\SWLRQ DV Zt
VLPXODWHG IRU B/ HRXWH P, XZLQJ NH\ OHQJWKYV ELV

EODFN FXUYH ,Q DOV $RVIHWLRMKHVUHGHLKHWPLGGOH



SRVLWLRQ LV P 7KLV PHDQV WKDW WKH GLVWD
UHFHEXWUWKH UHVXOWYV LQ )LJ KDYH JHQHUDWHG |
FKDQQHROMVKDW DsW’'W(IHRIH LV DURXQG G% SRZHU SH(
9/& DQG 099& V\VWHPV +RZHYHU WKH SRZHU SHQDOW
ZLWK NH\ OHQJWK ELW\W/BOQG VARH/M BEpEMawly P vV G %

EHWZHHQ\XOVHQJIJWKLN ELWYV DQG HERWMMRBRNHFEXUH 0O

)L %(5 DIDLQVW 615 ZKHQ WKH UHFHLYHU LV LQ WEK
IRU D ®/@V\VWHP ZLWKRXW HQFU\SWLR®/&UHNQ FX L'
HQFU\SWLRQ EOXH FXUYH DQG ZLWK HQFU\SWLRG Z
ELWV EODFN FXUYH

6.4.3. Positioning Error Distributions

7KH SURSRVHG ' LQGRRU SRVL®)RDLQ JD\QIBWYWPP & 8 1 F
DQG HYDOXDWHG XVLQJ 0$7/$% 7KH FRRUGLQDWRU JH
WKH SRVRWWROQQVPLWWHUY DQG VHQG WKHP DHNHW HV |
UHFHLYHU FRXQ ISKRWRGHWHFWRUV DQG XVHV RQO\ Wz

ORFDWLRQ FRGHVY DQG KHQFH GHWHUPLQHV WHKIHR OHR FD



FDQ FDOFXODWH WKH SRVLWLRQV RI WKH RWKHU WZR
GLUHFWLRQ RI WKH RUGHU RI WKH SKRWRGHWHFWRUYV
DERYH 'H KDYH DOVR LQYHVWLJDWIHG| HAUKHHD FOHR FEDHONLZ
HVWLPDWHG SRVLWLRQ DQG WKH DFWXDO SRVLWLRQ

LGHDO V\VWHP ZLWK QR QRLVH SUHVHQW DW DQ\ VWD
7KH UHVXOWY DUH EDVHG RIKQHDDRVWHSIFRIFRGRQM WDHIG HE
DV VKIRZQLJ D )XUWKHUPRUH DOO VWDWLVWLFDO
WKH HQWLUH URRP ,Q WKH VHFRQG DSSURDFK ZH I>
HILVWLQJ +HUHWWKGOLQDPIHOSRVLWKP LV DSSOLHG EXV
WKH UHFHLYHG RSWLFDO VLIJQDO 7KH QRLVH LV PRGH:
RYHU DQ 615 UDQJH RI WR G% 7KH VHOHFWHG ORF

RI WKHHLYHU DW G% DQG GEo DGV KR Z Q HIMP HIFIW L ®

)LJ 6SDWLDO GLVWULEXWLRQ RI ORFDOL]DWLRQ HUUI
615 G F ZKHQ 615 G%



6.4.4. BERDistribution from Ideal System

'H KDYH DOVR VWXGLHG WKHH %Y \8 H P WKWILEXWL RR) \RA
VFHQDULR LV IRU DQ LGHDO V\VWHP ZLWK XU D RE P K
IRU D W\SLFDO 9/& URRP :H KDYH WHVWHG VDGV & RU E VI
EDVHG RQ WKH VL]H Rl WKH FHOO LQ GLIIHUHQW SODF
XVHUV ZKHQ /(& P UHVSHFWLYHO\ 7KLV PH

XVHUV LQVLGH WKH FHO OHDFH SMKHG VIDHPGHOF H & W\ HWF
SXEOLF DQG SULYDWH NH\V $V D UHVXOW WKH\ FDQ
DOO XVHUV RXWVLGH WKLV )RHO DQNDDMAEWD UMIKRLY It QWY
HQFU\SWHG 9/& FHOP MR DOO XVHUV QHDUHVW WR WKL

GDWD ZKLFK ZDV VHQW IURP WKH IRXU WUDQVPLWWHL

)L %(5 R1 DQ LGHD&® W\ONHP IRU GLIIHUHQW HQFU\SWHG ¢
P DQG /(& P E &2(& LV P DQG /(& P F &c:
P



IUHH EXW LWsEPVW®B FOHUJWRWKH GLIIHUHQFH EHWZHI
XQDXWHKHBUXVHUV RXWVLGH WKLV EHOIQG KH MBOMHY LIRQ

SUHYLRXV H[DPSOH EXW ZLWK GLIITHUHQW &2(&V DQG G

6.4.5. BER Distribution from Real System

7KH VHFRQG VFHQDULR VOV& G/AM® HR ZRW KDZIRGGHK & M\F
PRGHOOHG DV DQ $:* QRLVH IRU WKH ZLGH UDQJH EXW
RI  GWJ D VKRZV WKH FRPSDULVRQ EHWZHHQ %/¢'
LQVLGH WKH HQFU\SWHG FHOO D Q G%)(Ga®r’X VRIW YD SRV MR/
XVHUV ZKHUHDV XQDXWKRUL]JHG XVHUV FDQQRW UH]

GLVWULEXWLRQV DUH DOVR SUHVHQWHG IRU GLIITHUHC

)LJ EFDQA@®Y GRQH LQ WKH SUHYLRXV VFHQDULR
)LJ 7KH % (5 RI DQ/&, W2VWHP ZLWK QRLVH ZKHQ 615 G%
FHOOV ZKHQ D &2(& LV P DQG /(& P E &2(& LV

LV PDQG /(& P



6.5. Summary

,Q WKLV FKIMSWHGL A GHELIQ RI D QY/A& WHYWUHHP X\
D PRGLILHG 56 WHFKQLTXH WR HQFU\SW WKH WUDQV|
ORFDWLRQ RI WKH XVHU 2QH RI WKH PRMW VRASRGNLL QW
JHQHUDWLRQ RI D QXPEHU RI SXEOLF DQG SULYDWH NE
WR GLVWULEXWH WKHP RQ HQFU\SWHG 9/& FHOOV WKL
WKH SUREOHP RI NH\V GLVWUHEXHLIRDVQK N B MHIDLY R O VY
WKH SXEOLF NH\ WR WUDQVPLWWHU RQO\ 7KH DELOLW
/(& EDVHG RQ WKH XVHU HQYLURQPHQW ZDV DOVR GH
QHHGHG GXH WR WEW KMWHD EBK\WKUHRFHVY WKXV PDLQW
FKDQQHO :H KDYH DOVR VKRZQ WKDW WKH SRVLWLRQ
G% DQG KDYH VWXGLHG WKH GLVWDQFH HUURU LQ ER
SDSHU KDV D® DRV 3\ XHM HHIOWW K H % (5 GLVWULEXWLRQ IRL
9/& FHOO DQG XQDXWKRUL]JHG XVHUV RU HDYHVGURSS

G% )LQDOO\ ZH LQYHVWLJIDWKEGD %G5 0YWa6 VY5VMRHPE/,

ZKLFK VKERDXM OV WH B\WRSHRVHG ZRUNLQJ DV H[SHFWHG



&EKDSWHU 6HYHQ

&RQFOXVLRQ DQG )XWXUH

7.1. Conclusions

7KH PDL®!I WKLV UHVHDUFK ZDV WR H[SORUH PHWK
FKDOOHRNIGERRU 9/& SRVLWLRQLQJ DQ@WHKHIUQ YL QD Rl
LQYHVWDQDRWLHRWQYLHZ Rl LQGRRU 9/& VIVWHPV LQGRRU
9/& SRVLWLR Q IZGIIBMAR WBEBHIG. W LRBDI®OODO IHDWXUHV RI
ZHUKLJKOLDRWHBRPSDUHG WR 5) FRPP X QLFRULR QV R PV
FKDOOHQJHV IDFLQJ 2:&HYSDDHIFSG & IHVEK DN & W Z RO
PRVW VLJQLILEFDQW FKDOOHQJHV IDFLQJ FXUUHQW 2:.
LQGRRU VHEXULW\ LQ 9/& V\\V\IF BFO/Q AREAHKY @ VDZKE KD BN
VHW RXW WR UHYLHZ DOO VWDJHV IURP WKH VRXUFH |
DGYDQWDJHV RI /('V DQG /'V ZHUH PHQWLRQHG DQG D
RSWLFDO SRXHV\ZDYDWHKED PPWHKHPDWLFDO PRGHO RI
RI WKH 9/& FKDQQHO IRU ERWK /26 DIQ/G ZHREH S BIWIKWH 2
FRPPRQ SKRWRGHWHFWRUV GHSORXVG A Q @ R XLGWMHE
DSSOLFDWLRQIVSRPWRGLRGIPADXQY ¥IWXG\ 3,1 SKRWRGL
UHVSRQVLYLGWPRIL H VZH@KLWLYIW\ ZDV XVHG EHFI
FRPPHUFLDOO\ DYDLODEOH DQG UHODWLYHO\ FKHDS 7
WKH ,0 '" VFKHPH IRU ER VR LODSSSROR_F MWIGR R ¥ WHR V X FK
WKH 22. PRGXODWLRQ VFKHPH D Q Gl 5K B QHE0 BIZF.\Z H U FDIDC
VWXGLHG 7KUHH W\SHV RI QRLVH LPSDFWLQJ WKH V

RYHUYLHZ ZKLFK DUH GDHUWP Q@ LY RLWHKRW XAWK MWKP R U



VIVWHP ZDV VWXGLHG LQ RUGHU WR SURYLGH LOOXP
FKDQQHO FRHIIRBLHPOWWLL ZHUM FDORKOW WHKE GDWD
WKH =) DQG 006( HTXDOL]JHUV ZHUH XVHG )LQDOO\
WHFKQLTXHV ZDV SURYLGHG LQ WKLV FKDSWHU DORQ.
W HF K QIKTWHK HMDLW SUR S RV H & WILRHRIOFRIRE U L E

JLUVIV@® GRRU 9/&XL\FW HPPBDR\W\SHV R I VWOLPRQ O W
DQG IRXU FHOOV KE®HQWRSERWKREQ23 GLVWULEXWLRQV
ZKHQ 2/2 ZDV BVYHMBL@IDG DW KDO1 3RDYEY\EDV IRXQG D
Rl UHODWLRQVKLSV EHW DHHOQ HVRW KIBO IWKRZ W PRI /("
KRULIRQWDO GLVWDQFH DQG WKH WUDQVPLWWHG SRZ}

6HFRQ&B\ZRWN KOWRBRVRG D 'LVERRRWDISRVWWHP X
WUDQVPLWWHUV DQG WKH WULODWH UD WAKRQ SRWWWR B
DFFXUDF\ ZDV QRW DIIHFWHG E\ XVLQJ GLIIHUHQW O]
DOJRULWKP LV DEOH WR GHW RUWKQBQWKXHHO R B B WILRIR |
/26 VFHQDULR DQG FP IRU WKH /261/26 VFHQDULR ZK|
WKH DYHUDJH SRVLWLRQLQJ HUURU GHFUHDVHV GUDP
G% $ FRPSDULVRQ EHWZHHWHIWKKHSRRWRVBE GS RMX DR
SUHYLRXV EFRWNVEGERWWKH UHWKDMY WKFKHMWXH RXW S|
7KH WKHYQYBRBWRAKHGGHVLIQ DQG HYDOXDWLRQ RI D Qf
0,02 9/& GDWD ZLWK BDOMAIHD &XHNPR VKDGRZLQJ RU |
QRLVHOHVV FDVHV 7KH VFKHPH ZDV EDVHG RQ WKH
WHFKQLTXH

7KLUB®@RYHO LQGRRU 9/& SRVLWLRQLQJ VFKHPH ZI
HYDOXDWHG EDVHRXK@DTWHH G6B,IX00 ' UHFHLYLQJ SO
FHLOLQJ ODPSV DV WUDQVPLWWHUV $ FRPSUHKHQVL

GLVWDQFH HUURUYV YZDO/L BDXWRGIEK RFXWXDE@G/LRQV )RU



SRVLWLRQLWEM@DR DEOH WR GHWHUPLQH WKHDXVHI) E
IURP WR Rl FHQWLPHWUHVY IRU WKH EHVW SRVLWLURRWYIR
ZDV EHWZHHQ FHQWGPHWUHV IRU WKH EHVW SR¥LWLR
ZDV EHWZHHQ G% DQG G% )RU WKH /261/26 VFHQI
DQG RI FHQWLPHWUHV IRU WKH EHVW SRVLWLRQ IF
EHWZHHQ DQG FHQWLPHWUHYV IRU WX M EH \6W5SR
EHWZHHQ G% DQG G% 7KH DYHUDJH HUURU ZDV V:
LQFUHDVHG WRGPR UHK M KD@D O ZRIUKMS R URRHRE \IDIRLIW R €
SURSRVHG 9/& V\VWHP DQGWUFQQR HQWHBE Q\RSRWHPG He
SRVLWLRQLQJ V\VWHP RIIHUV D FRPSOHPHQWDU\ PHW
FRPSOH[LW\ ZKHQ DSSURSULDWH

JRXUWWKOA LPSDFW RI GDWD H Q ZIDWQA IHRVODRXEEIWIE & G\ |
VXJIJHVW WKDW WKH SURSRVHG VHFXUH 9/& V\VWHP Ut
SHUIRUPDQFH HVSHFLDOO\ IRU ORQJ HQFU\SWLRQ NH
UDQJHG IURP G% WELW G®FIRS WIKRQ EORFANRO H QURAK

ELW HQFU\SWLRQ EORFN OHQJWK DQG IRU YDULRXV
G% /(' EDQGAIHGRWKUH VLJIQLIUFAD@W HAGR G ISUHNVHQFH RIS
EHWZHHQ a G% DQG a G% IRU GOSN WHWBMFAWRPHC
WKH /26 DQG /261/26 VFHQDULRYV

J)LODDQRWRSRUWDQW FRQWIKHBPXQHR @ HRAXMKLY,02 9/8&
XVLQJ DQ HQFU\SWLRQ EDVHG RQ WKH ORF D \MLIRMX R W\N
7KH SURSRVX\CHBRBLIIQHG 56$ WHFKQLTXH WR HQFU\SW
0$& OD\HU ZLWK QR H[WUD GDWD QHHGHG WKXV PD
6XEVHTXHQWO\ WKH GHVLJQ IRFXVHG RQ WKH JHQHUD

ZLWK GLOHQUIMOWRIT NH\V EDWGHEORG \WWKQ® WREUPERMLW H D

RI WKH SURSRVHG V\VWHP DELOLW\ WR FRQWURO WKt



HQYLURQPHRW HPNRWOGIRBZLQWRVIGIWWWHUPLQH WKH XVH
DIRULWKP ZDV XVHG LQ WKH DWQELORWHUWWR RZQ WK W K
WKLV WHFKQLTXH VKRZ WKDW WKH SRVLWLRQLQJ HU!
JXUWKHUPRUH DQ DQDO\WLV RI WKH %(5 GLVWULEXWL
HHFU\SWHG 9/& FHOO DQG XQDXWKRUL]JHG XVHUV RXW
QRLVHOHVV FDVHV ZDV JLYHQ 7KLV DQDO\VLV DORQJ -

YV 615 KDYH VKRZQ WKDW WKH&SVRSRNPGW B RXHIE DJ 0D

7.2. Recommendations fofuture work

$OWKRXJK WKH DLPV DQG REMHFWLW\HODNM ROW E
DFFRPSOLVKHG LW LV HVVHQWLDO WR UHFRPPHQG D
QHFHVVDU\ WR PDNH WKH WVKARASE LN K P FHICHADWY RONMEK HY
IROORZIMXJJBIVQXPEHU RI UHFRPPHQGDWLRQV IRU IXWX
X ,QGRRU 9/& SRVLWLRQLQJ VI\VWHP XVLQJ WKUHH WUI

&KDSWHU EXW RQO\ RQH PRGXODWEZRBQ X¥HBPH

UHFRPPRWHKHG XVH RI RWKHU PRGXO B®L RIB O FKHP HYQ\G

P&$3 DQG HMWHKBIXPRWLWLRQLQJ DFFXUDF\ IRU ERWK |

)XUWKHUPRUH LW PLJKW EH QHFHVVDU\ WR SHUIRU

WKH[SHULPHQWDO UHVXOWV ZLWK WKRVH REWDLQ

LPSOHPH@WWUWARWILQJ 0,02 9/& VIVWHP XVLQJ ORFDC

GLIIHUHQW PRGXODWLRQ VFKHPHYV
X ,Q &KDSWHKERRDQIL& SRVLWLRQLQJ V\VWATPV XSULRSRW

GHVLJQHG DQGVDLPHRDMWHERUN LW ZRWRGLESOHPWE!

VI\VWHP H[SHULPHQWDOO\ ZLWK GLIIHUHQW PRGXOD\

HQYLURQPHQWYV HWHWK@IDEFREH L M&O HP HQ WG R@P B Q

WR UHDOLVH LQGRRU SRVLWWRQUCHKRPISWHK KHL.X\R W UDC(



X

X

X

,Q &KDSDWHIFEXUH 6,62 9/& VIVWHP EDVHG RQ WKH 7'0
HYDOXBRZAHEGYHU WKLV VI\VWHP ZDA\SW H 5 OO RFHIGR XSG X
LQWWWLIQISWRPHQW WKLV VIVWHP XVLQJ GLIIHUHQW
DQG WQPH NH\ WR SRVVLEO\ DFKLHYH IXUWKHU F
LPSOHPHQWDWLRQ DQG SRZHU SHQDOWLHYV

$ VHEXUH ®2V\VWHP EDVHG RQ WKH ORFDWLRQ RI
YDOLGRWEIKD SWHU  IRU YD U HR XY FHR® P PIBROGIFPHQW. Q .
SURSRVHG VHFXUH V\WVWHP H[SHULPHQWDOO\ )XUWK
DOVR EH LPSOHPHQWNGURDPHQW

‘H UHFRPPHRPS DHKHQVLYH LQYHVWLJIJDWLRQ RQ WKH

0$& ODDKQB WKH FRPSOH[LW\

,Q WKKMWKWUH LV QRWVRREWZEKWIKEBHIU R Q 8 U RIDGIW VK R Q
LUUDGLDQ&H WIQH OGFFLGRIOM WKH WUDQVPLWWHU D¢
DVVXPHG WR EH LQ7XKHUWUMHORWE® BMDDGHWY WKH PRVW F

VI\VWHPV D QI@.SMH QW HMWHDXEF K

,Q &KD DU & KD SMKHHUS RV LW LR Q L Q & IHHUDNRHYWH/ZHDIDKON/ O G
WKGHLUHFWLRQDOLW\ RI /DPEHUWLDQ ,W ZRXOG EH

GLUHFWLRQDOLW)\ RI /DPEHUWLDEQ DRQ LW KR RILR BRVLR
VI\VWHP

L BKDSWHU ZH KDYH GLY LLGWHRG XPEM W RILIFQ BUVRWRR G
+RZHYHUGEZG QRW FRQVLGHRGW KH UH/QEH WE E HEGH /B V

7TKHUHIRUH WKH XVHU PRELQMWLIR® NWEHVXDH BPK&FKD/Q
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Appendix A:
7KH 9/@&KDQQHO ORGHOOLQL %MV HEX RQ Q¥

The relationship between the transmitted optical poviggr, and the received optical
power, 2, ,ds been given irequation(3.33)of Chapter 2. W@ropose to rewrite the channel
gain adollows > @

i L Ag*atesyls E ligpa@atmpsyil i $
where Hs the index of theE' transmitter, is the lineof-sight and ...&  is the
diffused configurations (nehOS). The system here is used for localisation and as result
we only consider low data rates (i.e. kbps) for the identification (ID) of LEDs). Therefore,
the bit duration is much larger than the channel delay spredmfio LOS and NLOS. For
the LOS configuration, the received optical power is give[bby.
222 o He e Bek3i0... W40 (kB A D08 T QO Q

2/ kg a0l J6 A 3 as$
V o KR Ay ‘3 8t ™ et

where agjs the angle of irradiance of theiT>C;10is the angle of incidence at the Rxkd 2,0
is the gain of an optical filter}dd 4,0 is the gain of an optical concentratdf; is the PD

effective area, FOV is the field of view of the Rx ahds the order of Lambertian emission
definedin (2.10). Here | @_EAand %@_EAare assumed to be unity in our investigation as

we use bare PD (i.e. without the optics). On the other hand, the received optical power from

NLOS is given a$s5]:

a>5

2y adinfBrol B AR X0 @obna. 0. 10x0... 10 . 10, kBp DR erthQ ; $
ra —8frmce

where éis the reflectance factor an@ #g ig a reflective area of small regiowe have

used (A.2) and (A.3) to generate the following results.



Appendix B

SHVXOWWY RQGRRWBRVLWLRQLQJ VI\VWHP XVLQJ WKUH

GLVWULEXWLRQV DSSURDFK
$SSHQB L

6SDWLDO GLVWULEXWLRQ RI WKH @RRADU WDV LRD GRILLWR

VFHQDULR IURP 523 GLVWULEXWLRQV DSSURDEFK

$SSHQ®B L]

6SDWLDO GLVWULEXWLRQ RI WKH ORFDOL]DWLRQ HUUR

VFHQDULR ZKHQ 615 G% IURP 523 GLVWULEXWLRQV



$SSHQB L

(VWLPDWHG EOXH FLUFOHV DQG UHDO SRVLWLRQV JL

IURP 523 GLVWULEXWLRQV DSSURDFK

$SSHQ®B L]

7KH UHODW LR QMR 'S LEH\R DH 1§ Q CHUGJGRIKI RR LBR2BHG LV W U L |

DSSURDFK IRU /26 VFHQDULR



$SSHQB L

7KH VWDWLVWLFDO VWDQIGRWPGS2 BRELWWH LEEBEWIERQWD IS

615 G% OD[ F| OHDQ R 6WDQGDUG
H H
H H H
H H H
Appendix C :
$SSHQ&L|

7KH DYHUDJH SRVLWLRQ HUURB W BPHR DQNSR BN D B GH

GLITHUHQW W UD/QWVRPGEW R/BEHG/NAIBYR Kk FP SBHJRFHGXALHWV K
W FP SRURFHGXALAWK U, DQGSURFHGXALMK IURP WKF

HIWHQGLQJ SURSRVHG SRWDWLROADIVIE VBRF LYWILRQLQ



$SSHQ& L]

7KH DYHUDJH SRVLWLRQRHURPRVFHRDURKW WFKH B UL RV
WUDQV P LOWWHRQW] ORFVFHQDUER EZMFKQDWYER FFRZLW
F VFHQDULR, WZLMWXG G VFHQIWLRIURRZIS@& GLVWUL
DSSURDFK

$SSHQ& L]

6SDWLDO GLVWULEXWLRQ RI ORFDOL]DWLRQ HUURU ZlI
SRVLWLRQW DUH P P P P E DUH P
PIURP 523 GLVWULEXWLRQV DSSURDFK



$SSHQ& L]

D 3RROQWQJ HUURU GLVWULEXWLRQ ZKHQ WKH WUDQVI

P P DW 615 G % E (VWLPDWHG DQG UHDO ¢
SRVLWLRQV DUH P P PIURP BDW36GEVWUIG
D S K

$SSHQ& L]

D 3RVLWLRQLQJ HUURU GLVWULEXWLRQ ZKHQ WKH W

P DQG 615 G% E (VWLPDWHG DQG UHDO
SRVLWLRQV DUH P 615 G WR PD Q 553
GLVWULEXWLRQV DSSURDFK



$SSHQ& L]

TDEVKRYRPHNDWLVWLFDO VWD QG DURPV S5IRU GLRNLWLLERX

Positions of SNR .

transmitters (dB) Max. value (cm)| The mean (cm) Standard deviation (cm

10 142.57 40.12 26.20

Tx1(0.25, 0) 15 82.95 13.28 12.14

Tx2(2.75, 0) 20 36.70 4.420 5.740

25 14.36 1.390 2.27

10 135.70 36.38 26.38

Txé (2055' 15 119.79 28.77 21.43

' 20 62.36 7.500 13.40

T2 (2.75,0.25) 25 53.68 541 13.45
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@* )pOL[ 0O 6LOOHU DQG ( 1 EOYDUH] $ ILQJI
DOJRULWKP EDVHG @GHK®IOHPWBUQDWLRQDO &RQI
DQG )XWXUH 1HWZRUNSS,&8)1

@7 9 +DXWH3RRUWHU ) /HPLF 9 +DQG]LVNW $D M
' SHSRUW RQ H[SHULPHQWY ZLWKRXW L
[KWWS 777 HYDULORV HX GHK®LYHUDEOHV SKS2FW

@5 OXUDL 7 6DNDL + .DZDQR < ODWVMXNDEODRYHD
YLVLEOH OLJKW FRPPXQLFDWLRQ V\WWHP IRU HQK
URERWV LQ D KRVILWO&( ,DWHUQDWLRQDO 6\PSH
,QWHJUDWLRQ S6,,

@ /LX + ODNLQR 6 .RED\DVKL DQG < ODHGD &
*XLGDQFH 30DWIRUP 8VLQJ )OXRUHV,RH QW D QYW W&
RQ &RPPXQLFDALRQ¥ SS
@ LDRKDQNHEQRDDQG < ODHGD %DVLF VWXG\ RQ
XVLQJ 9LVLEOH /LJKW &RPPXQ M VBIQRXX DS O /\WRL
&RQIHUHQFH RI WKH ,((( (QJLQHHULQJ LQ OHGLFLQ

SsS

@ 4 :DQJ$<B6HNHUFLRJOX $ 1HLOG DQG - $UPV\
WLRHDUULYDO EDVHG UDQJLQJ XVLQJ YLVLEOH C
ORFDOL]DWLRRXVQDMHRY /LIKWZIYRK 7HFIKSRORJ\

@& <7TRQJ 7J«<XP 6 &KOXQJ DQBKEQ3DNRIDRIILYD
EDVHG ORFDOL]DWLRQ XQ@HU 7U/R26 VPEWLRYVR QQ
7HFKQRCRR\ SsS
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@ + < 1DK 5 3DUWKLEDQ DQG O + -DZDUG ¢
ORFD|DWLRQ XVEDQIHG'2BRKHUHQW KHWHURG\QHK G
,QWHUQDWLRQDO &RQIHUHQFHSBQ 3KRWRQLFV ,&3

@ <RXQJ +RRQ 3 ,Q +ZDQ . <RRQ +\XQ DQG - <
EDVHG RQ YLVLEOH OL QN ((FR®WXQQIDMIRRIDO &F
&RQVXPHU (OHFWURQLFSY ,&&(

@ % 3ULQFH DQG 7 ' & /LWWOH $ WZR SKDVH K\
GHYLFH ORFDOL]DWLRQ (X(Vt®R EYDLY L&ERPH X0Q I K B LIRQ
*12%(&20 Ss

@ 0 6 DQG . 5 ,QGRRU SRVLWLRQLQJ WKURXJK L
ZLWK DQ LQHUWLDO BRIV WUWRPH@WDIDLRY DLAG 1DY
3/$16 SS

@ %HKEBR&URPEH] - - G O +HUDV 9 + (OL 'l
ORHUPDBI@® DODOXDWER®HI ERGRRU ORFDOL]DWLRQ
LQWHUQHW J/LVERQ 3RUWXJDO

@ <DPDJXFKL 9 9 0ODL 7 & 7KDQJ DIEGSH UNRBIKE
HYDOXDWLRQ RI 9/& LQGRRU SRVLWLRQLQJ V\VWH
((( )LIWK ,QWHUQDWLRQDO &RQIHUHQFH RQ &RPP

SsS

@ O -HRQJ 6 + <DQJ + 6 .LP DQKFBLYHYDRQJIT
FRPSHQVDWHG LQGRRU SRVLWLRQLQJ V\WVWHP ED
(OHFW UR QLFRO/HW WSHU V

@ 6 .XR 3 3DQQXWFRDR DQG 3 'XWWD /X[DSRVH I
PRELOH SKRDWUWMEDOB®LIKW SUHVHQWHG DW WKH
LQWHUQDWLRQDO FRQIHUHQFH RQ ORELOH FRPSXW

@ < -XQJ ,QGRRU ORFDOL]DWLRQ EDVHG RQ RSW
XVLQJ OLJXWGHRIGWMWLIRU LOOXPLQDWLRQ O06F W
6FLHQFH DQG 7HFKQRORJ\

@ =KDQJ ,QGRRU RSWLFDO SRVLWLRQLQJ V\VWHP
S8QLYHUVLW\

@ /L 3 +X & 3HQJ * B6KHQ D)GS)YLAKERH (GNML
SRVLWLRQLQ3WR¥WHELQUY RI WKH WK 86(1,; &RQ
6\WWHPV 'HVLJQ DQG ,PSOHPHQ®DWLRQ 16",

@ +X < :LRQJ : +XDQJ ; < /L HW:=DXNEWLWXDTHM
SRVLWLRQLQJ XVLQJ XELTXLWRXV YLVLEQH WKJIK
,QWHUQDWLRQDO &RQIHUHQFH RQ 'LVWULEXVEISG .

@ + <bQJ " 5 .LP + 6 .LP < + 6RQ DQG 6
KLIKFXUDF\ LQGRRU ORFDOL]DWLRQ XVLQJ WKH F
VLIQDONWURZDYH DQG 2SWLFDO 7THFXQRORJ\ /HWWH
@ + <bQJ ( 0 -HRQJ ' 5 .LP + 6 .LP < + 6RQ
WKGHRHRYDO ORFDWLRQ HVWLPDWLRQ EDVHG RQ
(OHFWURQL¥RO/HW WSHU V
@ O6HRRQ . SIRN . +6M®QJ 6 +ZPMQJ DQG +RFENDQJ
,QGRRU SRVLWLRQLQJ V\VWHP EDRIKGFR QH¥ XWKEO
, QWHUQDWLRQDO &RQIHUHQFH RQ &RPPXQLFIBNLR

@ G6HUWWKLQ 7 2KWVXNL$[DWY & HQ R DA/ W H G
KLJK DFFXUDF\ YLVLEOH OLJKW FRPPIQLVIMHPRQ E
YRO % SS



@ B6HUWWKLQ ( 7VXML 0 1DNDJDZD 6 .XZDQR
HVWLPDWHG UHFHLYHU SRVLWLRQ VFKHPH IRU Y
VA\VWHPWKLQQWHUQDWLR QDWHO\WER BHUP BQLYH &RP
SS
@ G6HUWWKLQ 7 2KWVXNL$[DWY & HQ RN DN/ W H G
KLJK DFFXUDF\ YLVLEOH OLJKW FRPPXQLFDW&RQ E
YRO % SS RYHPEHU
@ ,WXUUDOGH , 6RWR ' )XHQWHDOED - %UDYR
RQ ZHE VHUYLFHV DQG 5),' IRU WUDFNLQJ SHRSOH
LQ ,((( /DWPEBULFD &RQIHUHQFH RQ &RPP XQLFDWI
@ 6RRQJ & &KBQJX¥ 6DQJ +X / 6HRQJ S5BRPQG
5HFHLYHG VLJQDO VWUHQJWK UDWLR EDVHG RSWL
HPLWWLQJ GLRGHV IR(LQWHRILAMDWLRID OLLQRQIHU |
(OHFWUR®QLFV SS
@ 6ZRRN .+XXQJ 6R®] DQG BRV|KDELWH /(' FHLOL
SRVLWLRQLQJ V\WVWHPV IRU RSWLFDO WIKUHDOUHRSH I
&RQIHUHQFH DQG2HWAEQ VERPE®XRILFDWLBGS (&2&
@ 6HRRQ -0[X®QG +.RFAONDJ ,QGRRU ORFDWLRQ HV
/(' YLVLEOH OLJKW FRPPXQLFDWLRQ XVLQQ( PXC
&RPPXQLFDWLRRY /HWS\SHUV
@ *X 0 .DYHKUDG DQSDVKBPL 7KUHH GLPHQVI
SRVLWLRQLQJ DOJRULWKP ED¥8,6 RINQRRA®D L Q HDIS!

@ ,WXUUDOGHOHK]D$]XKUGIRPPHQDFNHU , 6RWR = *
%HFHUUD $WHZQORNWHP IRU DQ XQGHUJURXQG
YLVLEOH OLJKW FRPPXQLFDWLRQV SUHVHQWHG
&RPPXQLFDWLRQ 6\WWHPV 1HWZRUNV 'LJLWDO 6Ll
@ :DQJ $ 1LUPDODWKDWNRIUGPVDQESHULPHQWDO
D QRYHO LQGRRU RSWLFDO ZLUHOHVV ORFDOL]DW
3URFHHGLQJV Rl WKH ,QWHUQDWLRQDO 4XDQWXP
RQ /DVHUV DDSW(IGNG YRR s &
@ :DQJ $ 1LUPDODWKDV & /LP DQG ( 6NDILGDV
D FHQWUDOL]J]HG RSWLFDO ZLUHOHVV LQGRRG
FRPPXQLFDWLRQV LQ SWHKVRQWDRY QHHDYRQILGY DQC
&RQIHUHIG WM RHQWO\ ZLWK ,QWHUQDWLRQDO &RQI
2(&& 36 Ss
@ :DQJ $ 1LUPDODWKDV & /LP DQG ( B6NDILG
ORFDOL]DWLRQ W\WRGH B HRVRKQD® DUHO GKRWIZR QNI
6RAMW\ 6 XPPHU 7RSLFDO OHMWLQJ 6HULHV
@ 6DDGL / :XWWLVLWWLNXONLM = <DQ . 3DQOH
3HUIRUPDQFH DQDO\VLV RI RSWLFDO ZLUHOHVV F
PRGXODWLRWK L@OQWHUQPWMHRGDEH RQ (OHFWULF
(OHFWUSRRPLFX¥WHU 7HOHFRPPXQLFDWLRQV DQG ,Q
&21 SS
@ =KDQJ DQG 0 .DYHIQUWRRUPORFDOL]DWLRQ V\VWH
/(" LQ(( 3SKRWRQLPBXBRIFUHAMRSLFDO OHHWBSQJ 6HUL
@ =KDQJ 0 , 6 &KRZGKXU\ DQG 0 .DYHKUDG $V\
VIVWHP EDVHG RQ YLVLEOH W 1K WOF RPHARIQHHDLVBISF

@ /XR 0QJKD =KDQJ * &DL ' +DQ DQG 4 /L $¢
FRPPXQLFDWLRQ SRVLWLRWQRQBH WYIWHIPQXV LVOH FE B!



QG ,QWHUQDWLRQDO :RUNVKRS RQ 2SWLFDO

SS
@ /LP TELWRXV ' SRVLWLRQLQEDWHGWMPVLEEQF
FRPPXQLFDWLRQ@WHOHVV &RPNRQ@LFDWILSRQV
@ /LQ ; 7DQJ = *KDVVHPORR\ < /L DQG 6 =KDC

VIVWHP EDVHG RQ$V2)'M$&RPEDMWPLRQV DQG 3KRWRQ
XKD Q S $6 %

@ *X 0 $ .DVKDQL DQG 0 .DYHKUDG OXOWLSDW
YLVLEOH OLJKW SRMLWY RQUHBUYQMW B® ;LY

@ *X 0 $PLQLNDVKDYHKDOQG 0 ,PSDFW RI PXOWLSTE
SHUIRUPDQFH RI LQGRRU VYLVLEOH DUWJKWROSR
DU;LY Y s

@ $ (ONDULP 1 $ ORKDPPHG DQG 0 + $0\ ([S
LQGRRU ORFDWHPDWERQH® R Q LIYEOXGLQI WKH HII
FRPSRQHQWV XWHPQWWZRIOGLRGH Q8 WK WQRO V\V\8FH

@ < <L ' < .LP DQG . 0 <L 'HYHORSPHQW RI D ¢
9/& WHFKQLTQHG RRIUCHRD Y-LURBPWQW(QY R DH F K BRSO

@ =KRX 0 .DYHKUDG DQG 3 'HQJ ,QGRRU SRV
HPLWWLQJ GLRGH YLVLEOBSOWKN AREROIHEL W L R
$XIXVW

@0 $PLQLNDVKDQL : *X DQG 0O .DYHKUDG ,QGR
RSWEBNMBG 2)'0 FRPPXQUEDWBR@SULQW DU;LY

@ * ORKDPPDGUH]D $ $PLQLNDVKDQL ORKVHQ .DY
+LJK 6SHHG 2)®HIUMIKEN &R P PX@QRISHDRVOL RDEY

@ :X - :DQJ + BKHQ + =KDQJ DQG ; <RX |,
PXOWLSKRWRGLRGH GHYLFH XVLQJ YUV BE®MW RQLL
-RXU§BRO SS

@ 'LQ = +XDQJ DQG < -L (YROXWLRQDU\ DOJR

RSWLPL]DWLRQ IRU YLVLEOQH (CLRRRXBR F P WQRFEDM/IE
SsS

@ :X = *KDVVHPORR\ 0O + /H 6 G5DMEKDQGDU

FKDUDEWWLFY DQDO\VLV RI GLIIXVH LQGRRU FHOC
VI\VWHRMF R I1Y&3Q(

@ %RURJRYDF 0 5DKDLP DQG - % &DUUXWKHU
FRPPXQLFDWLRQV DQG(LAORPHOBMLRRSV LKS

@ :X &HOOXODU LQGRRU RSWLFDO ZLUHOHVV FRP
(OHFWULFDO 1RUWKXPEULD XQLYHUVLW\

@ %RURJRYDF 0 % 5DKDLP 0 7XJDQED\HWRDI DQ
YLVLEOH OLJKW FRPRKOLPPDMERPBRQRUNMKRSY *& :N

SsS

@ :X = *KDVVHPORR\ : G =KRQJ DQG & &KHQ &
ZLWK DQ RSWLPDO ODPEHUWLDQ RUGHMK ,AGH DQKD
6\PSRVLXP RQ 7THOHFRPPXQESEDWLRQV ,67

@ :X = *KDVVHPORRRQJ 0 $ .KDOLJKL + HVoLBXX
(IHIHFW RI RSWLPDOGHLWD PIRWUWHD@ XRDU LQGRRI
FRPPXQLFDWLRQ DQG SRIM WAIR® [ QY RN MUHLEXR]
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@ & %RXFRXYDODHMAH MRIHW\ FODVVLILFDWLRQ RI V
SURGXFW(V&RIODRTXRPERWIRFDO JUHH 6SDFH &RPPXQL
SsS

@ ( &RPPLVVLRQ 6WDQGDWGHW(&RI ODSBUWSURFR
HTXLSPHQW FODVVLILFDWLRQ DQG UHTXLUHPHQWV

@LQGFKLSV 0%36 NUPGHGDQFH $PB0QILEC
[KWWSV 777 GLJFKLS FRP GDWDVKHHWY SDUWYV GI
@ 7VLDWPDV & 3 0 - %DJJHQ ) 0 -W]LDIHPV

0 %HUJPDQV $Q LOOXPLQDWLRQ SHUVSHFWKYH R
&RPPXQLFDWLRYR®DJIDSRH

@ 7 +XVVHLQ 0 7 $OUHVKHHGL DQG - 0 + (OPI
YLVLEOH OLJKWLRE®PPYWWHF®D HPSOR\LQJ EHDP VW
JHQHUDWHG KRORIDOPRI /LIKWZIRI 7THFISGRORJ\

@ &XL * &KHQ = ;X DQG 5 RNBREWUWWLEQ)

FRPPXQLFDWLRQ V\VWHP G}V ILWEX DQW HAUHFR/QLVRADDD

RQ &RPPXQLFDWLRQ 6\WWHPV 1HWZRUNV 'LJLWDC
SS

@ &KYRMND 6 =YDQRYHF 3 $ +DLJK DQG = *KDV

RI YLVLEOH OLJKW MKRR®PBQQLBP MWL R QG RRA:-W QMU K

JLIKWZDYH 7HROQR O RIS

@ *KDVVHPORR\ : 2 3RSRROD DSMLFDO5IZME
FRPPXQLADWWREVWQG FKDQQHO P R&IROHX DO LALKMKI
@ OHNKLHO DQG ;: )HUQDQGR /('L ER-RCPFP X QLHFHDWAL IOR

((( VW ,QWHUQDWLRQDO :RUNVKRS RQ &RPSXWH
&RPPXQLFDWLRQ /LQNV DQG 1HWZRUNV &$0$'

@ %XUWRQ 0 +RD /H E %KDWHPOPRG & %RWHO
GHPRQVWUDOVELR QY IRMLEOH OLJKW FRPPXQLFDMWLRQ
3KRWRQLFV 7THFKQRORJ\ 8BWWHUYV

@ 7VRQHY 6 6LQDQRYLF DQG + +DDV 3 URCSARMLLFDO
ZLUHOHVV FRPPXQLFDWLRQ(@LWW KZKRHWKHFXOWD U L7
&RQIHUHQFH 97& 6SIBLQJ

@ - OHQHJHV 6 $ 9DQVWRQH BDRGGER&NOIRI2RS
&U\SWRJWBBKKIUHVV ,QF

@ /\QQUODUHW ,QWUBREREWLNRD FUQSWRJIJUDSK\ ¢

DWWDWFMVHG , ((I{ BH\H V V Ss
@ $ -RKQ DQG - 5ROl &U\SV8RGRV WORMZIURU MJ
7UDQVP LW RHEG , ((I{ CBR\H V V SsS

@ G6FKG@ISSKWULHG FU\SWRJUDSK\ 3URWRFROV NNGIR
HG :LOH\

@ ( %ODUVSWRJIUDSK\ DQG 6H F X UHG& R PIZXORED WA R
S8QLYHUVLW)\ 3UHVV

@ ' 'RURWK\ (QU\BEVRWKDSK\ DQG 9%RWIVR® FX$L\E
$GGLVHRVOH\ /RQJPDQ

@ $ ORGMLQQWURGXFWLRQ WHRGFWEBWRJILUDEBRY &
+DOO0O &5&

@G $ %RXGWEXDLW\ RI PRELOH FHRP PXRRD B WBED § R
3XEOLFDWLRQV %RVWRQ 0$ 86%

@ /\QQ ODUJDUHW &RQJUXHREGLMHTHIWERGWR
$SSOLFDWLRQV \D\@ GI & WK CBRINAW V Ss
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@ $0 +DVLE DQG $ 0 +DTXH $ FRIRSIPDIPW HYBIQ\GMX
LVVXHV Rl $(6 DQG 56% FAKISIWRJQMSHUIQDWLRQDO
&RQYHUJHQFH DQG +\EULG ,QIRUPDWLR@IHFKQRO
@ 3DWLGDU DQG 5 %KDUWL\D ORGLILHG 58 JHJ\®
DQG SULPH QXREHUQWHQ@QDWLRQDO &RQIHUHQFI
 QWHOOLJHQFH DQG &RPS¥WLQJ 5HVHDUFK
@ 6KDUPD 3 6KDUPD DQG 5 6 'KDNDU 56$%$ DOJR
FU\SWRV\V@EP,QWEUQDWQLR RQ &RPISMMHU DQG &
7HFKQRORJ\ ,&&&7 SS
@ 5HQ DQG = OLDR $ K\EULG HQFU\SWLRQ DOJRL
EOXHWRRWK FRPPOXHFARQ@W LR HU@MDWLRQDO &RQI
6LPXODWLRQ DWICR QL ¥ & BIGV
@ $ 1DJDU DQG 6 $OVKDPPD +LJK VSHHG LPSOHI
PRGLILHG NH\V H[RMKDQOWHU@DWLRQDO &RQIHUH
(OHFWURQLFV 7HFKQRORJLHV RI ,QIRBFIDWLRQ DC
SS
@% 3 8 ,Y\ 3 0DQGLZD DQG 0 .XPDU $ PRGLILHC
HQY SULPH QQWEMWQWWLRQDO -RXUQDO 21 (QJLQHH
,661YRO S 1RY
@ ORXVD 6 7UDQUWRD $0 % RD /H = *KDVVHPW RO
,QYHVWLJDWLRQ RI GDWD HQFU\SWLRQ LPSDF
FRPPXQLFDWMRQVQWHUQDWLRQDO 6\PSRVLXP RQ
1HWZRUNV 'LJLWDO 6LJQDO 3URFHVVLQJ &61'63
@ + /LQ 6 + 7VDL DQG < 3 /LQ B6HFXUH 0,02 V
VHOQVLQJ(( LQWHUQDWLRQDO &RQIHUHQFH RQ SXRPH

@ OXKDPPDG - 0 =DLQ DQG 0 < EORKIG 6GWBRDRQ!
JHQHUDWLRQ DOJRULWKP X WK JQWWHILAD WLLGRK@W® L
&RQWURO $XWRPDWLRQ DQGS®VWHPV ,&&%$6

@ 3RRQJX]KDOL $ 3UL\DGDUVLQL 3 ODJQLILTXH |
WLPLQJ DWWHEXLUR CPRAWUQIWLRQDO &RQIHUHQ
,QIRUPDWLRQ (PEHGGHG DQG &RPPXQLFB®LRQ 6\\
@ 'DKXL DQG ' =KLJXR $Q LPSURYHG .HUEHURYV
DOJRULWKR( ,QWHUQDWLRRDORRERQIRURQWLRQ 7
,QIRUPDWLRQ 6HB®ULW\

@ /\QQ ODUJDUHW 7KH3XEDVFKHPHFULSWRJUDSK'
DQG DWMW®FNYHBUHVYV SS

@ /L 3 +X & 3HQJ * B6KHQSVRORQ $KODR/LEOH
SRVLWLRQLQ3WR¥WHELQUY RI WKH WK 86(1,; &RQ
6\WWHPV 'HVLJQ DQG ,PS®HPHQWDWLRQ
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