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,Q WKH UHFHQW \HDUV WKH GHYHOARSPROMRQGXWWRUILMBBK@®RQRJ\ KDV EHI
1IXPHURXVEIDMHG GHYLFHV LQFOXGLQJ OV JK®DN P UWGALIRGEIH GELHRVGHHVS/ IRRIW FD Q G K L
SRZHU PLFURZDYH SRZHU VZLWFKHV KDYH EHHQ GHYKHHOGBHWGL Q @ GREFRIXE KWL ¢
IDVW GHYHORSPWOWLRRQGXFWRUV KDV EHHQ WKH GHPDQG IRU W&KRHUWWM ZDYH
H[LVWV RQO\ D IHZ VHPLFRQGXFWRU PDWHULDO V\VWHPY, WH.RLFRQIS X RW RUXV
VXFK DV =Q6H DQG =Q6 KDYH EHHQ H[GH®VENROW VOUCISRVHABY EVA RVINIDUR BKLY B
$PRQJ WKHPDWHLI@POR[LGH =Q2 KROGV SURPLVHV DV D PDWHULDO IRU E
EXW GLIILFX\OWHHYRSQEI KMIQH XVH Rl =QOLQJSKYUBHKVHUHIRUH BPADKMHULDO

VI\VWHP LV FXUUHQWO\ WKH RQO\ SUDFWLFDO VR GHWHRN RRB VIKREUN ZDYHOH G

7KH HIILFLER¥LRHYV EDVIHBDRVHKDUPRPSVYIRG VXEVWDQWLGE6ED G WKHUBMBKWLQJ V
GLPHQVLR@Y FKDQJLQJ WKH GHVLIQWYRQ4HOBGAV T4 PXOWEBHOBDWWLFH
KHWHURVWNXEWXDHEMWY 4'V LQ WKH BRWK WWORFMWIXWHY QRW RQO\ FRQILQH
JURZWK GLUHFWLRYDRAWVXOVIRFEDWMWDWHY DW WKH ORZHU EDQGJDS PDWHULD
PDWHULDOV IRU WKH JURZWK RI GHIHFW [UHH KHWHURYV WU MWXUW\D OV RO RBIH

Rl WKH PDLQ UHDVRQV LQKLELWBENHVUKBDAVWRAIUMDWLRQ RI ,,,

6XFK SUREOHRWFRQGHG LQ WKHQIURRZANLKIRY , 1,:V 1:V DUH VWUXFWXUHYV ZLWI
PLFURQV +WAKHHLHUVPDOO FURVV VHFWLRQ WKV RI QDQRPHWHUV IDYRUV
LOQKLELWHQHWKWLRQ RI VWUKEWXDPW BSHOAPWWKH SRVVTEDOLW\ RD WHRIALDQIV K
DQ LPSRUWDRMW FODWHAKLEZHWK WKH VXEVWUDWH 1:3WSWHKWHUYPHDWGPHQKDQF!
SURSHUWLHYV RI ' OD\HU HSLWIOH LSRRV YUE ZWIKWD WCORIRQPB D[LDO KHWHWCRVWUXF
QW\SH GRSLQJ EXW DOVR PRUH FRPSOH[ VWUXFWXUHV VXFK DV UDGLDO KI
%HFDXVH RI WKHVH D@PDARWDUHV KDYH EHHQ SURSRVHG SRUFDXE B B WYLDAXIGHDA\

WKH\ DUH FRQVLGHU DV SURPLVLQJ EXLOGLQJ EORFNV LQ QDQRVFDOH HOHF
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SKRWRGHWHRAFWRUVRXZH WUDQV IOWRWRUN G ERVHQVRLWROVN\ OLJKW

VRXUFMHWDWQ HW DORHVWHU VRODU'RROOV HWEF

,Q WKLV FRQWH[W WKH DLP RI WKH SUHVHQW ZRUN QR2UR H/H®HY RBHW KHJ HD
VWUDWHILHEOMRVRQVBRA DQG HQVHPEOH QDQRZLUHV LQWR IXQFWLRQDO FRPS

EHKDYLRU E\ HOHFWULFDO DQG RSWLFDO FKDUDFWHUL]DWLRQV 7KH PDQXVFL

,Q WKH ILUVW FKDSWHU , SUHVHWWHDVWUXHFWKQWORGSFMN.ERQ WR® HOHFWU
VHPLFRQGXFWRUV ZLWK D VSHFLDO IRFXV RQ QLWULGH PDWHULDOV 7KHQ , .
WHFKQLTXHV RI VHPLFRQGXFWRU QDQRZLUHV HPSWEBWP]LRQ MKHKCGRFVVEDQ/IF
VXEVWUDWHY VXFK DV VLOLFRQ 7KH UHVW RI WKH FKDSWHU SURYLGHV D TXI

QDQRZLUHY DQG WKHLU DSSOLFDWLRQV

7KH VHFRQG FKDSWHU IRFXVHV RQ WKH WHFGEBRDREVABORQURBFERYLQHBWR G
WKH GLIITHUHQW VWHSV LQ RUGHU WR HOHFWULFDOO\ DGGUHVV D VLQJOH QD
PHWDOOL]DWLRQ SURFHVV IRU DFRAU\SYLQ WESHP LB 1FQ R @F VW VYR UQQWKH VDPH
VKRZ WKH LQIOXHQFH RI WKH QDQRZLUHV GLDPHWHU DQG WKH VWUDWHJ\ W
7KHQ , H[SRVH D VHFRQG W\SH Rl GHYLFHV EDVHG RQ YHUWLFDO QDQRZLUH t
WKH HQFDSVXODWLR® RRQWKB LODGRMWIH PDWHULDO RSWLFDO OLWKRJUDSK!

DQG WR FDUU\ RXW WKH PHWDO GHSRWVILW RRIQG/H WRGFW® W XF\M WKHQEBLERZLUH

7KH WKLUG FKDSWHU LV GHGLFDWH® VR 8 KR WRBXHED \RHEBED*RQL VR EQRIZLUHV

HQVHPEOHYV JURZQ RQ D 6L VXEVWUDWH 8VLQJ HOHFWULFDO FKDUDFWHL
, VKRZ WKDW WKHVH GHYLFHV H[KLELW D SHDN UHVSRQVLYLW\ Rl WKHKQ: H[FH
VWXG\ WKH VSHFWUDO UHVSRQVH RI WKH SKRWRFXUUHQW 7KHW&RHYLEBW VKR

UHMHFWLRQ UDWLR LQ DGGLWLRQ QR VSHFWUDO FRQWULEXWLRQ IURP WKH



&KDSWHU IRXU SUHVHQWVYV D WWWRWUWIEBYHSKRWREHPIOH KHWHURVWUXFW
SKRWRGHWHFWRU FIRQ VMWK VRX UMHQ F& Q WITXIDQQV@ X P*[EL WEKIH LQWULQVLF UHJLR
QDQRZLYHVHU GHVFULELQJ WKH VWUXFWXUDO FKDUDFWHQLWWHFUHRXOWKW R
SKRWROXPLQHVFHQFH DQG FDWKRGROXPLQHVFHQFH VSHFWURVFRS\ HYLGHQ
FRQWULEXWLRQV DERYH DQG EHORZ WKH *D1 EDQGJDS DUH UHODWHG WR V
TXDQWXP FRQILQHG KMD UNSHHWARQYW HOHFWURQLF WUDRR 3 RWUKD WQZ WH® \HD B BV
DUH IRUFHG WR SDWXOWKIURXDQWXM GLVF UHJLRQ WKH HOHFWURQ WUDQVS
UHYHDOHG E\ D QHJDWLYH GLIIHYUF®WY DO WHKHNQ WWDXCEAHWMKH WISHEWUDO UHVSR
SKRWRGHWHFWRUV 7KH SKRW RP&ED QEGWS M8 NFWHDD WKHREZ WR WKH LQWHUEDQG
WKH FRQILQHG VWDWHV LQ WEKKIH ODXQIOMT MDY WIXP IGHOBEW YRQ VR WEKRM{RJHQH

FDUULHUV IURP WKH GLVFV

7KH ODVW FKDSWHU LV GHGLFDWHG WR WKH GHPRQVWUDWLRQ RI SKRWR(
,Q*D1 *DARXOWL TXDQWXP ZHRCEHVGGH4E LQ *D1 ZLUHV , VKRZ KRZ WKH VSHF
SKRWROXPLQHVFHQFH DQG FDWKRGROXPLQHVFHQFH H[SHULPHQWYVY YDU\ DFI
SUHVHQW WKH SKRWRUHVSRQVH UHVXOWY IRU ZLUHV XVHG DV SKRWRGHWHF
JDS 2SWLFDO EHDP LQGXFHG FXHNQW® VG HPR,EVWHDWXUWKDW WKLV VLIQDO L\
WKH ,Q0*D1 04: UHJLRQ , WKHQ SUHVHQW WKH IDEULFDWLRQ DQG FKDUDFWHL
HOHFWUROXPLQHVFHQFH VKRZ D UHG VKLIW ZKHQ WKH ,IQQ FRRWGHDQW HIQPW Q M/ ¢
SKRWROXPLQHVFHQFH UHVXOWY , DOVR VKRZ WKDW WKH HOHFWUROXPLQHV
GHSHQGLQJ RQ WKH OHYHOV RI FXUUHQW LQMHFWLRQ GXH WR WKH SUHVHC
SURSPWHLQWHIJUDWHG RSWLFDO V\VWHP FRPELQLQJ D VLPSOH ZLUH HPLWWF

IXWXUH SKRWRQLF VWUXFWXUH IRU QDQRFLUFXLWYV
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,Q WKLV FKDSWHU , ILUVW SUHVHQW WKUWL GH QHHMLOTRQE@&S VWD REIN VWVIRHGHG IR
LQWHUSUHWDWLRQ RI H[SHULPHQWDO UHVXOWYR 7KH@D Q RZIYWRZDIV K WPPLRH3 HR/Y H U
SDUWJLWVWOIHWWHG DQUGHEDQGWLBSOUMHVHQW GLIQHDURYZW UW\ EHWWRUIRMWO RFWXSBHUW L

GHGHFDODWR WKH UHYLHZ RI RSWRHOHFWURQLF GHYLFHY EDVHG RQ QDQRZLUH)

I"IAS0& ()*+&)+HY0& HEYO&'* +(#

MLV ZHOO WRBRWWHPV FRPSRYH@XRIXPEHU RI H[WRPMV TXDQW X HQI KPW W WKD
GUDPDWLF LPSOLKIBMRBRBVWRKHY EHKDYLRU DQ G: LSRRV MWEW LD BDGXE SV IRFD W L RAQK
VLIH WKWLBDO SULQFLSOHV LPSRUWDQW WR DWRPV EXW QRUPDOO\ QHJOLJL
6L]H HIIHFWV EHFRPH LPSRUWDQW ZKHQ DW OHDV® \WRHNG&HPRIQ®HR QR R K B QU
DWRPV ERIWAKHVSRWKGVOMRIWK VFDOH Rl QDQRPHWHUV 7KLV KDV LQVWLJDWH
RI QDQRVFLHQFH DQG QWRR W MK RIDRG \PD QL SXWDB\OLRH) RIl WBYWRBWDQRPHW
XQGHUVWDKK X@LTXH SURSHUWLHV RI QDQRVWUXFWXUHV LQFUHDVHV VR GRF

DSSOLFDWLRQV WKDW WDNH DGYDQWDJH RI WKHVH SURSHUWLHYV

1DQRZLUHV DUGILFMRVLRQDO VHPLFARQGWPWRD YOG LDPHWRU ZKHUHDV WKH
D[LV LV FRQVLGHUDEO\ ORQJHU WB$EKDVWU XFQN YMKHV éPUHDRIJDUWLFXODU
DSSOLFDWLRQV DXQWEKXHN BXGEIDNVFLQDWLQJ BHEKDRDE SWRRSHQWM VNV KLJIKHL
PRELOQWRHVFHQFH HIODIRZAHHWOQFG ODVLQ,JQWKKH \VCKIRON HOHF IVE\HVDWPHY EHHQ RQH

PDLQ WRSLFV RI UHVHDUFK RI WKH VFLHQWLIL FDVNRIKXEXGDLPMHQ WHROWHKEK ISGRE QAJ F



WKH UHDOL]DWLRQ RI HQWQLDO&D QHZGAYDNWWWOD RG FLUFXLWV ZLWK DSSOLI

SKRWRQLFWVHORFQMUERRLFY DQG IURP VHQVRUV WR SKRWRYROWDLFV

I"[#0+1%)'&,2) 3" #1%3+ %64

$PRQJ GLIIHUHQW GRPDLQV DGGUHROHGRE\WKKIHPRDN Q/RVHADRBERPW D WHG WR
WKH VWXG\PRFRQGXFWRU BBMWHWRIDMEOM-WRU WHFKQRORJ\ KDV HQDEOHG WKH

UHYROXWLRQ &RPSXWHUV JDPH FRQVROHV VDWHOOLWHV PRELOH SKRQHV L

$ VHPLFRQGXFWRU HIJRBEIAKYFIX EDNQIBGQ HQHUJ\ LQWHUYDO LQ ZKLFK QR HOHF
VHPLFRQ®XWFWRZ WHPSKH YWROWHY EHORZ WKH JDS DUH IXOO\ RFFXSLHG E\ H(
WKH JDS DUH HPSW\ 6LQFH FRPSOHWHO\ HDOWOHGQRDQBW MW HHPGEWH BB GN
LQVXODWRUV DW DHEMROMXMMH |[HRIAHYHU DW URRP WHPSHUDWXUH WKHVH PD
FRQGXFWDQFH WKDW FDQ EH FRQWUROOHG E\ LQWURGXFLQJ LPSXULW\ DWR
FRPSOLPHQWDU\ PHWDOGXRWRWH VYAPLFRMQUDQVLVWRU WHFKQRORJ\ ZKLFK LV
FRPSXWHU WHFKQRORJ\ LV EDVHG RQ WKH DELOLW\ WR VZLWFK® D VHPLFR:

FRQGXFWLQJ PRGGX FVRIQQJ VWDWH

7KH VROOKWGVHPLFRQAXAWRRRSRXQG PDWHULDOV FRPSRVHG RI HOHPHQWV IL
SHULRGLF MVWHPPDBN *D1 DQG ,QBUHKPRUH H[SHQVLYH WEDRFEVVD®RG W
WHFKQRORJ\ LV OHRZHPBWXWHKHVH PDWHULDOV KD¥WHN IXRW WERWXHOLWR VW K D W
LPSRUWDQW GLIIHUHQFH LV SHUKD SV FDKIDOM G ROAW HRAVW EB R G [KOLE LRHD QIRQ J W

UHOD[ WR ORZHU HHXGILDWIWWAHRBIVEHVXKHR GHW KZLWK FRQVHUYHG PRPHQWXP

7TKH JURXBE. WUDLBIHFRQVLVWLQJ RI JDOOLXP QLWULGH *D1 DOX®LQXPKALWULC
DOOR\V DQG KHWHWKREWWXFRPH EKQLTXH SURSHPWERQ @OFRVMRIUY,, VXFK DV D I
FRYHULQJ D ODUJH GRPDLQ UDQJLQJ IWMR HGK HKIGHH & U3-BD NWE&RR IKK MY RIQUVADI G
FROQGXFWLYLW\ FKHPLFDO LQHUWIQWFYV %PIFBKLYNEGLRD O K/AMWVHE IS@RBMHIU W HN VK DY

EHHQ FRQVLGHUHG DV YHU\ SREWRWOHFWIW QU E DEOH/Y LFEWH V
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$F K=EA;GF<M;LGJ E9L=JA9DK 9LGEK 9J= GJ?9FAR=< AF 9 L@J== <AE=FKAGFO9D [
AK J=H=9L=< GN=J L@= KH9:= G> LEALIJAQKKIDF/ @O KRUEIMHARBSOMILLBRALAF @=P9
'M:ARAF; :DHA<IWMJI=K GL@ G> L@=K= KLAVMzAM®@=KJ ;9F ((= GJG®1+ =HAL9PA9D E=
#GO=N+J®= OMJILRAL=AKLU@AMB<QFIEA;9DDQ E@}J=MBIDEISFOA<AKHJI=9<

GHLG=D=;LJGFA; FHH@®AKIDAGEKL@= FOFGC MAINLRAEHDIR KA IPD=K@FNMz>MI= GEDQ L

>G;MK GMJ KLM<Q GF L@AK KLJM;LMJ=

TA?MI=2MJIIRALIM;LMI=

/@= JIN9AK DO9LLA;= G> L@= OMJLRAL= KLIM;LMJa BK 9F&P92SAPRD LEF< DA EA;@
2MJLRAL= KLIJM;LMJ= AK ;GFEGEANOML=x=B89?GEFGDKM=LOGICK O@A;@ >GJE 9F
9DGF? L@= ; 6 DK KIEGCLOAWFGARF >A?MJ= /I @= @>RAF>GCFIP IMFAINsD®IKRK <D=F?
L@= @=P9?GF KA<= 9F< ; @=-A?Q@I0@E0M@RA=PILOFMIGFI= ;GFKAKLK G> LOG
@=P9?GFOM9PEGK= @;H KM:DI9LLA;=K =9;@ OAL@ GF= LOWRAIG>QLEE KAKASEs=
AF L@= ;9K= G> A<=9D OMJLRAL= KLIJM;LMJ= /@AK H9J9E=L=J ;9F <=NA9L=

E9L=JA9D LG/@% sIGRDIDDG?I9H@A; H9J9E=L=JK G> FALJAMK?9IEEIOMEE9JAR=< /
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"9) D) $F)

Table 1.1 LAtide crBREERRIK f@3) BBV nEdlsriAlK all rdiGh tERptratiMeE criQE iRk Tk waMizRAes

Stz

I # %*

*F= G> L@= E9AF ;@039LI@xIAXKMALRAL= KLIM;LMJ= AK L@9L AL <G=K FGL @9N=

O@A;, @ D=9<K=LBANFIHFH ;=6 G> L@=9F< 6 7 <AJ=;URGRK 9J= LOG <A>>=J=FL HGD

<=H=F<AF? GF L@= GJA=FL9LAGF G> =DFfB£PFGC % HEARIK=LACSAFL@=LRMJI>9;=

@9K "9 HGDBY9JIAMLQJ $FAKGLAA=AR ) HGDIKA@QOKARIK= LOG KALMILAGFK

FIAME 1.2 Co-Bose a0k N-F0; & prOBIAAK | a0vOMIERAS Gy sKIM LM

/@= <=NA9LAGF G> L@= "9) MFAL ;=DD >JGE L@= A<=9D @=P9?GF9D OMJLRAL=
11



WKH1,ERQG DUH WKH RULJLQV Rl SRODUL]DW HR QFRQREXH UWR IUNCY D RHLHZDXIR/R] Q A5
WKH FU\VWDIEWLKQMKHI H[WHUQDO ILHOGV LV WKH VXP RI VSRQWDQHRXYV
6SRQWDQHRXV SRRQDUQPDMHWR QURP WKH IDFW WKDW WKH EDU\FHQWUH RI SRVL
WKH EDU\FHQWUH RI QHJDWLYH FKDUJHV 7KLV OHDGV WR WKH IRUPDWLRQ R
WKURXJK WKH FU\WWDO WRRSL¥HIP QIR DOHPWRHR MR AKKH FU\WWDO V\PPHYV
SRODUL]DWLRQ LV DOLJQHG DORQJ WKH > @ GLUHFWLRQ ZLWHK MKHGQRVLW
*DSRODU *D1 ILOPV WKH VSRQWDQHRK W XILH D BHSRQ Q @/ RURRIBUHGSLMWY M/ H

VSRWDQHRXV SRODUL]SWIRRIQERER®WDIHAVY D O VR BFRHUGDIBGY RRZQ LQ 7DEOH

3DUDPHWHU *D1 ,Q1 $01
Svs
€1
€3
7DEOH 6SROQWODMWIRIPWSL RIPQG SLHIRHQWEBWINQE FRQVWRXS

QLWULGHYV

7KH SLHJRHOHFWULF SRODDMWDWLRQ Q& XM G IRUPDWLRQ Rl ODWWLFH SDUI
KH[DJRQDO ZXUW]LWH ODWWLFH WKMHORIGH] RVKIBH E W BBFS SR G N URQDWZ R Q GG HSHC
SLH]RHOHFWULE, FIRGIG LIFV. HQ W V

l'a,

clc al
! Ppe =€ ——2+26
p 3 Co 1 ao

ZKHDH, DQG,FDUH WKHRIDWKHWDWWLFH SDUDPHWHRNVXX Q GHUK & RHITRXUIPW MRQR Q

RPLWY WKH SRODUL]DWLRQ FDXVHG E\ VKHDU VWUD L)Y RFPVW.KH LW/TREBRW LRWOQH VN C

EH VKRZQ WKDW LQOHSHWY [XQ GH U, \WW QM LEOIHV D@ B H WKH SRODUL]DWLRQ L\
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=F=J?Q 9F<K IP@N=EBEGEGN=E=FL G> =D=;LJGFK AF L@= ;JQKL9D $F K=EA;GF<M;LGJ
?9H :=LO==F =F=J?Q :9F<K $F L@AK =F=J?Q :9F< ;GF>A?MJ9LAGF L@= @A?@=J
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n KQEE=LJQ O@AD=L@= N9D=F;= :9F< AK KHAERL+Z¥,; IAMIGHE@MAKL@ D Fx<XK=DM = ;0 M.Ka-
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7KH SHUIRUPDQFH DQG UHOLDELOLW\ RI VHPLFRQGXFWRU GHYLFHV VWURQJO
KLIJK GHJUHH RI IFUWHMXQOHGQGLDQG WKH GHIHFWV VKRXOG EHKB YRMMG L RUFXW
SUREOHP HDRERHGEDIMIBEIYLEMVWKH ODFN RDWFRBD® WXEKHVREBRWH FRPPRQO\ XVH
VXEVWWDWHS SKLUH ZWHBH MKW DWHREHAL WB QM WDV D WKHUPDO H[SDQVLRQ FRI
LV DOPRVW WZLFH D$VOFBH HRTXWMAGBUJH GHQVLW\ RI GLVOGRBDWGRQY WXHS!
SHUIRUPDQFH RI OLJBWPHWLOYWWHEKWY DA SR Q YKHRO DAMKW LV A KPHEHWEBM. D Q G

6L LV HYHQ JUHPMWMHWJI WKH JURZ2XWIORVKQIWULGH ILOPV RQ 6L HIWUHPHO\ FK
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JRUHLJQ PHWDO FDWDO\VWV DUH ZLGHO\ XVHG WR GLUHFW WKH RULHQWDW
LQWHQVLGHW®G VWK ZHOO XQGHUVWRRG HRZM YHDW DOR QWD POL@® WMLKRH) OLP LWH
PRUSKRORJWHKWM BDHQ GUDZEDFN\PHRWMEKH ORJHGERIQYIR YWEKOWHUQDWLYHO\ 1:V F
VIQWKHVL]HGEWVILQUKREWIRUHLJQ FADS/RDOGWHSE R WLLVDEZR QX SRIRFHVW KLJK ODWWLFH
LV EHQH+FLD@DM\Y PDXRK DV HOLPLQDWLQJ XQLQW HAMMLRQBEOWs RS MUIDRYGWLR
7KRXJK WWUWWHJI\ KDV EHHQ ZLGHO\ XVHG L@ HFE KDRQAWE b N DOQHGHWK MMKEDRIE W K

WKRVH RIFPMWDID|HGRZWK 7\SLFDOO\ LW LV UHFRJELWHGCHW IGDLW HE W ®\UH RPPUW

SKDVH WKURXVYRO2&€DSRBFHVY RU IURP DQ H[FHVV RI FHYDWDIXOGPHEREVREFKY R X

& $*7(%H1"%*7)81*: 108041 $1=(

,QWHJUDWBORQHRLFRQGXFWRUV RQ VLOLFRQ LV D ILHOG RI JUHDW LPSRUWEL
SUHIHUUHG SODWIRUP IRU PDQ\ DSSOLFDWLRQV IRU VHYHUDO UHDVRQV LW L
SXULW\ DQG FU\WWDO TXDOLW\ WKH PDWHULDO KDV JRR® PBIFWBQLFD® F/DWDHE
DQG VLPSO\ EHFDXVH LPPHQVH LQYHVWPHQWY KDYH EHHQ PPGHQI3 6L WHF

PDWHULDOV FRXOG &0RY IGGH WVAHIVQLDVWIKEGQHZ IXQFWLRQDOLWLHYV
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'Q N9JQAF? L@= $F)9GEBBBRALABGFO=J= >9:JA;BL£<KF EGQBEKEG )2K O=J=
HD9F9JAR=< OARABKM®IQB=FZ9Q=J 9F< ;GN=J OAL@ 9 LJOFKH9J=FL D9Q=J G> )A I
GF ') FO9FGOAJ= D=;LIJGDMEAF=K;=F;= E=9KME/AKKAGFK@-®OC I @rLE E=@ =

J=E9AFK AFNOINSPERH @ OAL@ AF;J=9KAF? ;MJJ=FL AFB=;LAGF

1%!1'l % 8

/9F? =L XBFEGFKLJ9L=< KGD9J ;=DDK :9K=< GF @=L=<GB¥F/'DAGCRPPGOEI=<K: Q FN=BL
<GH=< KADA;GF KM:KLJ9L= K@GOF K;@=E9LA;9DDQ AF !A? 9 OAL@ L@-=
>9:JA;9LAGF HJG;=KK AK KAEHD= >AJKL F9FGOAJ=K 9J= ;GN=)J>CGOBGC@=XLIPFKH
9 L@AF E=L9DDA; D9Q=J )A M GF L@= LGH G> L@= OAJ=K 9 K=;GF< E=L9DD/
KMiKI9L= AK 9DKG H=J>GJE=< K K@GOF=AAFEAX? <AG<= :9@HNDAGMJI OAL@ 9 J=;L
EGJ= L@9¥L W 1 AF L@= <AICMALKKD@OLG;MJJ=FL <=F&R4+4 Q@ GSPAEME;EHGO=J

i GFN=JKAGF =>>A;A=F, @ ABMDI9L#¥F<(=J " ADDMEAF9LAGF 9L .MF O9K 9;@A=N=<

FigME 1.12 (8 Scl@mEsia e

FerIPQLEDRE dHOPINE 0G-HI@ SKCE o D@ sIGR; iABF daGke sKaROAD
1@ pHEBLGP =TItk crO00AT) {110 TRT) pHIG eHK (1) CIMIEFLdesRKAQUIK vIGROPS 80 tI@: SKGm ol i

@ d=BICa%k uMiderIskR WBlsk AN[ 1.5C [ /RIMEIA=SHIASF vOR@a9F | itlerH

AQ0G100 nBY/GriE2.

GF? =LK@GO L@ HWGKKA:D= LG LMF= L@= :9F<?9H >JGE LGF"9) A1 G> KAF?

$FP"®) H9) KLIM;LMJ= :Q N9JQAF? L@= $F ;GFL=FL AF L@= $FAY) MALANG MDLPOQP=K !
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G> 1 9F< K@QGMAL ;MJJ=FL <=FKALB=KE®=J= 9;@A=N@$FIKGEHGKALAGF 09K
J=<M;=< >JGE LG OAL@ 9 E9PAEME/@=>B9REROIGLO3=SG> KM &@EDSD B

<=KA?F AK L@= =>>=;LAN= ;9JJA=J K=H9J9LAG FFAAFL @3FPILI=FAAG £ AAEGLFAGIF@<-M =FL
D=F?L@ G> L@= F9FGOAJ= K 9 J=KMDL H@GLG?=F=A9 BMF ;08 EA=0DKA 19@==F@ 9 FL,
=>>A;A=F;A=K <M= LG 9 J=D9LAN=DQ K@GJL <A>>MKAGF D=F?L@ J=IMAJ=< /@=

G>L@= >9:JA;9LAGF HJG;=KK <M= LG L@= FME=JGMK DAL@G?J9H@Q 9F< =L;@AF

Figme 1.13 a9 Scl@hHia cra@Gkdeclifer of nFCAN/IFCN/HCEHY cBd HE&H D nBHGOARK adkk

R bk d4MPIE. b) EIBsHIADDGRI: ILsKI@EAIA a9k crGlEHOREAD SEI( [ESP= c)

S\ c1MiIN T nE GO AK WORG 4P RLI iR AV C B er RIS LABFK wOR@e0Fck WOR@IEN | RV | A=OtL ABH

$ #9

@M =1<8PGFKLJ9L=< L@= >AJKL =D=;LJA;9DDQ HMEH=< D9K=J <AG<= :9K=< GF 5|
G> 9 @GEGBMF;LAGF G:QH@ OP@ = MIDBDQEF WwWIH=V@H=GFORI=K ?2JGOL@ :Q 1

=F;9HKMD9L =€ -AFAHGBEP ; JQH9L==L;@ AF L@= LAH G> L@= FO9FGOAJ=K 9F< ;GN=1J
9K 9 LGH ;GFL9;L >A?MJ= 9 '9KAF? 9;LAGF O9K 9;@A=N=< 9L L@J=K@GD< G
F9JJGO 9K FE 9JGMF< FE 'A?MJ= : K@GO L@9L L@= DA?@L =EAKKAGF =t

@A?@ ;MJJ=FL AFB=;LAGF
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FigME1.14 29 Scl@BESIA oBiIE: |Bier) deNAS, WOGAELIGRKAIK 0Ga9F nFiLQh= 7560 (1@ fIE o@F a9c;
HYHH@SE= s, pHILQHE VNTILAS Ik 756 NMFGOARK |T0 crORES:Laokk AMTIACGRESIL )
E B {LIGIVE G e e stitld o6 i@ |Bker) deNAe adl 7T0rEA, a9KGOK iR tI@ shEcitIVE régHiskerL

A UMK A NI A RLpREEIEK. ©) S e NAO oGHLAD DIE ARIGH; GH | IEORsK 0B 1@ | BKAD deNAS

. AF?B8FGOAXJHIBK=) GHLA; 9@ ARB=AACHF=9DAR=< MKAF? $FKQ@=2DD (FAFGOAJ=

@=L=JGKLIR; LMIE KL@FD"9) ;GJ= OAJ= 09K ?JGIKKARBRLHLAPDKL?IGOL@ J=KMDLAF
LJA9F?MD9J ;JGKK K=;LAGF >GDDGO=< :Q 9 EMDLAHD= F $FI'@F "BPKAF B;LAN
O9N=D=F?L@K 9J= 9L S 9F< FE <=H=F<AF? GF L@= $F ;GEHGKALA

C2 ;E9F< C2 ;E:=DGO 9F< 9:GN= L@J=K@GD< OMKHBEIKANKDQY = BB EDFGAF >

IA?MJ= 9 .;@=E9LA; NA=O G> GQHB)LSE"9F:52<=< AF 9 LJA9F?MD9J FOFGOAJ=

+' KHI9L;GDD=;L=< >JGE >GMJ J=HJ=K=FL9LAN= (,2 FOFGOAJ= KLIJM;LMJ=K OAL
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%LEOLRJUDSK\

%HUQDUGLQL ) )J)LRUHQWLQL 9 9DQGHUELOW ' U RRQYVWBRWY RR O,
QLWURKIWNL FDO 5HYLHZ 5% 5 GRL 3K\WV5HY % 5
&DODUFR 5 ODUVR O S5LFKWHU 7 $\NDQDW $ OHLMHUV 5 9 "' +DUW ¢

GHSHQGHQW SKRWRFRQOGRKEW PO YR ZIQDEPR OHWWHU V
GRL QO

&KHQ 65 &KHQ< +/X & &KHQF . &KHQ@3 &&KH@ / <DQJ < 8OWUDKLJK
SKRWRFXUUHQYLDIOL ®DUQOW® RKRICUHE 3KIVLFV /HWWHUV
GRL

&KX 6 :DQJ * =KRX : /LQ < &KHUQ\DN / =KDR - .RQJ - HW DO
ZDYHJXLGH ODVLQJ IURP EWX QD QRQRUWHMXOQ R ORH L 11$12

'LFN . $ 'HSSHDWOV.VRQ / 6 :DOOHQEHUJ / 5 6DPXHOVRQ / 6HLIHUW
8QGHUVWDQGMYLWRWHES *URZOWMKR IRARQGXFWRWEYQREHGHN QFWLRQDO 0DWH
GRL DGIP

'RQJ < 7LDQ %7 -HPSMHEHU & 0 & R@UWDIA GHRXBQRZLUHDRRWRYROW
OHWWHUV $PHULFDQ &KHPLFDO 6RFLHW\ GRL QO Y

*DUULGR - D ORQUR\ ( ,]SXUD 0X3R] ( 3KRWRERWRBEAWHEMW B D VC
6HPLFRQGXFWRU 6FLHQFH DQG 7HFERRORJI

*XR : =KDQJ 0 %DQHUMHH $ % KDWWDJRKD UQPD B *D1 QDRWDWH VAL IJKW H
GLRGHV JURZQ RQ VLOLFRKSEWPRQ R FOHDWS W HELH\D P
GRL QO [
+LUXPD . <D]DZD 0 .DWVX\DPD 7 2JDZD . +DUDJXFKL . .RJXFKL O©
*URZWK DQG RSWLFDO SURBGHOWH KNSRI DD RPIRW HKOLD/N IRUNKS BIOA\H G
GRL
ORWRKLVD - 1RERULVDND - 7DNHGD - ,QDUUWHK VH(DUMNDLIZ9I3( RI &DWDO

VHPLFRQGXFWRU QDQRZLUHV RQ -R%URWICH R WE GB!I WK B OW U R\ W K

RL M MFU\WVJUR
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OS8UWHQVVRQ 7 &DUOEHUJ 3 %RUJVWU P O ORQWHOLXYVY / 6HLIHUW
'"HILQHG E\ 1DQRLPSULQMWQR WHKIR IMMHR/IK\ $PHULFDQ &KHPLFDO 6RFLHW\

GRL QO v
0°0OKDYH . :LFK 7 .RUWVFKDFN $ DRSODGFE BDQRPDGBLFNODWLRQ XVLQJ
PLFURIDEULFDWH® R WHFXKHIRO R J | GRL

4LDQ ) JRQIRQJI < 'LQJ < /L <*$ :DQXRDN /6, 1 HW DO XDQWKEXDW L
QDQRZLUH KHWHURVW U X FEARQUMLWYR IROUGZED/SRD BQWWEE L H Q F H

GRL QPDW
SHPHGLDNLV .D[LUDVVWUXFWX®WBQRDOFXODWLRQ Y QR ¢ H BDHOR PHEE\F W R U V
IXQFWLRQDIX WKARO\5HYLHZ % GRL 3K\V5HY %

6 .HOOHU DQG 6 3 'HQ%DDUV&UIVW 1"RVYREWEKH

6RFL & =KDQJ D ;LDQJ % 'D\HK 6 D $SOkKQ HW3D6 3DUN=Q2 @D@RZLUH
SKRWRGHWHFWRUV ZLWKDRIRI IOHYWHUE@D®RIDLQ QO [

7DQJ < % &KHQ = + 6RQJ + 6 /HH & 6 &RQJ + 7 &KHQJ + 0 =KDOQ
DOLJQWSHS/LGUOWWDOOLQH *D1 QDQRWSRIGEDURD\KHRMGHQRMXQFWLRQ SKRWR

IDQR OHWWHUV $PHULFDQ &KHPLFDO 6RFLHW\ GRL QO G
9DUVKQL < 7THPSHUDWXUH GHSHQGHQFH RI WKH/MFRHUJ\ JDS LQ VHPLFR
GRL
9XUJDIWPDQ , OH\HUORKBQ /5BP %DQG SDWDPRHPABHRX\ GRVHPLFRQGXFWR

DQG WKHLWRFOQROWRI $SSOLHG 3KIVIGRL

':DJQHU 5 §OOLV : & [ 9B3BR/," 0(&+$1,60 2) 6,1*/( &5<67$/ *52:7+
$SSOLHG 3KIVLFV /HW@RIW V

"HLVVWHLQ ( : QG 6ROLWGREAWDWH :BIKMWMWMLQ-V :RUOG RI 3K\VLFV :ROIUD
5HWUGHYRP KWWS VFLHQFHZRUOG ZROIUDP FRP SK\VLFV 6ROLG6WDWH3K

:KDQJ ' -LQ 6 X < /LHEHU &FDOH +LHADMUFRKLFDO 2UJDQL]JDWLRQ RI 1D
,QWHJUDWHG 1 DI@QROMR VW WRAH UV GRL QO
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C/1:&$*: &DY%(-&)(*$

7KH FXUUHQW FKDSW WU FKHVRF®RI RFMMWVRHE UL BBIWWHFHY EDVHG RQ QDQRZLUH H
DQG VLQJOH QB@POAMHAPKQLTXHY DUH WKH RSWLFDO OLWKRJUDSK\ DQG WKH F
UHWZ Rl ERWK WHFKQLTXHV DV ZIH@® \DXH R | DRVEKGIUP S WRMHANRQYV LV JLYHQ $IWH
GHVFULEH WKH GHYHORSHG VWUDWHJ\ WR FRQWDFW VLQJOH QDQRZLUHV E\ P
WKH LQIOXHQFH RIUY: R&LDWPKHW FRQWDFWLQJ SURFHGXUH LV DGGUHVVHG )LQ
GHYLFHV EDVHG RQ Y HHUQW HPE® HW QR £ QU HS KW W RIOQ/MWIKIRIJFMIBKRLFWHULVWLFV R

GHYLFHV ZLOO EH GLVFXVVHG LQ WKH IROORZLQJ FKDSWHUV

2&3.,2)3"&#

7KH WH@RRIDEULFDMWHRE® WR WKH BHIVARYGER®MEFHY KDYLQJ GLPHQVLRQV EHOF
WKLIHQ Y H QRW RIRUVW WUDQVLVWRU LQ WKH FRQVWDQW QHHG WR UHGXFH W
IRUFH WR SXWKQ | WEHFIKFPRMORILHY WR QHZ GLPHQVLRFQ@D® HGA RLWRRYRO O RDIZG.
VHPLFRQGXFWRU LQGXVWU\ ZDV DEOH WR GRXEOH WKBLERQVEKNLNSRLQVH DV L
PRQWKMWSLWH WKH IDFW WKDW VLOWLHRIQFKQE XE R RIKMLMGIGY WH/ RV DQ LQFUH
GHPDQGPLRUWDWXULBWHPQFIRWGXFWRU P D/ X.\D PRXALYDINH @ HHSORILWLQJ WKH

XQLTXH FKDUDFWHULVW LFKY ®RINGDKHY H PWWHIDLWKGE HOHRWIUIFHYLF DQG SKRWRQ

JXUWKHUPRUH WKHUH KDYH EHHQ DWW WRHSM B GWR RLQQ WIH JIU® R H /BRI RIQI G R L
SURSHUWBNVLRWHJUDWHG RQ D &026 SODWI® WPK LICH YLIHIUPV KUHFROAHW K/ DWQ IGHW, H FK Q F
IDU SUREHQWW &SERPHBSDWLEOH PDLQO\ GXH WR WKH ODWM FAHKE E X PLDQONGEKF Y W

VLIQLILFDQW DPRXQW RI G€WHWD CHVDWIKHZRKWEHURKXYV GHIJUDGH WKH SHUIRU
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1IDQRIDEULUEQ®SBQLFDQY LRQRKY ILHOGWNVFERKMHFWURQLFV QDQRSKRWRQLFV
QDQRPHGLF LW XHWIFQJ ROWHWHMOW DQG JHRPHWULHV GLVNV URGV KROHV
QDQRVFLHQFH LV WR GHYHORS UHOLDEOH ZD\\R WR |DEKILH DM P DFUGRR/\FR B X F W
IURP QDQRVFDOH FRPSRQHQW YV \ZX BVKL BUMRGEIG ORXQ@IR | IDE WKRIRW VRED Q EH FODVVL
LQWR WZR FDWHRMH MKDW SUHFLVHO\ HQJLQHHU PDWWHU HWFKL®WKHQG GH

VKDSH RI WKH HOHPHQWYV WR EH HQJLQHHUHG SDWWHUQLQJ PDLQO\ OLWKRJ

,Q WKLV FRQWH[W RSWLFDO SKRWROLWKRJUDSK\ LV WKH PRVW FRPPRQ WHFK
VFDODELOLW\ HDDQSURREWR\QW WKAHVYHMVROXWLRQ IRU FRQYHQWLRQDO VR
ZDYHOHQJWK RI OLJKW DQG WKH RSWLFDO GLIIUDFWLRQ SKHQRPHQD 7KH |
RSWLFDO OLWKRJUDSK\ V\VWHPV, QVDWEIIWIDR®\ SKRW ROR QY KRN K DS KW HoFHKSH @ & H
WKH PDVN IDE@QLRDWHRQWR DFKLHYH KLJK UHVROXWLRQ UHFHQW HIIRUWV KD
H[WUHPH 89 OLWKRJUDSK\ (89/ EXW WKH PDLQ LQFRQYHQLHQWYVY DUH WKEK

WUDQVIYIHUHBRMWLYH RSWLFV DQG GLIUHX 089V WBVINWKLHYH GHIHFW

(OHFWURQ EHDP OLWKRJUDSK\ (%/ LV DQ DOWHUQDWLYH SURFHVV WR SKR
UHVROXWLRQ PHWKRG VLQFH HOHFWURQ ZDYHOHQQWWKK RIURBAFNXERWRK®RWWHL
ORGHUQ (%/ VA\VWHPV XVH KLJK HQHUJ\ HOHFWURQV XS WR NH9 ZKLFK F
QDQRPHWHUV ZKLFK LV WASLFDOO\ DERXW RQH RUGHU RI PDJQLWXGH VPDC
UHDOL]DWI1BR QDYRQLUH GHYLFHV 1R SK\VLFDO PDVNV DUH QHHGHG SDWWt
XVLQJ D &$' VRIWZDUH 1HYHUWKHOHVV H[SRVXUH WLPHV FDQ WDNH VHYHUI
SURFHVV QRW HIILFLHQW IRU LQGHKY W UDZE CPHNQ XVDWWDXW LWE HSWVIRWK P KDV WR
PDNLQJ WKBIPHHTXLSBRRMVVLQJ PRUH FRPSOH[ DQG H[SHQVLYH ,Q/FHRQFOXVLF
EHDP OLWKRJUDSK\ DQG WKH SKRWROLWKRJUDSK\ GHSHQ@GEF\WQ ROK | LYDEV S UR B
DSSOLFDWLRQ %RWK WKHVH QDQRIDEULFDWLRQ WRROV ZLOO EH XVHG WR

IROORZLQJ
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["TH@%A. *)%3* & BH#(*&CA+HEY&'-* .+, +D*)+(

,Q WKLV VWXG\ , KDYH GHYHORSHG D QDQRIDENVY. FADVIHREQ RSU R ERQ YU HW@RDRURZE |
WKH GHVFULSWLRQ RI WKH WHFKQRORJLFDO VWHSV LV SUHVHQWHG ,Q JHQHL

FRQVLVW LQ WKH IROORZLQJ VWHSV

i. 6XEVWUDWH SUHSDUDWLRQ
ii. IDQRZLUH GLVSHUVLRQ
iii. ( EHDP OLWKRJUDSKI

iv. 0 HWIDVALR Q

V. /LIRU

JLUVW 6YXH2WUDWH ZLWK DOLJQPHQW EBDWVOLWHK  RIWHDSKUHGKEH\ GIDQRZLUH
WUDQVIHUUHG IURP WKHLU WKERZWK NXEV /W B WKND IFERQMHR W DHG U\ GLVSHUVLRQ |
1DQRZLUH SBVHWR®YY UHJLVWHUHG DQG UHFRUGHG LQWR D &%$' VRIWZDUH Z
1H[W WHEHDP OLWKRJUDSK\ IROORZHG E\ D PHWDOOL]DWLRQ LV SHUIRUPHG W

J)LQDOO\ WKH H[FHVV RI PHWDIOMNS UHPRYHG E\ D OLIW

C/.1.1=,DA)%&)#! 1%HE&Y&) (*$!

$ VXEVWUDWH LV D EDVLF FRPSRQHQW RI D QDQRVFDOH GHYLFH LW SURYLG

WKH GLHOHFWULF HQYLURQPHQW RI WKH GHYLFH

,Q WKLV ZRUN VLOLFRQ ZDIHUV DUH XVHRG B I&IHY IDFYHD VA& B E WQLDAWW HD/Q BEHW B K. H
7KH VLOLFRQ ZDIHUV FRYHUHG E\ D VLOLFRQ R[LGH LQVXODWLQJ OD\HU |
RU SURGXFHG LQ RXU FOHDQ URRPV E\ D WKHUPDO R[@GDUWLRQ@RISBURZDGHIYD .

LQVXODWLRQFSUHNHHOIWMDLIDH IURP WKH QDQRZLUH DQG IURP WKH PHWDO FRQWD
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7KH FOHDQQHVYVY RI WKH VXEVWUDWH LV LPSRUWDQW WR DHKLAMMMNBHEBRG XF
ZDIMUD SWHSDUHGHD® FRQGLWLRQV E\K®RXHIY ADQXDOVWW SWIDHUWLFOHYV DQG RWKH
FRQWDPLQDWH WKH VXEVWUDWH VXUIDFH GXULQJ ZDIHU PDQLSXODWLRQ D
LQFOXGH JUHDVH IURP KXPDQ PRHQWDBWPDWKHSROMFFHBXY SURFHVVLQJ VWHSYV
UHVLGXH FDQ LOQOWHUIHUH ZLWK WKH JRRG DGKHVLRQ RI WKH GHSRVLWHG PHW

VXEVWUDWH VXUIDFH PXVW EH FOHDQKGLP@XWHIEENHU WR NHHS LW GXVW

7KH VWDQGDUG FOHDQLQJ SURFHGXUH LV DV IROORZV
PLOQXWHV RI XOWUDVRQLFDWLRQ LQ DFHWRQH
PLQXWHV RI XOWUDVRQLFDWLRQ LQ LVRSURS\O DOFRKRO ,3$%$

%08U\LQJ LQ QLWURJHQ JDV

$00 WKH RUJDQLF VROYHQW FOHDQLQJ LV SHUWRVUWHGS LQW@WHUD VR BH FORWRLGR (
VWHS LV XVHG WR VKDNH RIl WKH SDUWLFXODWH FRQWDPLQDQWYV IURP WKH \
RXW LQ LVRSUREH ,BONWRKROLY XVHG WR UHPRYH DQ\ UHPDERWRR ARWWDRPH\Q
$OWKRXJIK ,3$ LV D ZHDNHU VROYHQW WKDQ DFHWRQH ,3%$ LWVHOI GRHVQ W

KHQ DOO WKH VROYHQW FOHDQLQJ LY GRQH D QLWURJHQ JXQ LV XVHG WR G

2QFH WKH VXEVWUDVBHEHDRUWHFQBEQRZDQH GLEEBBVQRWK MJUDBKN WWHS LV SH
SODFH DOLJQWPRI@W WD WKEVWUDWH 7KHVH PDUNV VHUYH DV D UHIHUHQFH IL
RULHQWDWLRQ RI WKH QDQRZLUHV 7KH\ KBYWKEHERQ®RHY UHQ B QGWW RHBVHGL \C

HOHFWURQ EHDP ZLWKLQ RQH ZULWLQJ ILHOG 7KLV SRLQW ZLOO EH GLVEFXV)\

C/.IC1:&$*T (Yot +(AEH%A(*S!

*D1 QDQRZLUHYV DUH XVXDOO\ JURZQ RQ VLOLFRQ RU VDSGQEDRDRHE LVIXE GW Y DRHHAA
QDQRZLUHVY KDYH WR EH UHPRYHG IURP WKHLU QDWLYH VXEVWUDWHYV 7KH

QDQRZLUHV WR DQ DSSURSULDWH VXEVWUDWH L H E\ HLWKHU GU\ RU ZHW W
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WUDQVIHU PWWHREJ\  WUDQVIHU PHWKRG QDQRZLUHV DUH FROOHFWHG IURP \
EUXVKHG RQWRLWKKHEWW2DWH +RZHYHU WKH GU\ WUDQVIHU PHWKRG WHQGV '
JOXHG WRIJHWKHU LQ EXQGOHVFRQ®URO®RBYPY YRW GOORZWMRRBI WKH GHSRVLW
WUDQVIHU PHWKRG WKH QDQRZLUHVY DUH GHWDFKHG IURP WKH VXEVWUDWH E
GURSV RI WKH UHVXOWLQJ QDQRZLUH VXVSHQ@WXERWHW UHAHKB HSHRW LWHQ WIRH WV K
DOORZV IRU FRQWUROOLQJ WKH GHQVLW\ RI WKH GHSRVLWHG QDQRZLUHV E\

Rl GURSY GHSRVLWHGVREWWRUWDKHH 6L 6L2

CLIFIA'#-)%*$!D#&G!'()8*?%&E82!

(OHFWURQ EHDP OLWKWRIULNSKN FUWHFLVUHVRO@XWILRQ WHFKQLTXH IRU IRUPLQ
SDWWHUQV LQ D ObD\HU RI PDWHULDO ,Q WKLV ZRUN ZH GHYHORSHG D PHWKR
VLQJOH QDQRZLUHV XVLQJ WEHD®D DWW KRYWBRKWWR QG DLWK VI\VWHP LV FD
FRQWURO DQG SODFH SDWWHUQV ZLWK D UHVROXWLRQ EHWWHU WKDQ QP |
FDQ FRQWDFW D QDQRZLUH HLWKHU E\ LWV H[WUHPLWLHV RWIBMIKERMMLD P X(

QDQRZLUH

7KH (%/ VWDQGDUG FRQILIXUDWLRQ XVHV D KDUGZDUH OD)NUBWXMFDMREMH HC
VXUIDFH LV FRDWHG ZLWK D VK LHD D\DMRARIGN LYRIOUMNWUL VW 7KH IRFXVHG HOHFW
RQ WKH WWRBIDFUP SDWWHUQV LQ WKH UHVLVW 7KH UHVXOW RI WKLV H[SRV:

FDOOHG D SRVLWLYRROXKE® U HYHYBW IRYWH WRQH UHVLVW LQ DQ DSSURSULDW!

$ W\SLFDO HOHFWURQ EHDP (RAMKREKBBEWYFDWIOR LY MK XUH W FRQVLVW'
HOHFWURQ RSWLFDO FROXPQ DQG D YDFXXP FKDPEHU FRQWDLQLQJ DQ [\ V

EHDP
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Fi 2.1 BIBBICHANINE 0G0t QHASI DB, LIGF b0 |BE@ERIOHEY IGED

/@= =D=;LJGF GHLA:;9D :GDMEF AK MK=< LG >GJE 9F< <AJ=;L 9 >G;MK=< :=9E

KM:KLJ9L= O@A;@ AK EGMFL=< GF 9 @GD<=J 9F< ;D9EH=< LG L@= KL9?= /@= =
K=;LAGF O@A;@ AK ;9DD=< L@= =D=;LJGF KGMJ;= GJ ?MF >L=J L@= :=9E G> =
L@IJGM?@ K=N=J9D 9<<ALAGF9D KL9?=K AF L@= =D=;LJGF GHLA;9D ;GDMEF 1

HJG;=KK=K LG HJG<M;= 9 :=9E @INAF? L@= J=1MAUW= LMQ J=F IMKE< IGFE& G KAAGR— IOM

N=F A> ' AK ;9H9:D= LG 9;@A=N= N=JQ LAFQ HO9LL=JFK O@=F =D=;LJGFK H=F=L
DGK= =F=J?Q NA9 =D9KLA; 9F< AF=D9KLA; ;GDDAKAGFK CFGQOF 2IK= K AHABZIRER; |
GJ >GJ09J< K;9LL=9F?DF< BBPIK+A; GJ :9;CK;9LL=J K;9LL=JAF? =N=FLK GF;= L
KM:KLJSA2MJ= /@= K;9LL=JKFRPGHIG JKI< DFHOK? G> L@= :=9E L@9L AK =D=;
O@AD= L@=I- AFARE.19@= KGDA< K 9 ;GFK=IM=F;= L@= =F=J?2Q AK <=HGKAL=< C
O@A;:@ AK EGJ= =PL=F<=< L@9F L@= ;JGKK K=;LAGF G> L@= =D=;LJGF :=9E /@-=
'GFK=IM=F;=K GF L@= OJALAF?JHEG;9KR9 ;$F [HHDULAMPK L@= =PHGKMJ= G> GF= |
LG L@= =PHGKMJ= G> 9FGL@=J DG;9L=< OAL@AF L@= K;9LL=JAF? J9F?= G> =D-=
M;@ H@=FGE=F9 AEHGK= ;=JL9AF J=KLJA;LAGFK>GELU@ = MARK D@9 K@FH= ®JAI
L@= J=KAKL AF H9JLA;MD9J >GJ ;BAHDBERLHSLEAEERKOSF® K@= LGLID 9EGMI

<=HGKAL=< AF 9 HO9LL=JF >=9LMJ= <=H=F<K GF ALK KAR= 9F< L@= <AKL9F;= G>
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HOLL=JF >=9LMJ=K ;@9F?= HJGPAEALQ =>>=;LK :=;GE= EGJ= GJ D=KK AF>DM=FL/

FiIME 2.2 | SIMKEISIAGE oGI@ sKEBILIOTRs (FGIONHK 4G Sitlsw) a0k | MR- roFps (b @;IaG Sitiss)

i Al 309G tEAGE oGeH

B tRaGHEK WOR@r &AL ¢ @8tk wabiesd

GK= ;9DA:J9LAGF

K E=FLAGF=< GBAEAIHY =>>=;LK 9J= MF<=KAJ9:D= AKKM=K AF '"L=;@FAIM= 9F<
<A>>=J=FL K;@=E=K @9N= :==F <=KA?F=< LG EAFAEAR= L@AK <J90:9;C L@= <G|
H=J>GJEAF? L@= DALORBXRHCA®IF <GNAKAF2DIA;9LAGF $F GMJ ;9K= LG <=L=JEAI
HO9J9E=L=JK O= MK=< 9 E=L@G< :9K=< GF <GK= EG<MDY9LAGF /@= E=L@G< ;GF
A<=FLA;9D H9LL=JFK 9F< HJG?J=KKAN=DQ AF;J=9KAF? L@= <GK= AF =9;@ GF= |
KAR=K K@9H=K 9F< KH9;= :=LO==F L@=E=K AEAL9LAF? L@= FO9FGOAJ= ;GFL9;LK
J=KAKL <9L9K@==L HIGNA<=< :Q L@= E9FM>9;LMJ=J /@= <GK= >GJ L@= >AJKL H!
GHLAE9D N9DM= 9F< L@= KL=H :Q O@A;@ L@= <GK= AK AF;J=9K=< >GJ KM:K=IN
<=L=JEAF= L@= GHLAE9D N9DM= OAL@ 9 @QA?@ HJ=;AKAGFG>> ©DREINS LLAGGH G

>AF<AF? L@= GHLAE9D <GK=
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Figwi= 2.3 DG nixGRINBNIAGE pliitlsrdrK /M@ skii; &= skits fad a9 pltitlerit a9 WO@AME K nRELsKMEA I ArRLD

SRHEKE | EDNAD “bbIBKX oFF (@ esRHGIE

o1tk

G 2% et e dGs

rEHNIDAD [k 29F uMides A vOIAILAGE of>t i@ pltilsriK c) WO@BIa K esRHEs:

G 29F oBIEDDKGIE TIE

RT3 sK@ it | Kwes ieTifedk a9k th@- f o=t skaRr crBiag-Gs

K 1 GHI@ MESKCIeKET

'"AL@G?J9H@Q

*F:= L@= GHLAE9BL<GEAFAK AL AK HGKKA:D= LG HJG;==RI9EG QA= RAN@ GKJIHIEC
KL=MKL=H HJG;=KK G> >9:JA;9LAF? E=L9D ;GFL9;LK GF FOFGOAJ=K :Q =D=;LJGF

9 /@= F9FGOAJ= HGKALAGF OAL@ J=KH=;L LG L@= 9DA?FE=FL E9JCK AK
<=KA?F=< IMKAFR®AL@ .G>L09J= ; D9Q=J G699 ({< BGKAKIL= AKIRKHBE < F =D=;
HOLL=JF AK OJALL=F :Q L@= =D=;LJGF :=9E /@= J=KAKL DKAGKNIDGH=x 9@ =.J
J=E9AFAF? J=KAKL AK <AKKGDN=< AF 9;=LGF= 9F< GFDQ L@=GE=LRDG:sHKKLIGB<= F

/l@= ;@AH AK L@=F OAJ= :GF<=< >GJ E=9KMJ=E=FLK
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Fi@ME 2.4 ScI@ESHA vhR0 o

/,*10(17 0$5.6

DA?FHEL E9JCK 9J= J=IMAJ=< LG DG;9L= L@= F9FGOAJ=K 9F< LG 9DA?F L@= =D-=
>9;ADALY9L= L@= 9DA?FE=FL HJG;=<MJ= $ @9N= ;@GK=F LG MK= E9JCK AF L@= >
AFLG 9 J=?MD9J 9JJ9QIGMB?@DDPDDBAM?FE3IFL D9J?= ;JGKK=K 9J= HD9;=< AF L@= >C
OJALAF? >A=D< OAL@ 9 KH9;AF? G> EE /@=F 9F 9JJ9Q G> KE9DD=J ;JGKK-=
J=H=9L=< >GJ OV AAFOODAL@ 9 H=JAG< G> FMEQ@2@F9I9FAKH=IRA 9<BMKL L@= s
GJ<=J LG BWANFASA,;9FL 9ECGMIHKSEPLOAMRI=KW;@ OJAL= >A=D< *F= G> L@= E9AF 9<I

KQKL=E AK ALK . ( AFL=?J9L=< KQKL=E L@9L >9;ADALI9DFfK L@=;NENA?9LAGI

DG;9LAIGF=GPIFGOAJ= HGKALAGFK
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ODVN GHVLJQ

1DQRZLUH SRVLWLRQV DUH LQWURGXFHG LQWR 5DLWK VRIWZDWKHWKHQ D
LQWHQGHG SDWDWAM® LY *'6,, |R U MIBW WORDWRXRYW Z D U H WDKEH W\SG \W B OL ¥ FEGI W Z H H
QP DQG QP DQG WKH VSDFLQJ LV EHWZHHQ QP DQG VHYHUDO PLFURQV
FKRRVH UHFWDQJXODU JHRPHWU\ IRU FRQWDFWY DV VKRZQ LQ )LJV DQG

QDQRZLUHM WKH ®WKHU HQG LV FRQQHFWHG WR WKH ODUJH DUHD VTXDUH FR(
7KLY ODWWHU FRQWDFW FDQ EHDHPL\WKWHKRIWIDGWH LYK ®J GHDUJH FXUUHQW

OLWKRJUDSK\ %RWK VWUDWHJIGH®Q X R QHWEKHHGQ HWW.HG G DSKBQLFDWLRQ

300% UHVLVW

$IWHU ORFDWLQJ WKH SRVLWLRQ EHWKH BDVIORZ LWHYSIDQ OARBIWHI RQ WRS RI
XVH 3RO\PHWK\O PHWKDF S\FO\DLWMHHY BV $Q WKLV ZRUN 308RCG\W HUWIRIRAKS DUt
HOHFWHRR VHQVLWLYH :KHQ H[SRVHG WKWK IF RPGHMHY PG LERHFDRPOHF XOHYV JHW
LQWR VLPSOHU FRPSRXQGVY ZKLFK FDQ EH HDVLO\ GLVVROYHG LQ D FKHPLFD¢

R SDUWYV , 3% WQRBHWHREOX W\O NHWRQH 0,%. E\ YROXPH

7KH FRQWDEMNWQARAILBHY ZLWK DYHUDJH GLDPHWHUV EHWYWKOQOW VQKRHD®HS RV LW
PHWDOQWWAMARNXOG EH DW @QHWDWW DYRLG GLVFRQWLQXLWLHV LQ WHKMNVIHSRVLWI
UHFIWUFH XOWLQIPQWIKIIFMU RI 300V R $DOORZRIRWB DRGFIAMMW RO GHSRVLWLRQ 7KH
VSLQ FRDWLQJ UHFLSH LV WKH IROORZLQJ OXOWLSOH GURSXURDFR}WI$O$ VF
FRYHULQJ HQWROHOYDWKBOHK7KH VSLQQLQJ UDWHSIPV MKIHE VYNWP XISQWRLQHG
VHFROGMQMWRBROW WKHWKQB\HU WKLFNQHVYV RI QKHSWDIRB OB LQQEHMNHG RQ

SODWH DW |& ITRU PLWKMWIIBYOW R BTHIUG HQ
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%($0 :5,7,1%

l@= -9AL@ KQKL=E MLADAREAFR @H HINFGRGER- 6BF-WBMEHKXx >JGE GF= HO9LL=JF=< 9J
F=PL KCAHHAF? BANAJ=IPH<FGEEIK /@AK E=L@G< G> FGL NAKALAF? =N=JQ HGAFL
K;9F 9HHJG9; @ >9KL=J L@9F J9KL=J K;9F >GJ KH9JK= KOLRE CUFFKHICATGVFIKM:OLIOD
KL9LAGF9JQ OC@ADAK @=>D=;L=< GN=J L@= 90=WB9EB; 9P NPHEK-AGFK E9Q AF>DM
OJALAF? 9;WIR ;> L@= -9AEBMAOPKLAGF KQKL=E K9EHD=K O0=J= MKM9DDQ DG9<=

DAL@G?J9H@Q AF GJ<=J LG =DAEAF9L= L@AK AKKM=

*MJ OJAL= KLJ9L=?Q ;GFKAKLK LG <ANA<= L@= =FLAJ= K9EHD= AFLG OJAL= >A=]
9JGMF< ME @GO-D9IP= OJALAF? >A=D<K L@= HJ=;AKAGFKAB=DIIG=9=D@AF?>GJ
OAL@ KM:EA;JGF ;GFL9;L >=9LMJ=K 9 KE9DD OJALAF? 9F=-9GCGAK I<AKADAL @ G? @&
HI=; AKGEAFL@ AK J@KIGF l$@ = OJAG= >MEDX KME= K E=FLAGF=< (=>IG@98H=6MJ ;JG}
9DA?FE=FL E9JCK 9J= HJ=K=FL AF =9;@ OJAL= >A=D< >L=J L@= OJALAF? G> GF

F=PL OJAL= >A=D< =L; >A?MJ=

a)

Figwi=2.5 a9 C BRHIIAKGE betlOssrt r BKisr)adkk v BIsK BT b) th@ e=betif | KskDstHl a0, raEec e

eTRIAF skiice wiiAes B byQudife sy th@ et | KbIRGK a9 cGIKAD tGTIE@- pktilsrit deHat

1GJ KE9DD :=9E <AKHD9;=E=FLK O= @9N= LG ;9DA:J9L= L@= 9EGMFL G> :=9E <=:
>A=D< MKAF? L@= 9DA?REIFLK?RI9ICGK ;9@A: AKX AG@F L@EBHEBEEARLT® = AFL=J>=JGE=L

LG <JAN= L@= KL9?= LG L@= ;=FL=J G> GF= OJAL= >A=D< L@=F L@= ;GEHML=J
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WKH IRXU FURVVHY 7KH UHVXOWIR ZKPWJHRPS YWKHUSWKLYNRQWKH RULJLQDO
LPDIJH ZH FRUUHFW WKH GLIITHUHQFH EHWZHHQ ZKHUH WKHLEHHRP GWYXEQWVLXH :
UHSHDW WKH VDPH VWHS IRU W HKMKAR R B8 XFWHRY ZH O G RVMHLW VR/GW WKH GDWD LQ
FRUUHFWLRQ IRU WKH EHDP GHIOHFWLRQ ,Q RUGHIWHOR ZDKWAK DLVG RYWH® @l
QHHGHW LV QHFHVVDU\ WR ZULIWHORGYW B\ V&HWHW D@1 AIHGNHD M ZBH YW WR HDFK
DFFXUDWH VWLWFKLQJ WKH VDPSOH VWDJH LW RWRQV @I BERBIRD FF R P B/IX@DW

JXLGHG E\ WKHVGIDVHHWR P H W

7ZR VWHS HOHFWURQ@ EHDP OLWKRJUDSKI

)RU DSSOLFDWLRQV LQ ZKLFK WZR GLIIHUHQW PHWDOOL]DWLRQV DUH UHTXLU
EHDP OLWKRJUDSK\ 7KLV ZDV IRU LQ VEADD/GIRH MWK WD R M R UR QI BEGKR. BIMU VR K R LG

FRQWDFWWIRQQZ RRIQZHUH UHTXLUHG ,Q BWMBIPY ZRDWH QUK HP MW DRIO LDDWLRQ [
UHSHDWHG WZLFH )LIMUBDQRAKRIIHDVEUXFWXUH ZKHUH WKS$HKDKCLIORI WHKH R W ¥
KDOI| WYS$7KH DQGWSSH VLGHV KDYH EHHQ UHFRJQL]HG E\ 6(0 REVHUYDWLRQ V
QDQRZLUH \LHOGLQJ D \@\IH M WGHH) GREUWHKW BKID QLB ® WIKHVWUHFRJIJQLWLRQ SUR

LQ RUGHU WR DFKLHYH RKRLBEFRQWDFWY RQ HDFK

JLIXUHVKRZA (0 LPDJH RRQRDDS1I VLQJOH QDQRELNWH RF Q'MW E MWRPI H
OLWKRJUD SO\ 7L $X LV GHSRYEWHEHILRWKHHQORWISH KIVOHRRW K H HSG

1L $X EURZQ
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C/LIHI#)&" (J&)(*$!

7KH PHWDOOW®KWLURBULEFDWLRQ VWHS LQ ZKLFK HOHFENUGHBRW RWBRWIRGQ QH |
PHWDOKHUH DUH VHYHUDO PHWKRGYV Rl PHWDOOL]DRDLURMHWUERR D8 XWRKHHUIPLOC
HOHFWURQ EHDP HYDSRBEBWR RIQ D:3HR X D MGMHER GWYKWLIYVPDEH B P HZEWHKRI KLIJK HQHL
RI NHHWRSRODDWH) OO VSRW RI D VRXUFH PDWHULDO LQ WKH FUXFLEOH ,Q
LQVLGH WKH HYDSRUDWLRQ RKDPERWUWV$WERMXWY ORZ SUHVVXKH I WKKHH PHD (
HYDSRUDWHG DWRPV LV Rl WKH VDPH RUGHU RI PDJQLWXGH DV WKH YDEXXP
LQ VWUDLJKW OLQHV IURP WKH AKRX GRHS RWR WALIR) LXEGWUBRWHLRQDO LQ RS
WHFKQLTXH ZKHUH ®YARBQIRUPDOREWDLQHG 7KH GLUHFWLRQDO ®HISRVLWLF

SURFHVV ZKLFK LV RQH RI WKH PRWHDPPWLYRIBRBEDWKRQFKRLWKLRI ZRUN

%H IRUHPWMKBIDS RV LAWL R QH LWX S O DRVPHID MR UHPRYH WHIWWGEBQHDWK WKH FRQ!
7KH FKRLFH Rl WKH GHSRVLWHG PHWDOV LV LPSRWNSIWDIR @ DAKRZEXROMW D F\
PHWDOWRPHWLPHNGQ WKH OMNRHUDUWWPXBKPLF6 FRRIMWIOFWE& HW DO WKH+RZHYF
RSWLPL]DRHKRIF FIRGWDFRMWHG RQ WKLQ ILOPV KDV RRK@RWYQ FWK D WV B X WK R H
DFKLHYHG E\ HPSOR\LQJ D 7L $0 7L $X PHWDOOL]DWLRQ ,Q WKLV FDVH 7L
UHVLVWLYH FRQWDFW WR *D1 DV ZHOO DV D VWLFN SODWIRUP IRU WKH UHVYV
LQWHUIDFH OD\HU 7L1 KDV D ORZHU ZRUN IXQFWLRQ H9 WKDQ 7L $OVR
JHQHUDWHYV [5KILWURQWQOD\HU QHDU WKH 7L *D1 LQWHUIDFH 7KLV SKHQRPH
KLJKGBRGHG DQG LPSWRYBNOWRSB HIIHFW RQ WX® 7V WKIHLOMWALDODEHWK WKH F
IXQFWLRQNXEM KDQ ZKLFK LPSURYHV WK H$ AR-OARDEWOWDK N U VRN D7Q FFOB\YL Y KH UR
OD\HU LQ RUGHU WR DQRLBOLM WH. GHDIR @D WK H LHX XOMHME W R BR QR Z®&I\W H

PHWDOOL]DWLRQ VFKHPH DOORZV DFKLHYLQJ FRRRVDG®V UHVEPWRYLW\ DV

GRSLQJ FRQFHQWUDWPRXQGRI [ UHVSHFWLYHO\ :DQJDHWGIRY HW DO

"LIILFXOWLHV LQUIHKUWWWDQFHORKPLWFERHQWIFIMVHL@XH WR WKH SRRU FDUULHU
WKH DEVHQFH RI VXLWDEOH PHWDOV ZLWK D KRIKHU R UWPN WODFWERQRW K R QL
DOWHUDWLYH VROXWLRQ WR RYHUFRPH WKLV LVIVKMH DRVWWLDOQ QI KWHHLNV DVWLYL'

WKHUPDO DQQHDOLQJ DYPEILRIQNW XWQIGHHU L2 GLIIXVH WR WKH FREWOEWLQYUUQFWN
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FRQWDFW VWUXEWXUKBXRI7TKH R[\JHQ DWRPV LQFRUSRUDWRXBGXKY IO RQHDO
DWRPV SURGXFLQJ *D YDFDQFLHV EHORZ WKH FRQWDFW 7MW D WH HJ KDH\R QK F
LQFUHDVHY DQG WKH VXUIDFH )HUPLOBWNECR P RXKHV* IV ¥ DWAOH) AQ HOHIDGLQJ WR L

LERQWDFW U+HD\QVWLYXLWLP /HH

CLIKI@ (S

7KH GLIVBURBHRRWHRH H[FHVWVRHWB® DO ILOP RQ WKH 300$ UHVLVW LV GHWD
ZKHEHV300BY GLVVIRDDPHEWRQH $ WKLFN OD\HRD @ | OGHDSR WRV BG | RHRWIOW LHV L
SURFHVV E\ IRUPLQJ D FRQWLQXRXV PHWDO OD\HU D PUHRWRMOMAND B WY VEKRXIDG [
OHWKDQ DERKIWWKH UHVLVW WKLFNQHBSVRER DY RLE PKEENVWKDW DOO WKH H[F
OLIWHGWKH FKLS FDQ @B HWR QW LIRSOWOLHF® KKALWVFKRVPARBHEH GRQH ZKLOH WKH VDI
RWKHUZLVH WKH H[FHVV PHWDO ZLOO VWLFN WR WKH FKLS DQG ZRRIIW FRPH |
WKH FKLS FDQ EHFWRIR(HG | RQVIDPRQ JUHIQW K GD  VRUERWH L @ ODMU D VR BD MXW LR Q

+RZHYHU ZLWK QDQRZLUHV DOUHDG\ SUHVHQW RQ WKH FKLS ZHRXIWVRDOO\ D'

H[FHVV PHWDO LV FRPSOHIW@ EHB/KHWDSURS\O DOFRKROQDW G REIGIRNZHDXGQU\ ZLWK

JLIXUH6(0 LPDJHV RI QDQRZLUHY DIWHU WKH ZKROHRWMWMPDKWRO R J

DORQJQBQOPQRZLUH E 'RXDOH QRIFOMHWIDFIWQPM@ R Z L U H

42



1,0,5 ! % %

IGJ 9 ?GG< H=J>GJE9F;= G> H®@GLG<=L=;LGJK 9F< DA?@L =EALL=JK AL AK F=;=

L@= J HDO9KE9 EBKAFBF2L@= E=L9D ;GFLY9;LK @H=L"®@F PFOOOQRI=K FKGEDPD AGA E A

OAL@GML 9FQ @A?@ L=EH=J9LMJ= 9FF=9DAF? KL=H *;;9KAGF9DDQ O= MK=< L@:

SMIL@=J U@<EWI=9;L J=KAKLANALQ /@= 9FF=9DAF? KL=H AGJI<AF=D>/@AJ MEG&SFMA-LK
V AF 9F 9@@GFIG?=F ?9K 9LEGKH@=J= !GJ9)AIRM=-GPAFNRKIMGIAF? @ EAF

:==F MK=<

606 n % _ 1 #"

2@=F ;GFL9;LAF? F9FGOAJ= OAL@ <A9E=L=JK D9J7?=J L@9F L@ =9HH+-RA,PAOFE=LID
<M= LG L@= <AJ=;LAGF9DALQ G> L@= E=L9D <=HGKALAGF ;9F LJ9FKD9L= AFLG 9

K@GOF AF 'A?MJ= 9

Figw2.8 a9 adkk b) sKEEO a9 SEN (&8 Ps oGaInB G- wik@0dd@E stler)a® @GN 3001HR crBRtESs ek

byQa9sk &k pii; sl sSKEROAD @ | IFHMAT; & 0GsK@KEO effss

IGJ FIFGOAJ=K OAL@ <A9E=L=JK 9:GN= FE N=JQ L@A;C E=L9D D9Q=J AK J=IM
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I @AK AK AF;GFN=FA=FL KAF;= GF L@= GF= @9F< HJG;=KKAF? :=;GE=K EGJ= =P|
L@A;C=PE J=KAKL D9Q=J)L@GEMBAFIIGIK=] LG =DAEAF9L= L@=K= K@GJL;GEAF?K
HD9F9JARI9LAGKE BI@AFKNK= 9 HI9IJLA9O>=D UK MDAPEA-GE] FIFGOAJ=KOMAFA J@<A=D=;L
HIGNA<=K 9 KMHHGJL >GJ L@= E=L9D ;GFL9;LK 9K <9 =<FAEWI=KIA@ £ H=URNAD D G PEA
#Q<JG?=F .ADK=KIMAGP9F= #., =, 9MK=>DDAEK BPO9FRBBROLAGHF HJIGH=JLA=K
HJAF;AHD=K G> L@= HD9F9JAR9LAGF 9F< ;GFL9;LAF? HJG;=KK 9J= ADDMKLJ9L=<
:=DGO

9 )9FGOAJ=K 9J= LIBGKE=HI=KIGPL= :Q O=L E=L@G< : #., AK L@=F KHMF ;GN-=.

AL@3®B3 O=L =L;@AF? AK MK=< LG MF;GN=J L@= MHH=J H9QJLK G> L@= OAJ=K

=:=9E DAL@G?J9H@Q

I ' 50< # ) o+, % &" $ '1-)1%S$ &% ((O

/@AW IJA;9LAGF@HIIG ;=KK <=N=DOHZ=< O0B/I=K ?IJGOF :Q (*OALIBFWLKAIM=IN=J9?=
G> ME /@=K@INAJARAKE=L=QANMIIGE L@= :GLLGE LG L@= LGH 9KOaK&EBOE=AEJ>A?M.

IL LO=AKGHXxL@= GJ<=J G> FE O@QAD= L@= w:GLLGEx AK 9:GML FE
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Figwe= 2.10 SEN! iBRPs o&a9 MO CUD-IGOF CH) wirs diagtraiek a9 SiM2 skbkitils byQweHL
trigtads) nkstl@sk Difketlsn) cl@tgsK alihy th@ Wik, th@ bade dilietsd K sked b ti@t thes tdgH

@Fe b biaGl@e9d ad G 3001HR.

1,1,0 "1 % ! %# S '#H % !

/@= HD9F9JARI9LAGF HIGNKKE2?IA@ ® A& HE®+. =JA9D :Q KHAF ;G9LAF? #., AK E9A
9K 9 KBRFAFL=JD9Q=J <A=D=;LJA; AF L@= >9:5AEHDNGF=G>9BFL=?J9lE=< GAPIMALK
HIJAEGJ<A9D HJGH=JLA=K L@9L E9C= AL 9 KMAL9:D= 9DL=JF9LIAKADAGGFHDI9F9
KM:KLJ9L=K KL9:ADALQ 9L @A?@ L=EH=J9LMJ=K 9F< =L;@ J=KAKLANALQ #., AK
i GN=J9?E@G>KMP AR MI= L@= L@A;CF=KK G> L@= >ADE L=F<K LG := L@AFF=J GF

L@9J= KM:KE¥o1MI = AFK=L
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Fi@ME 2.11. SEN [BOPs sKEBOAD 29 vl 298] (i@ SKIMEAD PHIGEHK TI@ [RIGHL CIGRNEK tig

G s 0B I@: PHBTOIARSILAGE NESE1AI DIIGNFE a9k URHTIGH I@: nEAKE: oGHI@: WOl

L@=JE9D LJ=9LE=FL AK F=;=KK9JQ LG LJ9FK>GJE L@= #., ;@=EA;9DGKEHGKALA
LG L@SKA*G@= L@=JE9D=BdK ;ARK=B< LG 9 <AKKGGAIKABHF<GI=AN =K 9 J=9JIJ9F?=E
9F< >GJE9LAGKB*K.AMJI9FK>GJE9LAGF ;9F 9DKG := 9;@A=N=< :Q 9 HD9KE9 LJ=9LE
@Q<JG?=F L@JIGM?@ @=9LAF? J=9;RAGCHK ICKI ADK}KAKS A<M |E<=PBE< KMJ>9;= ;J9;CK
9HH=9J /@=U@=G3=>=;L G> N9JAGMK 9FF=9DAF? ;GF<ALAGFK O9K =PHDGJ=< k
#., 13 9L JHE ?ANAF? 9 FGEAF9D L@A;CF=KK G>9:DEEKNMEE€ LI RFIORKEHD ="

JKMDLK >GJ L@AK K=JA=K G> K9EHD=K

TerhptwigiMe  ArkbisvREL RIBKED tikBiReriL Ay Th@Hs SuMiF; & skdier
250 Al * #GL HDO9L= .MJ>9;= ;J9;
400 ) * IM:= @J .MJ>9;=;39;
400 ) )G F= IM:= @13 )G ;J9;CK
600 ) )G F= IM:= @3 )G ;J9;CK
700 ) )G F= IM:= @J )G ;J9;CK

T@hle2.1 RedNBK oG @ difberdsitl a9hte=t kg crBRHAABRK oG HE Q aliisrdsitHA cEaify.

46



JRU WKH ILUVW VDR® OHKB@/QHODWEB IRU PLQXWHV VHYHUDO FUDENV ZHUH II
ORUHRYHU +64 ZDV ®IPHWRROQYM GZKQFK LQGLFDW HXDVWDKRDW WX KIH F & @WD WIRQ U H
FRPSOHWH K\GURJHQ GLVVRFLDWLRQ 7KLV LVVXH LV WKXFtBO LL\Q WHHRHR YGHHOY LEF
DFHWRQH WKH ZKROH VXSSRUW HR/W WHRXH GEKBWDLAW VR ZIL © O REHH VDVQ Q H DSSHWQIR U P |
H[SHULPIHRWVIXDUW] IXUQDFH XQGHU FRQWLQXRXV QLWURJHQ IORERU VFFP
RQH KRXU 7KH VDPSOH WKDW ZDV ILUVWO\ W U H DR HW K ZL WX U RIDXIHEQ WSIORW ALV S
LV SRVVLEOH WR REWDLQ ILOPV ZLWKRXW P G\O®XB D MHU IF D WPN Q RU P WIDRQ |
DQQHDOLQJ +RZHYHU WKH VDPSOH DQQHDOHG DW 7|R BPKLWYIR CGURED BPR &R

FUDFRNHH +64 ODMHRISOKH/ KRXOG EH DI@RBHDOH&E AWKRXW SODVPD WUHDWPHQW

C/CIC13=M)-8($?

(WFKLQJ RI D FRQWUROOHG DPRXQW RI +64 LV UHTXLUH/®& N RWREX BHISW KV K K RA
EH FDUHIXOO\ FRQWUBRQW&HWRQABYRNOGOLFRQ VXEVWUDWH :H WKLQQHG GRZ:

UHDFWLYH LRQ HWFWK®DO GRZRQGGE WU R QV

*DV &) VFFP
BUHVVXUH P7RUU
‘& ELDV 9

3RZHU
TKH64HWBRO WHRXIKO\ QP PLQXWH )LJXUH YKRZWKHE MDHP SOWMHBRWHWPLQXYV

LPDJH VKRZV WKDW WKH +64 FRYHULQJ WKH XSSHU SDUW RI WKH ZLUH KDV Gl

JRRG KRPRJHQHLW\ 1R FUDFNLQJ HIIHFWV DUH LQWURGXFHG E\ WKH 5,( HWFk
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Fi@ME2.12 SEN AP 0Ga0skEsIB: vhi: agisr) dx

M= LG L@= GHLA;9D 9:KGJHLAGF G> #., AF L@= 01 L@= BEG=F3KNGF=BGAJFAPGOA
>GJ >MJL@=J KLM<A=K >GJ =P9EHD= >GJ HOGLGPMEAREKEBLK =>63FED=;LIGDME
EAFAEARQ >AF9D =L; @AFGNAIFHL ©0%Q=J 9JGMF< L@= F9FGOAJ= =P;=HL >GJ L@=

yGFL9; LK

FIQME2.13 298 b, HEQ D@ s0IGMFK (1@ wi (K r&EGNE hQRIE pHGeHK THe HEQ r&EUmAD

UINMFekerI @ CGREDS K 29, 1K A9K SHVHHGILFoB) @ nEsts DKAK
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6(0 LPDJHV VKRZ WKH UHVXOW ®UW HW FKHHQ@XW HOF KY ¥ B RRMEKWS KR D Q G\
VKRZ QRQGHVLUD HOWKSRKBVWERVLWHGXRIHWWHULB @ KRZV6WRDW HUKXB/AWLOO SUHVH(

XQGHU WKWHWRHWBWMWDY D VXSSRUW KROGLQJ WKH ZLUH DQG WKH FRQWDFWYV

#

["SH@%A.*)%3*' &#'B#%.. % 7#&%&'-* . ##,+D*) +(

ORVW RIQWERZLUH GGHPREWWUDWLRQV UHSR UWDNWHG OLL® LWKIHG GLRV WU Q WXHW HQ D QR 2
+RZHYHU WKH GHYLFHODQUWHDBRGRENDRG DUH LPSRUWDQW LVVXHV WKDW (
YLHZ RHDO ZROUBGB®LFDWLRQV RI QBYRZYG®HVEHREREBY WKH IDEULFDWLRQ RI P
QDQRZ&EHMWMLFHY HPSOR\V HOHFWURXY BHBR RFIHNWRKRLDBKKLY PHW KRGHLB QIG
SRZHUIXO IRU WKH;HPRQL\FWI WD WQ/BRR ZEVIWRWWEIOH DQG H[SHQVLYH IRU WKH IDE
VHWWRQERZLUH GHYLFHV 2WKHU FRQWDFWLQJ WHFKQLTXHYV FIQDGAKE DW WMWK W RS L
FLUFXPYHQW WKLV LVVXH

JRU RSWLFDO GHYLFHV WKH DFWLYH YROXPH UHTXLUHG IRU HIILFLHQW OLJK)
EH DFKLHYHG ZLWK D WLQJWOWKHIUQ RRUBHGHVLUDEOH WR GHYBERSSWHR FKQWRIORI

RI D ODUJH QXPEHU RKHQ DIEFRZLADHVL R Q QFDIQRQWMRIEFHY S GHWVIHQWEWQLFD O

FKDOOHQJHV )RU HI[DPSOH WKH FRQWDFWLQJ SURFHGXUH LV YHU\ GLIITHUHQYV

,Q WXRUN ZH GHYHORSHG D IDEULFDWLR® BSWRFHWDY HOQVRIPIED®HIRU FRQRZLUH
DUFKLWHFWXUE\V WK WWKBPDWLF LV VKRZQ7KB SIWRKAHVY EHJLQYUREZRP WKH
QDQRZLUHV RQ WKHLU JURZWK VXEVWUDWH 7KH V SFD@ 8 DBHW ZHE4Q B\DQRIZQ L
FRDWLQJ WHFKQLTXH 7KH H[FHVV RGEU6HWVKULBOBRWRCGHEBR&H WKH QDQRZL
VDPH &KHPLVWU\ LV VXLWDEOH WR HWFK GRZQ LQWR WKH 6L VXEVWUDWH Z
7KH WRS PHVD VXUIDZEMVKY FROPHRHDB FRQGXFWLYH LQGLXP WLQ R[LGH ,72 OTL
WLSV )LQDOO\ 7L QP $X QP PHWDOOL]DWLRQ LV GHSRVLWHG RQ WK

OHDYLQJ WKH FHQWUDO SDUW RI WKXH PHVD RSHQ IRU RSWLFDO DFFHV
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$F L@= >GDDGOAF? O= <=K;JA:= =9;@ KL=H AF EGJ= <=L9AD

SR b B nEiGO Al b rdARiAGH phHi; ek

Figwe2.14 skl@vRe oBti@ et

1,2,0 "$& NUBIHE %N !

/l@= E9AF A<=9 G> F9FGOAJ= =FK=E:D= HJG;=KKAF? ;G AQROFAGFOLAICKFPI£@ =

?JGOF 9K 9 J=9J =D=;LJG<= 9F< L@=LGH G> L@= )2K 9K L@= >JGFL =A0F=;LJG<= {
H9J9DD=D K@BNMKLAZF;BMRAGA<=< O@A;@ E9C=K F=;=KKXMD 2 @A+ H EX=RA90>>A8D MA
?9HK =LAxaFOFGOAJ=K *F= G> L@= EGKL KLM<A=< >ADDAF? KLJ9L=?A=K AK :9
E9L=JA9DK K <AK;MKK=< HIJ=NAGMKDRISNAK<=KALGHF, =DD=FL <A=BPKMJIFK HIGH=J
?GG< E=;@9FA;9D KL9:ADALQ BB&;=RKDOEK KIMHKD KMGEB®LIKL =<DHGKAIODGF 9F< O,

:GF<AF? /@= F9FGOAJ= 9JJ9Q AK L@MK =E:=<<=< AF #., :Q KHAF ;G9LAF? 9L
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WKLFNQHVYV RI WKH GHSRVLWHG OD\HPXILLW HDE RXW 0 % PJ U RAARKH BMZDMWEGD W\SLF

OHQJWK RI DERXW wP $Q H[DPSOHVKIRZEA IHD FIDDXWXHODWLRQ LV

$IWHU WKH HQFDSVXODWLRQ +64 ZPWL® DQW KRHIPAHGOQMENGRHRBDE QRDO FRQGL

HVWDEQQVKHBEWLRK XQGHLDWIP RVISIKWMU r &

JLIXUH +64 HQFDSVXODWLRQ RI QDQRZLUHV 7KH LQVHW VKR

EHIRUH WKH +64 VSLQ FRDWLQJ GHSRVLWLRAQ

C/F/CIO0AIA)-8($?!

(WFKLQJ LV UNHPIRYHHCH WIROOLQJ PDWHULDO GRIZQRWYWRQWRKBIGWR SWRI DWFKH H Y H
PHWDOOLF MRQW FOWDRD ILRP D E WRD®,(WKHWHKLQXR)ZUWWXFFHVVIXOO\
XQFRYHUHG W KB DR IRKHW R O W HRUHMDRARLEFHK FDKVH P LIEBPK D QLFD O KSIRYOH. \EKHLH)QY

SURSRVHG KR ZHQHW WEKGN UHVXOW LQ GHODPLQDWLRQ DQG VXUIDFH FUDFNLC
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JLIXUH | WLOWHDG VHOW RIIHD.-V"WLYH LRQ HWFKLQJ

C/F/F118%)*()8*?%&E82!

2SWLFDO OLWKRJUDSK\ LV EDVLFED @KIDFEKRWRJIKW SKHEVEWRFHVSRO\PHU FD(
H[SRVHG DQG GHYHORSHGHOR ULRYQPWWHBHHI LPDJHV RQ WKH VXEVWUDWH ,Q
LPDJH KDV WKH H[DFWQWKHD@EHREI S\DKMHWHUQ LQ WKH SODQH RI WKH VXEVWUDW
ELQDU\ SDUWV RI WKH VXEVWUDWH DUKN BSRYNMUWM 6 UH W R PBHVHW M/O ¥ KLQOAR YR

VKRZWKH SURFHVV IORZ IRU D SKRWROLWKRJUDSK\ SURFHVYV

7KHDWPSOH L¥RBWRAG ZLWK SKBRRMRUBEBDNWWRQ D KRW SODWH LV XVHG WR HQV)>
WKH VDPSOH 7KH VDPS@BH UDH[BRWVYRQ WR QHFHVVDU\ DQ DOLJQPHQW VYV
H[SRVXUH D ,Q WKH FDVH RI SRVLWLYH UHVLVW WKH VDPSOH LV GHYHORS
WKDW ZHUH H[SRVXUH LV UHPRYHG E )RU LPDJIJHQGH HORRG UBIHYRVWWYWH [P D/NH

UHVLVW QHJDWLYH F $IWHYW HYHOIRK IDQUN DA E [ SBIM A B LIQY
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IR )
I - N

Sample 1. Coat with resist 2. Soft bake

3. Mask alignment + UV exposure

Image reversal resist
Positive resist\g %

ﬂ@ﬂ
y

4a. Development 4b. Second bake + flood exposure

v

4c. Development I

JLIKU SKRWROLWKRJUDSK\ SURFHVYV

7KH VDPSOH LV ILUVW FRYHUHG ZLWK D SKRWRUHVLWG RXWSHQ RREOWR U 7K}
WKH DGKHVLRQ RI WKH UHVLVRDNHR WKKH S/KOFP\VE R H HIV Q & WW R FCQAM.Q'W IDYZHD \WMRK 89 O
VROYHQW 7KH VDPSOH LV WKHQ H[SRVHG WR 8WKDW LDWVOICR QURIGXXR KJIW KDH SID |
RQ WHKHH/LV¥WH FKHPLFDO SURSHUWLHYV RI WKH UHVLVW UHJLRQV VWUXFN E\ UD

RQ WKHWWWHLVW
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SKRWRUHVLVWY FDQ EH GLYLGHG LQ SRVLWLYH DQG QHJDWLYH )RU SRVLWL"
WKH XQGRDWHQUDO KDV WR EH UHPRYHG ,Q WKLV FDVH 89 OLJKW FKDQJHV
WKDW LW EHFRPHVY VROXEOH DQG FDQ EH WKHQ UHPRYHG DZD\ E\ WKH GHY}
FRYHUHG ZLWK XQH[SRVHG UHVURW HWERLEH IBRWHFSWODWDWLRQ RU RW

PHFKDQLVP

1HIJDWLYH UHVLVWY EHKDYH LQ MXVW WKH RSSRVLWH ZD\ ([SRVXUH WR WKH
SRO\PHUL]HG DQG PRUH GLIILFXOW WR GLVWROMPDLIZEW RQ RWUKH WXU I QFH YW E

H[SRVHG DQG WKH GHYHORSHU VROXWLRQ UHPRYHVY RQO\ WKH XQH[SRVHG SF

W VKRXOG EH QRWHG WKDW WKH UHVXOWLQJ SURILOH LV GLIIHUHQW IRU
SKRWRUHVLVW WWHKHYBEGWADHOWOY/ IRUP DQ DQJOH ODUJHU WKDQ r ZLWK WKH
WKLY DQJOH LV OHVV WKDQ r WKDW LV WKHUH LV D RYHUKDQJ 7KLV VSHFLI

WKHROLISWMRFHVV THKBDWLRMMWWHDUH XVHG ZKHQ D FIRVGHUIL BNGG BWISRWEW LR Q

$ WKLUG FODVV RI SKRWVHRVHE DWHWSKRBBHWHNVQWW D ODUJH IOH[LELOLW\ VLQFH
SRVLWLYH DV ZHOO DV D QHJDWLYH UHWKHMWQ D®RRZE B B WHIAMA FGEEFOSRW LZH. K@ YRA
UHYHUVLEGM UBUXYWUDWHG LQ ILIJXUH ZKHQ D UHYHUVDDQNRMOKHWHGIRD |
WKH GHYHQRWKUV ZRUN FRPPHUFLDO SKRWRUHVLVWYVY IURP 6KVNBHGHDWLFURSE

SRVLWLYH UHVLVW ZKLOH $= LV XVHG DV UHYHUVDO UHVLVW

OHVD GHILQLWLRQ

JLUVWGHHQH HWWKAHG\EL]RYVD HWFKHQUDPS/GHQWVRDWHG ZLWPBR VS UKBPVW
GXULQJ VHFRIQBERMIWEDNH RI RQH PLRXWH MDFRPOUKWUHGH[SRVHG WR 89 OLJ}t
VHFRXEFVYQJ 6XVV 0-% PDD/NGD®HYEBBSHG GXULQJ V HEIRYGB W LI 5K R W:R

PDVN ZLWK PXOWLWNVSORIPPHWP WLIRH XP ILJXUH D

$IWHU SKRWRO IQVB KR HWDFKK \S URFFIHUAIR X WV L @) FKHPLWVZWWK WKH VDPH SDUDPH!
GHVFULEHG LQ VHRWLRWFKLQJ LV GRQH GRZQ LQWR WKH 6L VXEVWUDWH DQC
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QDQRZLUHV RXWVLGH WKH PHVDV )LJXUH E

JLIXUH "HIDQLWLRQERISRRWROLWKRJIJUDSK\ WKH UHVLVW SURWH
5, ( HWFKLQJ E 7KH PHVD HWFIOIO@QIREVWUWRUNRHABG EN &NKH +64 D

UHPRYLQJ WKH QDQRZLUHYVY RXWVLGH WKH PHVDYV

CIF/HI0$+(,GIP($IQR(+#I+#E*A() (*$

‘H SHUIRUPHG D VHFRQG SKRWROLWKR I MEKS ¥ RO\S DLEDY RABGHUHWKRD P S O H

ZDV VSXQ LQ $= DW USP WKHQ EDINWG GXULQJRBGRIUSMERNKRUW FLUF
DOLJQPHQW EHWZHHQ WKH PHVDV DQG WKH GHVLUHG ,72D0DLQUEPXWE ERIUGRE
PLQXWHV DWR FDQJH UHVLVW SURSHUWLHV DQG D IORRG H[SRVXUH GXULQ

$= .+ 2 DVHIORSHU VROXWLRQ GXULQJ VHFRQGYV

7TUDQVSDUHQW FRQGXFWLYH HOHFWURGHVIDOPHVIRPGHRU W B QR FHRW SIBAQIHKWWV V R
HPLWWLQJ.CRRGHDYO DQG RWKHU RSWRHO&EKWHWQLGV EHK IDAH G LASAXOHDWV D O
$PRQJ WKHP LQGLXP WLQ R[LGH ZIBHIOX RDWERILWE&W BRMWVR LWV KLJIK

DQWUDQVSDQH®EMLVLEOH UDQJH

TKHU\VOLDYW UXFWXUH WLQ GRSLQUWOARYHR! DIQGIIFKRPSRBURGXFHG E\ GLIIHUH
55



VLIQLILFDQWO\ 5HVLVWLYLW\ WUDQVPLWWDQFH DQG FDUULHU FRQFHQWUD\
ORULNDZD .DPHL ,72 ILOPV DUH SUHSDUHG XXE®JDFLWHKUHUMH® OP H WKRREU
VSUD\ S\URO\VLVY PDIJQHWURQ VSXWWHULQJ VRO JHO ,Q RXWKHWVH2ZHOPAMG |
7KLV WHFKQNVKAKKRGHSRVLWLBQULMVHL®RYK JRRG DGKHVLRQ RI ILR® DQG H

ODUJBHD VXEVWUDWHV

JLIXUH 6(0 LPDJH RI D VDPSOH DIWHU ,72 GHSRVLWLR

,Q RUGHU WWKHHBHORMWMHLFDO SURSHUWLHV RI , 2\ SZW REH SINTWIMEI B RY BB W K H
QDQRAMUSYV ,72 OD\HU RQ OLPH JODVV E\ 5) VSXWWHULQHUX®QGHU: DU DURARRV S |
WHPSHUDWXUH 6LQFH WKH ,72 ILOPV DUH FRPSRVHG RI VPDOO FU\WWDO JUDL
WKDW PD\ EHKDYH DNORMBUWINNBUVHNRUOW LG OMDKIHH\KILMWDLQ@QFH RI WKH ILOPV $Q
H[SHFGWWR KDYH LPSRUWDQW LPSDFW RQ WKH LPSURYHPHQW RI FU\WVWDOOL]
(QHU\ 9P < ;X VKRZHG WKDW ZKHQ WHPSHUDWXUH LV OHVV WKDQ
QHJOLJLEOH :H SHUIRUPHG UDSLG DQQHDOLQJ DRUWP RLSKHIHQ W XWHO $HE R W X
JURP IBRUQW PHDVXUHV ZH IRXQG WKDW UHVLVWEPLW\UGHM FUHHDSHHIMD WHRPH R |

WR D YDOXH RIFP DW ‘R WKHUHIRUH XVH r& DQQHDOLQJ IRU QLWULGH ED\
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