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Global electricity usage has been increasing exponentially over the last 40 years and with the current
pace of population and economic growth, the same trend will continue in the coming years. However,
the current electricity generation is predominantly fossil fuels based, which makes the overall process
unsustainable and polluting, and is contributing directly to the menace of global warming. The need of
the hour is to transition to renewable and sustainable sources of electricity generation such as solar,
wind, etc.

However, the major bottleneck in the large-scale implementation of renewable energy sources (RESS)
is the intermittent availability and their integration into existing AC grids as the RESs are predominantly
DC sources. In order to tackle the issue of intermittency various energy storage solutions are being
developed. Further, as a solution to the issue of integrating RESs into the current electricity distribution
system, DC distribution grids are being developed.

The DC distribution architecture is of two types, Unipolar and Bipolar distribution systems characterized
by the number of wires used for power transmission; 2 wires for unipolar and 3 wires for Bipolar. Out of
the two, Bipolar systems have inherent advantages of flexibility, stability, and efficiency over unipolar
systems.

Current thesis focuses on series connected switch configuration of voltage balancing converter for
bipolar DC power distribution systems.

For this thesis, various topologies of voltage balancers for bipolar dc distribution systems were studied
and a buck-boost based series connected switch voltage balancer topology was chosen for the final
design. For this topology, using MATLAB, the parameterization and optimization of magnetic compo-
nents of the converter were performed. The optimized configuration was then modeled and simulated
using LTSpice.

Post this, a comparison between different methods adopted to account for the unbalanced voltage
sharing across the series connected switch configuration of the balancing converter owing to the non-
linearities present in the circuit was done. Based on this study, the most prominent of the methods is
then integrated into the LTSpice model.
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DQG 'XW\ F\FOH

(TXLYDOHQW FLUFXLW ZLWK JDWH GHOD\LQ VZLWFK QV DW WXUC
(TXLYDOHQW FLUFXLW ZLWK JDWH GHOD\LQ VZLWFK QV WXUQ RI
$QDO\WLFDOO\FDOFXODWHG YROWDJH DFURVV VZLWFK DW WXUQ R
$QDO\WLFDOO\FDOFXODWHG YROWDJH DFURVV VZLWFK DW WXUQ R
9ROWDJH DFURVV VZLWFKHVY DQG DW WKH WXUQ RIl ,W FDQ EH VF
DFURVV VZLWFKHY UHGXFHV ZLWK DQ LQFUHDVH LQ FDSDFLWDQFH Y
FDSDFLWDQFH WKH GLVFKDUJH WLPHRIWKHFDSDFLWRULQFUHDVH
RI =96 DW WXUQ RQ

(TXLYDOHQW FLUFXLW EHIRUH WXUQLQJ RQ
$QDO\WLFDOO\FDOFXODWHG VQXEEHU ORVVHV YV /7VSLFH VLPXODYV
$QDO\WLFDOO\FDOFXODWHG VQXEEHU ORVVHV YV /7VSLFH VLPXODYV

\QFKURQRXV %XFN %RRVW YROWDJH EDODQFHU 7RSRORJ\

7RWDO VZLWFKLQJ ORVV YV )UHTXHQF\IRUVLQJOHDG@G VHULHV FRQ
LQGXFWDQFH YDOXH 7KHWRWDO VZLWFKLQJORVVIRUVLQJOHFRQC
WKDQ IRUVHULHVY FRQQHFWHG 026)(7 IRUDOO VZLWFKLQJIUHTXHQF
7JRWDO &RQYHUWHU ORVV YV DQCTEEHQW\QRU IRU & & &

DQG & PDWHULDO 7KHPLQLPXP FRQYHUWHU ORVV REWDLQHG IRU
JLIXUH> @ DQG )LIJXUH> DUHFRPSDUHGDQG LW FDQ EHVHHQ WK
WRWDO FRQYHUWHU ORVV LV REVHUYHG WR EH WKH PLQLPXP DW DO

Bosyon Y \Ws IRU026)(7 & O 31RUGLIIHUHQW WHPSHUDWXUHYV
6ZLWFKLQJ ORVV YV GUDLQ VRXUFH FXUUHQW IRU 026)(7 & 0 3
3HUIRUPDQFH IDFWRU SORW IRU GLIIHUHQW IHUULWH PDWHULDOV |
P:FP3> @



OMWX SJ S8EFI

9ROWDJH %DODQFHU '"HVLIJQ 6SHFLILFDWLRQ
'"HVFULSWLRQ RI026)(7 &DSDFLWDQFH
J)LQDO ,QGXFWRU GHVLJQ SDUDPHWHUYV

2SHUDWLQJ SDUDPHWHUV IRU WKH /7VSLFH VLPXODWLRQ

/76 SLFH VLPXODWLRQ UHVXOWY Rl SKDVH YROWDJH DQG FXUUHQW

EDODQFHU ZLWKRXW QRQ OLQHDULW\

/76 SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQ RIVZLWFK DQ

QHFWHG YROWDJH EDODQFHU ZLWKRXW QRQ OLQHDULW\

/7T6SLFHVLPXODWLRQUHVXOWVIRUVHULHY FRQQHFWHG YROWDJHE
ZLWK WROHUDQFH

/76 SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQ RIVZLWFK DQ

QHFWHG YROWDJH EDODQF§U Z L WA QVRKQWRLAHHDIUQ MH 5

/7T6SLFH VLPXODWLRQ UHVXOWYV IRUVHULHY FRQQHFWHG YROWDJH E

DVLWLF FDSDFLWDQFH S)

/7T6SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQ RIVZLWFK DQ

QHFWHG YROWDJH EDODQFHU ZLWK QRQ OLQHDULW\ 3DUDVLWLF FC

/76 SLFH VLPXODWLRQ UHVXOWYV IRUVHULHY FRQQHFWHG YROWDJH E

DVLWLF FDSDFLWDQFH  S)

/7T6SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQ RIVZLWFK DQ

QHFWHG YROWDJH EDODQFHU ZLWK QRQ OLQHDULW\ 3DUDVLWLF FC

/76 SLFHVLPXODWLRQUHVXOWV IRUVHULHY FRQQHFWHG YROWDJH E

GHOD\RI QVLQVZLWFK

/76 SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQ RIVZLWFK DQ

QHFWHG YROWDJH EDODQFHU ZLWK QRQ OLQHDULW\ *DWH GHOD\ R

6XPPDU\RIGLIIHUHQW PHWKRGV XVHG IRUYROWDJHEDODQFLQJDFLU
)(7 GHYLFHV

/76 SLFH VLPXODWLRQUHVXOWV IRUVHULHY FRQQHFWHG YROWDJH E
GHOD\RI QVLQVZLWFK ZLWK5& VQXEEHU

/76 SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQRIVZLWFK DQ
QHFWHG YROWDJHEDODQFHU ZLWK QRQ OLQHDULW\ *DWH GHOD\RI
/76 SLFH VLPXODWLRQUHVXOWV IRUVHULHVY FRQQHFWHG YROWDJHE
GHOD\RI QVLQVZLWFK ZLWK5& VQXEEHU ZLWK IUHTXHQF\ FKDQJ]
/76 SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQRIVZLWFK DQ
QHFWHG YROWDJHEDODQFHU ZLWK QRQ OLQHDULW\ *DWH GHOD\RI
/76 SLFH VLPXODWLRQUHVXOWV IRUVHULHVY FRQQHFWHG YROWDJHE
GHOD\RI QVLQVZLWFK ZLWK5& VQXEEHU

/76 SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQRIVZLWFK DQ
QHFWHG YROWDJHEDODQFHU ZLWK QRQ OLQHDULW\ *DWH GHOD\RI
/76 SLFH VLPXODWLRQUHVXOWV IRUVHULHY FRQQHFWHG YROWDJH E
GHOD\RI QVLQVZLWFK ZLWK5& VQXEEHU

/76 SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQRIVZLWFK DQ
QHFWHG YROWDJH EDODQFHU ZLWK QRQ OLQHDULW\ *DWH GHOD\ RI
EHU ZLWK IUHTXHQF\ N+]DQG 'XW\F\FOH

J)LQDO ,QGXFWRU GHVLJQ SDUDPHWHUV

\M



OMWX SJ 8EFPIW \MM

$ &RPSDULVRQ RIFRPSDWLEOH 026)(7VIRUVHULHY FRQQHFWHG FRQI
$ &RPSDULVRQ RIFRPSDWLEOH 026)(7VIRUVLQJOHFRQQHFWHG FRQI



2SQIRGPEXYYV

YFFVIZMEXMSRW

$EEUHYLDWLRQ '"HILQLWLRQ

$& $OWHUQDWLQJ &XUUHQW

$'& $QDORJWR 'LILWDO &RQYHUWHU

&2 &DUERQ 'LR[LGH

'& 'LUHFW &XUUHQW

'63 'LJLWDO 6LJQDO 3URFHVVLQJ

(9 (OHFWULF 9HKLFOHYV

/(' JLIKW (PLWWLQJ 'LRGH

12 1ILWURJHQ R[LGHV

5(6 5HQHZDEOH (QHUJ\ 6RXUFH

6 2 BXOSKXU 2[LGHV

026)(7 OHWDO 2[LGH 6HPLFRQGXFWRU )LHOG (IIHFW 7UDQV
5& 5HVLVWLYH &DSDFLWLYH

6(3,& 6LQJOH (QGHG 3ULPDU\ ,QGXFWDQFH &RQYHUWHU
6L& 6LOLFRQ &DUELGH

=96 =HUR 9ROWDJH 6ZLWFKLQJ

\MMM



-RXVSHYGXN

,Q WKLY FKDSWHU WKHLVVXH RI JOREDO ZDUPLQJDQG ERWWOHQHFENYV ZI
EULHIO\SUHVHQWHG IROORZHG E\WKHLQWURGXFWLRQRI'& GLVWULEXWL
/IDVWO\ WKHUHVHDUFK REMHFWLYHVDQG UHVHDUFK TXHVWLRQV DUH SU

JPIGXVMGMX] 2IIHISVWYWXEMREFMPMX]

(OHFWULFLW\ WRGD\LVDQLQWHJUDO SDUW RI RXU GDLO\OLIH ZLWK HOF
LQGLVSHQVDEOHLQ FDUU\LQJRXWRXU GDLO\DFWLYLWLHV )XUWKHU ZL!
WKHDGYHQW RIWKHGLJLWDO HFRQRP\ WKH JOREDO HOHFWWFLW\ GHPD

(OHFWULFLW\ LQ LWVHOI LV D FOHDQ VRXUFH RI HQHUJ\ KRZHYHU WKH
SULPDULO\IRVVLO IXHO EDVHG PDLQO\FRDODQGJDV ZKLFK DFFRXQWYV I
SURGXFWLRWWKRZQ LQ ) FXHUMDMRU LVVXHV ZLWK XVLQJ FDUERQ LQWHQV
VRXUFH RIHOHFWULFLW\ JHQHUDWLRQ DUHPHQWLRQHG EHORZ

JLIXUH *OREDO (OHFWULFLW\JHQHUPWLRQ VRXUFHYV >

Ff*OREDO :DUPLQUIQLQJ RI IRVVLO IXHOV OHDGV WR WKH HPLVVLRQ RI J!
&2 6% DQXZ DPRQJRWKHUV ZBRHOBIYMONVNQA Q WKH DWPRVSKHUH LV GLU
WKH XQSUHFHGHQWHG ZDUPLQJ XS RI WKH D@PRNKBRKBDPH LODWVIKER DR GO
JLJIXUHEHORZ 7KLVLVDGYHUVHO\DIIHFWLQJDOO OLIHIRUPVRQHDUMW
WKHQ LW ZLOO OHDG WR FDWDVWURSKLF FRQVHTXHQFHV IRU WKH HDU

JLIXUH 7KH ULVHLQ JOREDO WHPSHUDWXUH LV G2 BHWBO QQOMKHIE DWRPWRK IS K 1B H KEDXWHHALRQ W K |
EXUQLQJRIIRGLO IXHOV>



-WWYIW [MXL XLIGIRITEFPIWSYVGIW SJ)RIVK]

F8QVXVWDLYFOBAOKW IXHO UHVHUYHV DUH OLPLWHG LQ WKHLU VXSSO\DQ
GHSHQGRQIRVVLO IXHOVDV WKHPDLQHQHUJ\VRXUFH 7KXV LWLVLEF
WR UHQHZDEOH VXVWDLQDEOH VRXUFHV RI HQHUJ\

7KHUHIRUH WKH GHFDUERQL]DWLRQ RI WKH HOHFWULFLW\VHFWRU LV W}
SROLFLHV $V SHU ,3&8@UHEPUWLQJI>JOREDO W HRSHRN}ONGX UH TXILWH WR S L
DQG IDU UHDFKLQJWUDQVLWLRQVLQ WHUPV RIHQHUJ\JHQHUDWLRQ DQG
HOHFWULFLW\VRXUFHV 7KXV DUDSLG WUDQVLWLRQ WRZDUGV 5(6 LV LP

$OWKRXJK 5(6 KDYH EHHQ DURXQG IRUTXLWH VRPHWLPH WKHLU FRQWULE
UHVWULFW HGE WRLQ VHH)LJXWHV LV PDLQO\EHFDXVH5(6 KDYHFHUWD
ZKLFK UHVWULFW WKHLU LQWHJUDWLRQLQ WKHEXUUHQW HOHFWULFLW\ L
VHFWLRQ

-WWYIW [MXL XLIGIRITEFPI WSYVGIW SJ)RIVK]

7KHPDMRU KLQGUDQFHV LQ WKH ODUJH VFDOH LPSOHPHQWDWLRQ RI 5(6 |

1$YDLODRIQHWI\WKH PDMRU GUDZEDFNV RIUHQHZDEOH VRXUFHV RIHQF
HUJ\ :LQG 6RODU HQHUJ\ HWF VXIIHUIURP WKHLVVXHRILQWHUPLMW
FDQ YDU\RQ D VKRUW WLPH KRXUO\ YDULDWLRQ WR WKH ORDRJWLPH VF
DQG EEHORZ VKRZ WKH GDLO\DQG PRQWKO\ YDULDWLRQ LQ DYDLODE
>@ )XUWKHUPRUH WKHUHLV DOVR RIWHQ D PLVPDWFK EHWZHHQ HQF
IXUWKHU KLQGHUV WKHLU XVDJH

D9DULDWLRQLQDYDLODEOH VRODUHQHUJ\RYHU D ZHENUWLDWIORKR@UQ DYDLODEOH VRODU HQHUJ\ RYHU W
LQ5RWWHW@GDP > 5RWWHU@DP >

JLIXUH 'DLO\DQG ORQWKO\ YDULDWLRQLQDYDLODELOLW\RIGB6RODU HQHU

F QWHJIJUDWLRQ LQWR $¥ IGAW WL EXIVWEIMR Q VIVWHP LVLQH[WULFDEO\ ZRY
WHP +RZHYHU WR DFFRPPRGDWH 5(6 DQG RWKHU GLVWULEXWHG JHQ
SRZHU VA\VWHP WKH LQFRUSRUDWLRQ RI SRZHU HOHFWURQLF LQWHU
SRZHU VRXUFHVY DUH LQKHUHQWO\ '& VXSSOLHV :LQG HQHUJ\ WRR FD
SDUWRIWKHZLQGJHQHUDWRUIV FDSDFLW\LV FRXSOHG WKURXJK SRZ
D'& EXV@ +RZHYHU WKHVH GLVWULEXWHG JHQHUDWLRQ VRXUFHYV Z}
$& XWLOLW\ JULG FDQ FDXVH YROWDJH ULVH DQG SURWHFWLRQ LVVX
UHOLDELOLW\ VWDELOLW\ DQG TXDOLW\RIWKH XWLOLW\JULG $ORC
WLSOH FRQYHUVLRQ VWDJHVY PDNLQJWKH VA\VWHP PRUH FRPSOLFDWH(
SRZHU ORVVHV WKXV PDNLQJ LW OHVV HIILFLHQW



IMXMKEXMSR SJ FSXXPIRIGOW

IMXMKEXMSR SJ FSXXPIRIGOW

,Q RUGHU WR PLWLJDWH WKH ERWWOHQHFNYVY GLVFXVVHG LQ SUHYLRXV VF}
RSHG

I1$YDLODET®OWWE¥NOH WKHLVVXHRILQWHUPLWWHQW DYDLODELOLW\ RI
VWRUDJH VA\VWHPY DUH EHLQJ GHYHORSHG 7KHVH VI\VWHPV FDQ KHO?¢
WHQF\DQG FDQ KHOS RIIVHW WKH GHPDQG VXSSO\PLVPDWFK 6RPHR
VI\IVWHPV ZKLFK DUH EHLQJ XVHG DUH PHQWLRQHG EHORZ

*+ %DWWSHEBYDQFHPHQW LQ /LWKLXP LRQ DQG 5HGR[IORZ EDWWHULH\
PHQWLQ EDWWHU\WHFKQRORJ\DQG KDV UHVXOWHG LQ WKHLU ODL
WKH JOREDO SXVKIRUHOHFWULF YHKLFOHY +RZHYHU LQ RUGHU \
VFDOHHQHUJ\VWRUDJH PRUHGHYHORSPHQWLQ WHUPV RI HQHUJ\
UHGXFWLRQ LMAUHTXLUHG >

I+

+\GURIBPLQIJUHQHZDEOH HOHFWULFLW\WR JHQHUDWH K\GURJHQ
WKLV K\GURJHQ LQ DIXHO FHOO WR JHW EDFN HOHFWULFLW\ DV SH
EHLQJ GHSOR\HG WR WDFNOH WKH LVVXH RI GHPDQG VXSSO\ PLVP
VWDWH RI WHFKQRORJ\ WKHFRVW RIJHQHUDWLRQ RI K\GURJHQ X\
PXFK KLJKHU DV FRPSDUHG WR IR@ V }>OU BMIK\HHIG W R K IRFFHHWUD O O VAV W H
ZLWK K\GURJHQ LV VWLOO QRW YHU\ KLJKIRU VXFK VI\VWHPYV

I+

6XSHU FDSDRBXWRUVFDSDFLWRUV DUH DOVR EHLQJ GHYHORSHG WR
SDFLWRUV FDQ UHOHDVH WKH VWRUHG HQHUJ\LQ D YHU\ VKRUW W
+RZHYHU WKHORZHQHUJ\GHQVLW\DQGKLJKFRVWRIVXSHU FDSD
LPSOHPHQWDWLRQ >

I'"& 'LVWULEXWLRGQFNPAWHBDWH WKHLVVXHV RILQWHJUDWLRQ RI UHQH:
JULG D'& DFWLYHJULG DW WKH GLVWULEXWLRQ OHYHO LV EHLQJ DGR
'&« GLVWULEXWLRQ V\IVWHP LQFOXGLQJ GDWDFHQWHUYVY HOHFWULF Y|
FLDO EXLOGLQJV VKLSERDUG PLFURJULGY HWF $ORQJZLWK WKH EH
DGYDQWDJHV RIVZLWFKLQJIURP $& WR '& GLVWULEXWLRQ JULGV DV P

I+

,Q WKH '& GLVWULEXWLRQ JULG 5(6 FDQ EH IXOO\ XWLOLVHG EHED.
'& EDVHG V\VWHP 5(6 DQG SRZHU HOHFWURQLF ORDGV FDQ EH VXSS
ILFLHQWO\E\FKRRVLQJD VXLWDEOH YROWDJHOHYHO WKDW ZLOO L
VWDJH® >'& GLVWULEXWLRQ VI\VWHP KDV VLPSOLILHG SRZHU FRQY
OHVV QXPEHU RI FRPSRQHQWY DQG FRPSOH[LW\ )RU LQVWDQFH L
EXVYLDD'& '& FRQYHUWHU LV VLPSOHUDQG PRUH HIILFLHQW WKD{
OLQH YLD LQ@BHWWHUYV >

I+

/IHVV FRQGXFWRU PDWHULDO LV UHTXLUHG WR WUDQVIHU WKH VDP
EXWLRQ VIVWHP DV FRPSDUHG WR $& ZKLFK FRQWUROV WKH WRWDC(

> @

I+

7KH LQFUHDVHG SHQHWUDWLRQ RI'& VLQNV VXFK DV FRPSXWHUYV
HUV HWF ZKLFK UHSUHVHQWYV RI HOHFWURQLF ORDGV LQ PDC
EXLOGL@IWBHNHY XVLQJ '& GLVWULEXWLRQ VIVWHPY PRUH DSSHDC
DEOHDWWHQWLRQ KDVEHHQJLYHQ WR WKH '& GLVWULEXWLRQ V\V
SRZHU GLUHFWO\WR WKH '& ORDGYVY 7KLVHQKDQFHVHQHUJ\HIILFLI
SRZHU ORVVHV IURP V@R >

J)LIXUHDDQG EEHORZ FRPSDUHV WKH QXPEHU RI FRQYHUVLRQ VWDJ
DQG '& PLFURJULG UH®SHFWLYHO\ >



("(MWXVMFYXMSR %VGLMXIGXYVI

D&RQYHUVLRQ VWDJHV RID $& GI@WULEXWLRRERYWHPVALRQ VWDIHV RID'& GL®WULEXWLRQ V\VWH

JLIXUH &RQYHUVLRQ VWDJHV RIDQ $& DQG '& GLVWULEXWLRQ V\VWHP

I+

BUHVHQW $& VA\VWHPV KDYH YLUWXDOO\QR VWRUDJH WKXV PDNLQJ
LQ SRZHU VXSSO\ 7KHVH OLPLWDWLRQV DUH WDNHQ FDUH RILQ Wt
GXFLQJ YDULRXV HQHUJ\ VWRUDJH VI\VWHPV (66 (66 FDQ DOVR FF
VKDYLQJ ORDG OHYHOLQJ DEVRUELQJUHJHQHUDWLYH SRZHU HW

I+

'& GLVWULEXWLRQ V\VWHPY DUH DOVR VXLWDEOH IRU $& VXSSO\ 5
ZLWK WKH $& JULG UHTXLUHYV EDFN WR EDFN SRZHU FRQYHUVLRQ I
VIQFKURQL]HDQG DGMXVW WKH YROWDJHDQG RXWSXW IUHTXHQF\
FRQYHUWHU WKDQ DQ $& '& LQYHUWHU

I+

TR PDLQWDLQ WKH SRZHU VWDELOLW\LQDQ $& XWLOLW\JULG ERW
WR EH PRQLWRUHG DQG FRQWUROOHG ZKHUHDV LQ '& GLVWULEXW
PRQLWRUHG $ORQJZLWK WKLYV '"& GLVWULEXWLRQOLQHVDUHIUHLE
DQG VNLQ HIITHFWV DQG WKXV KDYHORZHU FRQWURO FRPSOH[LW\D
> @

I+

7TKHUHLVD SRVVLELOLW\RISRWHQWLDO KHDOWK FRQFHUQV IURP K
OLQHV DQG WKXV VZLWFKLQJ WR '& JULGYVY ZLOO KDYH ORQJ WHUP
EHLQJV DV ZHOO D@WDQLPDOV >

("(MWXVMFYXMSR %VGLMXIGXYVI

,QRUGHUWRLQWHJUDWH QHZ WHFKQRORJLHV VXFKDV 5(6 PRGLILFDWLR
UHTXLUHG WR IXUWKHUHQKDQFH WKHLU IOH[LELOLW\DQG FRQWUROODEL
FDQ EH WUDQVPLWWHG HLWKHU RYHU D WZR ZLUH RUWKUHH ZLUH VA\VWH|I

$FFRUGLQJWR WKHQXPEHURI EXVHVY WKHH[LVWLQJ'& GLVWULEXWLRQ Q
WZR WASHV RI'& EXVIUDPHYV 8QLSRODUDQG %LBRODU '& EXV FRQILIXUDW

I8QLSRGMXRLSRODU DOVR NQRZQDVPRQRSRODU '"& GLVWULEXWLRQ V
SURYLGLQJD VLQJOH '& YROWDJHOHYHO EHWZHHQ WKHWZR FRQGXFW
DGRSW WKLV FRQILIXUDWLRQ 7KRXJKWKLVDUFKLWHFWXUHLV HDVLE
WKHUHOLDELOLW\DQG UHVLOLHQFH RID WKUHH ZLUH %LSRODU '& GL

F%LSROMDWLSRODU '& GLVWULEXWLRQ VA\VWHP LV D WKUHH ZLUH V\VWH|
HOV DFURVV WKRVH @ ODWQ)IHGHWKXYXWWBURYLGHY PRUH IOH[LELOLW\ DQG U
VI\VWHPV

JLIXUHEHORZ VKRZV D VFKHPDWLF UHSUHVHQWDWLRQ RID XQLSRODU



("(MWXVMFYXMSR %VGLMXIGXYVI

JLIXUH $8QLSRODUDQG %LSRODU '& GLVWULEXWLRQ JULG

7TKHDGYDQWDJHV RI XVLQJ D ELSRODU '& GLVWULEXWLRQ VI\VWHP RYHU D

+t7KHELSRODUDUFKLWHFWXUH RIWKH'& GLVWULEXWLRQ VIVWHP SURY
ZLWKIHZHU EXVHV 7KHUHIRUH D GHYLFHFDQEHFRQQHFWHG EHWZH
GHSHQGLQJ RQ LWV HQG XVHDSSOLFDWLRQ ORUH YROWDJH OHYHOV
IULHQGO\EHWZHHQ '&« VRXUFHV DQG '& ORDGV

t5(6 (9 FKDUJLQJVWDWLRQV DQGJUHHQ EXLOGLQJV FDQ EHIOH[LEO\ I
'« SRZHU VXSSO\ VA\VWHP UHGXFLQJWKHFRQYHUVLRQ VWDJHV HYHQ I
PHDQ ORZHU WUDQVPL&@VLRQ ORVVHYV >

f:LWK WKH SUHVHQFH RI WKUHH '& OLQHV V\VWHP VWDELOLW\ UHOLDE
LPSURYHG ,QGHSHQGHQW RSHUDWLRQ RI WKH '& EXVHV SURWHFWYV W
RIRSHUDWLRQDO IDLOXUHLQ RQH '& OLQH WKH SRZHU FRQWLQXLW\ F
OLQHV RIWKHELSRODU JULG WKXV HQVXULQJWKH VI\VWHPYV UHOLDE

F6KRUW FLUFXLW IDXOWV DQG JURXQGLQJ LVVXHV DUH VRPH RI WKH PL
VI\VWHPV 7KHSUHVHQFHRID QHXWUDO FRQGXFWRULQ %LSRODU '& FR
IDVWHU PHWKRG IRU FOHD@L G WIKMEF M KDOWORDW BV %LSRODU '& FRQILJ?
VXLWDEOH WKDQ XQLSRODU '& JULGYV

F%LSRODU DUFKLWHFWXUH DOORZV D UHGXFWLRQ LQ WKH GLVWULEX
WKHUHE\LPSURYL@®J VDIHW\ >

'"HVSLWH WKH YDULRXVDGYDQWDJHV RI WKH %LSRODU '& GLVWULEXWLRQ"

+$V\PPHWULFDO RSHUDWLRQ GXH WR WKH XQEDODQFHG SRZHU GLVWUL
LQJ GLIIHUHQW SRZHU OHYHOV LQ WKH WZR SROHV )RU LQVWDQFH
LQWHJUDWLRQ RI (66 OHDGV WR DQ XQEDODQFHG QHXWUDO OLQH FXU
EDODQFHEHWZHHQ WKH SKDVHV OHDGLQJWR GHWHULRUDWLRQ RI SR
RIVHPLFRQGXFWR@ GHYLFHV >

$f7KH SRZHU ORVVHV LQ WKH VA\VWHP DUH LQFUHDVHG GXH WR XQEDODAQ
RIWKHGHYLFHVLVDOVRDGYHUVHO\DIIHFWHG G&H WR WKHVH XQEDO

"XH WR WKH WUHPHQGRXV SRWHQWLDO WKDW ELSRODU '& JULGV KROG I
VI\IVWHPV LWLV HVVHQWLDO WR UHJXODWH WKH XQEDODQFHG YROWDJH
DGRSWLQJD YROWDJH EDODQFHU FLUFXLW 9ROWDJH EDODQFHU LPSURY
VXSSO\LQ DELSRODU '& GLVWULEXWLRQ VI\IVWHP E\EDODQFLQJ WKH EXV"
V\VWHP RSHUDWHV VDIHO\ ZLWKLQ WKH UDWHG UDQJH

7KLV WKHVLY SHUWDLQV WR WKH GHYHORSPHQW RID YROWDJH EDODQFHL
WKH %LSRODU '& 'LVWULEXWLRQ VA\VWHP 7KH VSHFLILFDE\H@®RRZIRU WKH VL



6IWIEVGL 3FNIGXMZIW

7TDEOH 9ROWDJH %DODQFHU '"HVLJQ 6SHFLILFDWLRQ

3DUDPHWHU'HVFULSWLRQ 9DOXH 8QLW
%rid *ULG 9ROWDJH 9
Sout 2XWSXW 3RZHU N :

JXUWKHU WKURXJK WKLV UHVHDUFK WKH DSSOLFDWLRQ RI D VHULHV FR
H[SORUHG DQG LWV SHUIRUPDQFH ZLOOEHHYDOXDWHG RYHUD VLQJOH V

6IWIEVGL SFENIGXMZIW

7TKHPDLQ REMHFWLYH RI WKHWKHVLVLVWRGHVLIQDEDODQFLQJFRQYH!I
YROWDJHV RIDELSRODU '&JULGEDODQFHGDQG WKHQHXWUDO OLQH FXUL
LQ WKH VA\VWHP

7KHUHVHDUFK REMHFWLYHY FDQ EH VXPPDULVHG EHORZ

P GHQWLI\LQJD VXLWDEOH WRSRORJ\IRUEDODQFLQJFRQYHUWHU WKL

fORGHOOLQJDQG VLPXODWLRQ RI WKH EDODQFLQJ FRQYHUWHU IRU WK
VZLWFKHY FRQILIXUDWLRQ XVLQJ 0$7/$% DQG /76SLFH

f&RPSDULVRQ RI YDULRXV PHWKRGV IRU GULYLQJ VHULHVY FRQQHFWHG
WDWLRQ RI WKHPRVW VXLWDEOH PHWKRG LQ WKH /76SLFH VLPXODWLF

6IWIEVGLS5YIWXMSRW

7TRDFKLHYHWKHUHVHDUFKREMHFWLYHY WKHIROORZLQJDUH WKH UHVHI

KDW DUH WKH SURPLVLQJ WRSRORJLHY WKDW KDYH EHHQ GHYHORSH:
'& GLVWULEXWLRQ VA\VWHP"

KDW LV WKH RSWLPXP GHVLJQ IRUWKH  FKRVHQ WRSRORJ\RIWKH YRO
KDW LV WKHLPSDFW RIVHULHV VZLWFK FRQILIJXUDWLRQ LQ WKH RSWI

:KDW DUH WKH DYDLODEOH PHWKRGVY WR DFFRXQW IRU YROWDJH LPE
FRQILIXUDWLRQ"

I XVYGXYVISJI XLI XLIWMW

7KHWKHVLVDGGUHVVHVHDFK RIWKHUHVHDUFKTXHVWLRQVLQ VHSDUDW
DVIROORZV

& &KDSWHW SURYLGHV DQ RYHUYLHZ RI WKH OLWHUDWXUH UHVHDUFK
GLVWULEXWLRQ VA\VWHPV H[LVWLQJ WRSRORJ\IRU YROWDJH EDODQF
GHVLIJQ FRQVLGHUDWLRQVIRUWKHFKRVHQ YROWDJHEDODQFHU WRS
GHOYHV LQWR WKH SRVVLELOLW\ RI XVLQJ VHULHY FRQQHFWHG VZLW
PRGHO IRUKLJK YROWDJH DSSOLFDWLRQV



TXVYGXYVISIXLIXLIWMW

F&KDSWHWKLY FKDSWHU HODERUDWHY RQ WKH PRGHOLQJ RI WKH YROW
XVLQJ0$7/$% 7KLVHQFDSVXODWHV WKH VZLWFK VHOHFWLRQ IRU VLQ
UDWLRQV RIYROWDJH EDODQFHU WRSRORJ\ FRPSDULVRQ RIWKH WZR
SDUDPHWHUL]DWLRQ RI WKH FRPSRQHQWYV RI WKH FRQILIJXUDWLRQ F|
GHVLIJQ DQG FDOFXODWLRQ RI WRWDO FRQYHUWHU ORVV

F&KDSWHAKLY FKDSWHU GLVFXVVHV WKH /76SLFH VLPXODWLRQ PRGHO
QHFWHG VZLWFK FRQILIXUDWLRQ RI WKH YROWDJH EDODQFLQJ FRQ)
JXUWKHU QRQ OLQHDULWLHY DUH LQWURGXFHG LQ WKH FRQILJXUDW
FROQQHFWHG VZLWFK FRQILIJIXUDWLRQ RI WKH YROWDJH EDODQFHU /7
DUHDOVR GLVFEFXVVHG

t&KDSWHW FRYHUV WKH FRPSDULVRQ EHWZHHQ GLITHUHQW PHWKRGYV I
EDODQFHG YROWDJH VKDULQJDFURVV WKH VHULHY FRQQHFWHG VZLW
YHUWHU RZLQJ WR WKH QRQ OLQHDULWLHY LQWURGXFHG LQ WKH SUH
PHWKRGV LVWKHQ HPSOR\HG LQ WKH/76SLFHPRGHO $Q DQDO\WLFDO
RIYROWDJH XQEDODQFHLVDOVR SURYLGHG IRUWKH HPSOR\HG PHWK

F&KDSWHW®W WKH ILQDO FKDSWHU WKH FRQFOXVLRQV IURP WKLV WKHVL
IXUWKHU UHVHDUFK DUH SUHVHQWHG



SEGOKVSYR

,Q WKLV FKDSWHU WKH EDFNJURXQG LQIRUPDWLRQ UHTXLUHG WR DFKLHY
SUHVHQWHG $WILUVW WKH %LSRODU '& GLVWULEXWLRQ VA\IVWHP DQG LW
E\DQ RYHUYLHZ RI WKH H[LVWLQJ YROWDJH EDODQFHU WRSRORJLHV XVFE
FKRVHQ WRSRORJ\ L H WKH %XFN %RRVW V\VWHP LV H[SODLQHG /DVW
EXFN ERRVW WRSRORJ\DV D YROWDJH EDODQFHU LV SUHVHQWHG

&MTSPEV (' (MWXVMFYXMSR 7]WXI1Q

7KH H[SDQVLRQ RI 5(6V (66 DQG WKH ODUJH VFDOH LPSOHPHQWDWLRQ F
KDYH UHVXOWHG LQ WKH GHYHORSPHQW DQG LPSOHP@® QWWWLA @WRH' 8&G L\
SRZHU JULGV %LSRODU '& GLVWULEXWLRQ V\VWHPV DUH PRUH IDYRUDE(
6HFWLRQ

7KH %LSRODU '& JULGYV EDVHG RQ WKHLU FRQQHFWLRQ ZLWK WKH XWLOLW
IROORZLQJ FDWHJRULHV

F*ULG &GRQQHBRWHKALY FRQILIXUDWLRQ WKH $& XWLOLW\ YROWDJH LV FF
GLVWULEXWLRQ WUDQVIRUPHUDQG DQ DFWLYH UHFWLILHU $W WKH '
VWUXFWXUHFRPSRVHG RIDSRVLWLYHFRQGXFWRU S DQHJDWLYH FF
2 $OWKRXIJIKWKHWKUHH ZLUHG VWUXFWXUH ORRNV FRPSOH[ LW SUI
ZLUHG XQLSRODU VWUXFWXUH 7KHWZR YROWDJH OHYHOV RI D ELSRC
ZLGHVHWRIGLVWULEXWHG JHQHUDWRUV HQHUJ\VWRUDJH VA\VWHPYV
DQG SRZHUUDWLQJFRPELQDWLRQVLQDVLQJOH'& QHWZRUN $VFKHP
LQ)LIXUEHHORZ

JLIXUH *ULG FRQQHFWHG '& GLVWULEXWLRQ V\VWHP

1. VODQGHG ORWHKLY FRQILIXUDWLRQ WKH'& JULGLVFRQQHFWHG WR D
EHD'& (QHUJ\ VWRUDJH VA\VWHP RU 5(6 ZKLFK GLUHFWO\ JHQHUDWHYV



&MTSPEV ('"+VMHW 'LEPPIRKIW

FRQYHUWHU VWDJH $WWKH'& OHYHO WKHFRQQHFWLRQLVVLPLODU
LQ)LIXUKM VFKHPDWLF RI WKLV FRQILIXUDWERQRZXZ VKRZQ LQ )LJXUH

JLIXUH ,VODQGHG PRGH '& GLVWULEXWLRQ VA\VWHP

&MTSPEV ("+VMHW 'LEPPIRKIW

7KH %LSRODU '& JULG VA\VWHP RITHUV PXOWLSOHDGYDQWDJHV RILQFUHD
+RZHYHU WKH'& LSRODU JULG FRQQHFWLRQ KDV LWV RZQ VHW RI FKDOC

2l WKHVH FKDOOHQJHV WKH LVVXHRI YROWDJH LPEDODQFH EHWZHHQ WK
IRUWKH %LSRODU '& JULG VA\VWHP

:SPXEKI-QFEPERGI &MTSPEV (' +VMH

7KHLVVXHRIYROWDJHLPEDODQFHEHWZHHQ WKH SROHV RI WKH %LSRODL
RSHUDWLRQ EHWZHHQ WKH SROHV RI WKH JULG 7KLV FDQ DULVH GXH WR
WKH FRQQHFWLRQV DQG UHVXOW LQ QHXWUDO OLQH XQEDODQFHG FXUUH

7TKHVLWXDWLRQV WKDW FDQ UHVXOW LQ DV\PPHWULF RSHUDWLRQDQG YI
EHOR Z&>

JLIXUH 9ROWDJH LPEDODQFH LQ %LSRODU '& JULGVY FDQ DULVH GXHWR GLIIHUHQW W\SHYV
,PDJH WDNHQ IURP WKH ZRUMV RI 3LUHV HW DO >



:SPXEKI &EPERGIV

 WLVHVVHQWLDO WRDFFRXQWIRUWKHVHLPEDODQFHV ZKLFKDULVHLQ V
LQ SRRU SRZHU TXDOLW\DQG LQHIILFLHQW RSHUDWLRQ RIORDGV DQG DV
RIKLJK YROWDJH VSLNHVY FDQ UHVXOW LQ GDPDJH WR WKH SRZHU HOHFWL

SPXEKI &EPERGIV

7TRVWDELOL]JHWKH %LSRODU '& JULGY ZLWKRXW FRPSURPLVLQJRQ V\VWH
EDODQFLQJ WKH YROWDJHLVLQWHIJUDWHG LQWR WKH ELSRODU '& JULG V
WKHI9ROWDJH EDODQFHU

9ROWDJH EDODQFHU ZRUNV E\ DFWLYHO\ UHGLVWULEXWLQJ WKH XQEDO
SURWHFWV WKHVHPLFRQGXFWRU GHYLFHVDQG WKHRYHUDOO JULG RSHU
WR WKH DV\PPHWULF RSHUDWLRQ RI WKHJULG

'"HSHQGLQJRQWKHFRQQHFWLRQ PHWKRG WKHO9ROWDJH EDODQFHUYV FRC
DVEHORZ

$+&HQWUDOLVHG $UBKUMHFMRXQUHIXUDWLRQ WKH YROWDJH EDODQFLQJ
WKHJULG FRQQHFWLRQ OLQH EHIRUHFRQQHFWLRQ WR WKH ORDGV 7k
YROWDJH LPEDODQFH LQ WKH V\VWHP

JLIXUH &HQWUDOLVHG DUFKLWHFWXUH RI'& GLVWULEXWLRQ V\VWHP

t'H FHQWUDOLVHG $UG RLKMHNWFRMRAQUIBHIXUDWLRQ WKH YROWDJH EDODQF
QHFWHG LQGLYLGXDOO\WRHDFKORDG FRQQHFWHG WR WKHJULG 7K}
EDODQFHU LV UHTXLUHG

JLIXUH 'H FHQWUDOLVHG DUFKLWHFWXUH RI '& GLVWULEXWLRQ V\VWHP

,Q WKH ZRUN E\ SLGHVLWWDWOWEHHQ VXJJHVWHG WKDW GH FHQWUDOLVHG [
DQFLQJLVY PRUHDGYDQWDJHRXV DQG SUDFWLFDO WKDQ FHQWUDOLVHG D
WKHDUJXPHQW LV WKDW LQ '& JULGY ZLWK ORQJWUDQVPLVVLRQ OLQHYV

DIHGURSDORQJWKHOLQHYV 7KXV XVLQJPXOWLSOH YROWDJH EDODQFHL
YROWDJHLPEDODQFH ZLOO EHPXFKPRUHDGYDQWDJHRXVLQHQVXULQJD
WKHFRVW RI WKH VIVWHP ZLOO JR XS RZLQJWR WKHLQVWDOODWLRQ RIP



JW\MWXMRK XSTSPSKMIW

JRUWKHFXUUHQW WKHVLY DGHFHQWUDOLVHG YROWDJHEDODQFHU DUF
WKXV WKH VDPH KDV EHHQ HISORUHG LQ GHWDLO LQ WKH QH[W VHFWLRQV

J\MWXMRK XSTSPSKMIW

7KLVVHFWLRQDGGUHVVHVY WKHPDMRU '& '« FRQYHUWHU WRSRORJLHYV IR
WHFWXUH ZKLFK DUH XVHG ZLWK ELSRODU '& GLVWULEXWLRQ QHWZRUNYV

&Y GO &SSWX 8STSPSK]

$ EXFN ERRVWWRSRORJ\LVWKHVLPSOHVWQRQ LVRODWHG WRSRORJ\ WK
ODU '&JULG VA\VWHP 7KHFLUFXLW GLDJUDP RI D W\SLFDO %RKHNRZRRVW W

JLIXUH %XFN %RRVW YROWDJH EDODQFHU WRSRORJ\

7KH PDLQ DGYDQWDJHV RI %XFN ERRVW WRSRORJ\DUH OLVWHG EHORZ

F W XVHV WKHPLQLPXP QXPEHU RI FRPSRQHQWYV RXW RI DOO YROWDJH
ELSRODU '& JW®LGV >

$ WLV VLPSOHULQLPSOHPHQWDWLRQ DQG DV PHQWLRQHG DERYH XVt
%RWK WKHVH IDFWRUV FRPELQHG PDNH WKH EXFN ERRVW WRSRORJ\ K

7KH EXFN ERRVW WRSRORJ\DOVR KDV LWV RZQ VHW RIOLPLWDWLRQV 7K

Ff WIHQHUDOO\ XVHV D ODUJH ILOWHU VLIHLQ RUGHU WR EDODQFH WKl
SURQH WR HOHFWURPDJQHWLFLOQWHUIHUHQFH LVVXHYV

$f7KH RYHUDOO HIILFLHQF\ RI WKH EXFN ERRVW WRSRORJ\ LV ORZRZLQ
KLIJKHUUHDFWLYH FXUUBQW LQ WKH FLUFXLW >

t7KHEXFN ERRVW WRSRORJ\DOVR VXIIHUV IURP WKH LVVXH RI VKRRW
GHDG WLPH EHWZHHQ WKH RSHUDWLRQ RI WKHWZR VZLWFKHV XVHG L(

(YEP &YGO ,EPJ &VMHKI :SPXEKI &EPERGIV 8STSPSK]

$ GXDO EXFNKDOI EULGJH FRQYHUWHU LV D EULGJH WA\SHFRQYHUWHU GL!
JULG WR D ELSRODU '& JULGDQG WR EDODQFH WKH YROWDJH DFURVV WKH
> @ J)LIXBBHORZ VKRZV WKHHOHFWULFDO FLUFXLW RIDGXDO EXFN KDOI



JW\MWXMRK XSTSPSKMIW

JLIXUH 'XDO %XFN +DOI %ULGJH YROWDJH EDODQFHU WRSRORJ\

7KH PDLQDGYDQWDJHV RI XVLQJ WKLY WRSRORJ\DUHPHQWLRQHG EHORZ

$t7KH GXDO EXFN KDOI EULGJH WRSRORJ\GRHV QRWKDYH D VKRRW WKU

+ ,WKDVWKHDELOLW\WRFRQWUROWKHRXWSXWYROWDJHZKLOHRSHU|
ZLWK XQEDODQFHG DQG \UDQVLHQW ORDGYV >
7KH PDLQ GUDZEDFNV RI XVLQJ WKLY WRSRORJ\DUH OLVWHG EHORZ

+t8VLQJ FRQYHQWLRQDO FRPSOHPHQWDU\ GULYLQJ WHFKQRORJ\IRU W
WLRQDO SRZHU ORVVHVY VLQFH WKH WZR LQGXFWRUV DUHFRQGXFWLQ

$f7KHFRQWURO VWUDWHI\ XVHG IRULPSOHPHQWLQJ WKH WRSRORJ\ UH
WKHFRQYHUWHU

$,WLVPRUHH[SHQVLYHDQGKDVDKLJKYROXPHIRRWSULQW EHFDXVHR
LQYROY®@G >

TYTIV7)4-'"X]TI:SPXEKI&EPERGIV 8STSPSK]

6XSHU 6(3,& 6LQJOH (QGHG 3ULPDU\ ,QGXFWRU &RQYHUWHU LV D KLJK RL
LQ WKH ZRUNV Rl :D@ MW WIOYH6 I[URP D EL GLUHFWLRQ@®OX® (3,BKW\SH FR(
HTXLYDOHQW FLUFXLW RI WKH VDEPHOIRZVKRZQ LQ )LIJXUH

JLIXUH 6XSHU 6(3,& W\SH YROWDJH EDODQFHU WRSRORJ\



JW\MWXMRK XSTSPSKMIW

7KHPDMRUDGYDQWDJHV RI WKH 6XSHU 6(3,&8 WRSRORJ\DUHPHQWLRQHG

F7KHVXSHU6(3, & WRSRORJ\LVD KLJIKRUGHUFRQYHUWHUDQG GRHV QR

DQG WKXV GRHVY QRW UHTXLUH FRPSOH[JDWH GUL¥YHU FRQWURO IRU L'
7KH PDLQ OLPLWDWLRQV RIWKHWRSRORJ\DUHDV OLVWHG EHORZ

Ff7KHWRSRORJ\XVHV PXOWLSOHLQGXFWRUVDQG FDSDFLWRUV DORQJ
FRVWDQG YROXPHIRRWSULQW

I WUHVXOWV LQ KLIJIK YROWDJH @NUHVV RQ WKH VZLWFKHYV >
7TYTIV >)8% :SPXEKI &EPERGIV 8STSPSK]
6LPLODU WR 6XSHU 6(3,& WRSR@ RIURBDRVHMHG/IOXSHU =(7$ WRSRORJ\ GHU

GLUHFWLRQDO =(7$ WRSRORJ\ IURP WK® ZRKI W RX 7 YIFOUQW. FIW BRLW |R U
VKRZQ LQ )LIJXW®RZ

JLIXUH 6XSHU =(7$ W\SH YROWDJH EDODQFHU WRSRORJ\

7KH PDLQ DGYDQWDJH RI6XSHU =(7$ WRSRORJ\DUH OLVWHG EHORZ

I WKDV QR VKRRW WKURXJK FRQFHUQV DQG WKXV GRHV QRW UHTXLUH I
DWLRQ RIVZIGVEBHYV >

7KH PDLQ GLVDGYDQWDJH RI WKH =(7$ WRSRORJ\ LV OLVWHG EHORZ
I, WXVHVY ODUJH FDSDFLWRUV DQG WKXWKDV KLIKHU FXUUHQW VWUHV\
. WKDVORZHU SRZHU UDWLQJDQG LQGXFHV KLIKHJ YXIROWDJH VWUHVYV

'YO 8]TI :SPXEKI&EPERGIV 8STSPSK]
&XN W\SH YROWDJHEDODQFHUWRSRORJ\SURYLGHV VXFFHVVIXO YROWDJ

'« FRQYHUWHU W JHQHUDOO\ RSHUDWHY ZLWK D ORZHU LQGXFWRU FXU
LOQGXFWRUV XVHG LQ WKLV FRQILIXUDWLRQ $W\SLFDO &XNEWCSRIZYROWD .



JW\MWXMRK XSTSPSKMIW

JLIXUH &XN 7\SH YROWDJH EDODQFHU WRSRORJ\

7KH PDLQ DGYDQWDJHV RI XVLQJ &XN W\SH YROWDJH EDODQFHU DUH OLVYV
I, WKDV QR VKRRW WKRXJK FRQFHUQV LQ LWV RSHUDWLRQ

tf7KHPDMRU EHQHILW RI XVLQJ WKH &XN YROWDJH EDODQFHU WRSRORJ
FXUUHQW WKDW LV REWDLQKG IURP LWV RSHUDWLRQ >

+RZHYHU WKH &XN YROWDJH EDODQFHU KDV LWV FKDOOHQJHV DV ZHOO 7

I WLQYROYHVD ODUJH QXPEHURIUHDFWLYHFRPSRQHQWV LQLWYV LPS(
SRLQWV DQG FDQKDYH UHDLDELOLW\LVVXHYV >

$, WV LPSOHPHQWDWLRQ LV H[SHQVLYH DQG LV QRW VXLWDEOH IRU DS:
WKDQ N@

8LVII PIZIP GSRZIVXIV 8STSPSK]

7KH WKUHH OHYHO FRQYHUWHU WRSRORJ\ XVHG IRU YROWDJH EDODQFLC
VROXWLRQ IRUYROWDJH EDODQFLQJ R EHICSROGHS ERFWY ®VW)SUKDE OHY|
EDODQFHU WRSRORJ\WKDW LY HPSOR\HG IRU YROWDJH EDODQFLQJ

J)LIXUH 7KUHH OHYHO YROWDJH EDODQFHU WRSRORJ\

7KH PDLQ DGYDQWDJHV RI WKLV WRSRORJ\DUHPHQWLRQHG EHORZ



&YGO &SSWX 8STSPSK]

$t7KHYROWDJH VWUHVV RYHU WKH VZLWFKHV LQ WKLV FRQILIJXUDWLRQ

f OHYHOFRQYHUWHU WRSRORJ\FDQEHLPSOHPHQWHG RYHUD YHU\ ZL
FDQ EHVFDOHG HYHQ ZLWK UHGXFHG SRZHU UDWLQJV

7KH OHYHO FRQYHUWHU WRSRORJ\ KDV LWV RZQ VHW RI OLPLWDWLRQV Z

$+,WLQYROYHV D YHU\ODUJH QXPEHURIFRPSRQHQWV LQ LWV DSSOLFDYV
FRPSOH[WR LPSOHPHQWADQG RSHUDWH >

%DVHG RQWKHDERYHVXPPDU\LW ZDV VHHQ WKDW WKHUHDUH PXOWLSOH
EHHQUHVHDUFKHGDQG H[SORUHG HDFKZLWK LWV RZQVHWRIDGYDQWD]
FRQILIXUDWLRQ WKDW FDQ PHHW DOO WKH FULWHULD IRU ILQDOL]LQJ D
DSSOLFDWLRQ )RU WKLV WKHVLV D VI\QFKURQRXV EXFN ERRVW WRSROR
DQDO\WVLV 7KHQH[WVHFWLRQ HODERUDWHY RQ WKH VDPH

&YGO &SSWX 8STSPSK]

$VIQFKURQRXVEXFN ERRVWFRQYHUWHULVDGRSWHGIRUWKHYROWDJH E
7KHYROWDJH EDODQFHU VHOHFWLRQLVEDVHGRQDVLPSOHU VWUXF
KLIKHU FRVW HIILFLHQF\ RI WKH EXFN ERRVW WRSRORJ\

S WFRQVWLWXWHM W% VZQW SONYLYH HOHPHQWYVY VXFKDVDQLQGXFWRU
DQG & 6\QFKURQRXV FRQILIJIXUDWLRQSHRASOROD BI) RIFVULM AWEZINWEFEKGLRC
LVXVHGLQD QRQ VIQFKURQRXV EXFN ERRVW FRQYHUWHU

7KH VIQFKURQRXV FRQILIXUDWLRQ LYV SUHIHUUHG E 8&F WXKVWHSVURKE XR@WD J
FXUUHQW IORZLQJ WKURXJKLWDQG LWV RQ UHVLVWDQFH LV ORZHU WKD
GLRGH 7KLVUHVXOWV LQDUHGXFWLRQ RIFRQGXFWLRQ ORVVHV 7KLV FF

RSHUDWLR GBRILVYLQFKURQL]HG WR WKHSR SHUDRMRRRXMMDELWERI ERWK VZL
LVFRPSOHPHQWDU\WR HDFK RWKHU 6,&026)(76 DUH XVHG DV VZLWFKHYV

JLIXUH 6\QFKURQRXV %XFN %YRRVW &RQYHUWHU
7M'137%)8

$Q Q FKDQQHO 6L& 026)(7 LV VKRZQW @ RQMWIHWXWHV RI D GLRGH DQG WK
FRQQHFWHG EHWZHHQ WKH WKUHH @ HQPRR®OOV RI WKH GHYLFH >

1Cq¢ *DWH GUDLQ FDSDFLWDQFH
1Cys *DWH VRXUFH FDSDFLWDQFH

tCys 'UDLQ VRXUFH FDSDFLWDQFH



&YGO &SSWX 8STSPSK]

JLIXUH 'HYLFH PRGHO RI6L& 026)(7 ' * DQG 6 DUH'UDLQ *DWH DQG 6RXUFH WHUPLQI

7KH SQ MXQFWLRQ EHWZHHQ WKH GUDLQ ' DQG VRXUFH 6 IRUPV WKH GL
SDUDVLWLF GLRGH 'XULQJ WKH RII VWDWH RI WKH 026)(7 WKLV GLRGH SL
FXUUHQW WR E\SDVV W@KH 026)(7 >

7KHFDSDFLWRUV ZKLFKDUHDOVRFDOOHG SDUDVLWLF RUVWUD\FDSDFL
ZLWKLQ WKH 026)(7 VWUXFWXUH FRPH WRR FORVH RU VHSDUDWH RXW 7K
VZLWFKLQJ VSHHG RI WKH 026)(7 7KLV HIIHFW LV PLQLPDO DW ORZ IUHTX}
DW KLJK ITUHTXHQF\ REHUIODIWYBQXH Rl WKHVH FDSDFLWDQFHV LV LQGLUH
GDWDVKHHW RI WKH 026) (7 €4 D3P (D0 JISDKWDPHWHUYV

'"HWDLOV RI WKHVH SDUDPHWHUVY DUHJLYHQ EHORZ

Css ,QSXW &DSDFWWINVQ¥FKH FDSDFLWDQFH RI WKH 026)(7 DV VHHQ IUR
026)(7 ,WLVFDOFXODWHG E\ WKH DGGLWLRQsRDIBWKWHRXOMH ELHDF
FDSDFLWRQFW LV QHFHVVDG: WRUFWBHX26)(7 WR RSHUDWH 7XUQ 21 I
DPRXQWRIFKDUJH UHTXLUHG;RIWACOOOHQ I R@ W KHKD UJH

$Coss 2XWSXW &DSDRMMMWDWEH WRWDO FDSDFLWDQFH RQ WKH RXWSXW VL
RI GUDLQ VRXU F HCRDB®E MWKDBIQMHV H G U DCQ FXKHDVAIMWDFKREJI VSHHG ER
7XUQ 2Q DQG 7XUQ 211 RIWKH 026)(7 LV GoksU B EW K DLIQU DKHHRF BGXEN & | &
UHVXOWLQJLQ DVORZHU VZLWFKLQ@ VSHHG RI WKH 026)(7 >

1C,ss )J)HHGEDFN FDSDAMUWY YKH VDPH DV JDWH GUDQG EWWSIDEFYV W DREFBIF W
WKH VZLWFKLQJ VSHHG RI WKH 0260/{7 LYODHDNUY VY WEXHVELWFKLQJ WL
026)(7 EA\LQFUHDVLQJWKHGHOD\LQ WKHULVHDQGIDOO GXULQJJDWEF
7TKHDPRXQWRIFKDUJH UHTKJ UW G DQROGHER Y H WK H

7KH VDPH LV VXPPDULVHHORZDEOH

7DEOH 'HVFULSWLRQRI1026)(7 &DSDFLWDQFH

SDUDPHWHWVFULSWLRPUHVYLRQ

&iss ,QSXW &DSDRL&D&FH

8oss 2XWSXW &DSDF&W&RQFH

&ss JHHGEDFN &DSDFISDQFH




&YGO &SSWX 8STSPSK]

7TKHVH FDSDFLWDQFH YDOXHV DUHQRQ OLQHDULQ QDWXUHL H WKHLUY
WKH GUDLQ VRXAEFRIWRIOWER2IE) (7 )RU WKH XVXDO RSHUDWLRQ RI WKH 026)
WDQFH YDOXHVY GHFUHDVHVELWKOIDQ LQFUHDVH LQ

BTIVEXMSR SIW]JRGLVSRSYWFYGO FSSWX GSRZIVXIV

7TKH RXWSXW FDCGsDFHWV GRKBUJHG XS WR WKH '&/0OFZANQY RRKW D28 )Y DOXHQ
WKH 12))T VWDWH $ SRVLWLYHJDWH SXOVHVLIJQDO LYV VHQW WR WKHJDW
LWRQ 7KLVJDWH SXOVHLQLWED@L]HY WKHJDWH FXUUHQW L

"KHQ 026)(7 LVWXUQHGRQ FXUUHQWIORZV WKURXJK LW IURP WKHVXSSO\
LVVWRUHGLQ WKHLQGXFWRUTV PDIQHWLFILHOGY 6LQFH WKHUH LV D SF
D GHDG WLPH LV SURYLGHG EHWZHHQ WKH RSHUDWLRQ RI WKH VZLWFKH
FDSDFLWDQFH RI VZLWFK LV FKDUJHG WR '& OLQN YROWDJH ZKHUHDV \
LV GLVFKDUJHG WR JHUR EHIRUH LW WXUQV RQ 7KLV LV FDOOHG JHUR YR
FDSDFLWRU WKH FXUUHQW IURP WKHLQGXFWRU IORZV WKURXJK WKH ER
LVRYHU $IWHU VZLWFK LV WXUQHGRQ WKHHQHUJ\VWRUHG LQ WKH LQ
SRZHU WR WKH ORDG

OSWWIW MR W]JRGLVSRSYWFYGO FSSWX GSRZIVXIV

7KH ORVVHV LQ WKH EXFN ERRVW  FRQYHUWHU FDQ EH GLYLGHG LQWR WZF
DQG PDIJQHWLF ORVV 6HPLFRQGXFWRU VZLWFKHYVY VXFK DV 026)(7V GLV\
ZKHQ WKH\DUHRSHUDWLRQDO 7KHVHORVVHVFDQEHIXUWKHUGLYLGHG
KHUHDV WKHPDIJIQHWLF ORVV KDSSHQV LQ WKHLQGXFWRU HOHPHQW ZKI|
DUHZRXQG LQWR D FRLODURXQG D FRUH +HQFH WKHPDIJIQHWLF ORVYV LQ

137*)8 'SRHYGXMSR PSWW
7TKHFRQGXFWLRQ ORVVRIO026)(7LVGHILQHG DV WKH ORVV WKDW RFFXUYV

WKH GHYLFH 7KH FRQGXFWLRQ SRZHU ORVV FDQ EH PRGHOHG E\ XVLQJ W
026)(7 DVVKRZQ LQ (TXDWLRQ

Pmos  conducton = Ilgrms Rpson
KHUH
6\PERO 3DUDPHWHU 8QLW
3V0s  conduction 026)(7 &RQGXFWLRQ /RVV >:@
Drms 'UDLQ 506 &XUUHQW > @
5pson (TXLYDOHQW GUDLQ WR VRX@@JFH UHVLVWDQFH >

137*)8 WIMXGLMRK PSWW

7TKHVZLWFKLQJORVVHV RIWKHO026)(7 DUHGHILQHG DV WKHORVVHY WKDW
IURP WKH FRQGXFWLRQ VWDWH WR WKH EORFNLQJ VWDWH DQG YLFH YHL
026)(7 DUHPRGHOHG XVLQJHTXDWLRQ

Pmos switching = (Eon *+ Eott ) fs

KHUH



&YGO &SSWX 8STSPSK]

6\PERO 3DUDPHWHU 8QLW
3v0s  switching 026)(7 6ZLWFKLQJ/RVV >: @
(on 7XUQ RQ HQHUJ\ ORVV >-@
(off 7XUQ 21l HQHUJ\ ORVV > -

L 6ZLWFKLQJIUHTXHQF\ >+]@

l1EKRIXMG PSWW

ODIJIQHWLFORVVLVFDWHIJRULIHGDVFRUHORVVDQGZLQGLQJORVYV &RUH
ORVVDQG HGG\ FXUUHQWEEBRRY GHSXBWY WKH VDPH

JLIXUH ODJQHWLF ORVV LV SULPDULO\RIWZR W\SHV &RUHDQG :LQGLQJORVV &RUH OR
+\WWHUHVLV DQG (GG\ FXUUHQW ORVV

F+\VWHUHVLYRRWWDIQHWLF FLUFXLWYVY K\VWHUHVLV FDQ EHGHVFULEHC
RIPDIJQHWLF IOX[ GHQVLW\ % RIDPDWHULDO DVWKHPDJIJQHWLFILHO
PHGLXP )LIXBHORZ VKRZV WKH WASLFDO K\ VWHUHVLVY FXUYH IRU D P
EHVHHQ WKDW DV + LQFUHDVHV #®RAHYHDYKNQ + LV WKHQ UHGXFHG
UHGXFH DW WKH VDPH UDWH DQG ZKHQ + UHDFKHYV WKHUH LV D UHVL
E ZKLFKLVY FDOOHG UHWHQWLYLW\ ,Q RUGHU WR UHGXFH % WR + K
GLUHFWLRQDRPG WKLV YDOXHRI+LVFDOOHG FRHUFLYLW\ 7KHDUHD R/
UHTXLUHG WR FRPSOHWH D F\FOH RIPDJQHWLVDWLRQ GHPDJQHWLVD
WKHPDWHULDO

JLIXUH +\WWHUHVLV FXUYHIRUD PDJQHWLF PDWHULDO 7KH PDJQHWLFILHOG GHQVLW\ GR
UDWH ZKHQ WKH PDJQHWLF ILHOG VWUHQJWK DFURVV L& FKDQJHV GLUHFWLRQ

F(GG\FXUUHQ®QORKBQIHLQ FXUUHQW IORZLQJ WKURXJK D FRQGXFWRL
RU GLUHFWLRQ LQGXFHV D YROWDJH LQ WKH PDWH@LD,O0WKWHGHRWHULE
PDWHULDO LV HOHFWULFDOO\ FRQGXFWLYH WKHQ WKH LQGXFHG YRO
WKHPDWHULDO 7KHVHFXUUHQWY DUHFDOOHG (@G5 FGOUHUW R WK LTK H |
FXUUHQW LV FDOOHG (GG\ FXUWBEHDODRDRKRAYV (PLGXRXHUUHQW FLUFXOD\
DVROLGDQG D ODPLQDWHG FRUH



7IVMIW 'SRRIGXIH 7[MXGLIW

JLIXUH (GG\FXUUHQW ORVVHV LQ VROLGDQG ODPLQBWHG FRUHV ,PDJH WDNF

$:LQGLQJ ORWMWORVVHV LQFXUUHG GXH WR FXUUHQW IORZ WKURXJK WK
ZLQGLQJDUH UHIHUUHG WR DV ZLQGLQJ ORVV 7KHVH ORVVHV DUH GX}
DQG FDQ EH FDO¥%ODWHG DV,

+RZHYHU WKH UHVLVWDQFH RI WKH FRUH ZLUH LQFUHDVHV ZLWK WK
WKURXJK LW 7KLV SKHQRPHQRQ LV UHIHU® HGWRRF BX UNKZAK HN WX H IPIE
QHWLF ILHOG LQGXFHG E\ WKH FXUUHQW IORZ WKURXJK WKH ZLUH IRU
ZLUH 7KXV IRUKLJKHU IUHTXHQF\DSSOLFDWLRQV WKH ZLQGLQJ ORYV

7IVMIW 'SRRIGXIH7[MXGLIW

6HULHVY FRQQHFWHG VZLWFK FRQILIXUDWLRQ IRUYROWDJH EDODQFHU LC
LQJVZLWFKHV LQ VHULHVY LQ WKH YROWDJH EDODQFHU FRQILIXUDWLRQ
FROQQHFWHG VZLWFK FRQILIXUDWLRQ IRUD YROWDJH EDODQFHU DUH JLY|

f+LIJKHU YROWDJH RSHIUDWHRGQHFWLRQ R1026)(7 VZLWFK LQ WKH YROW
IRUKLIJKHU YROWDJH RSHUDWLRQ ZLWKaWKH ORZ YROWDJH 026)(7V >

f/RZHU &RVMRMH FRVW RI D 026)(7 LQFUHDVHYVY ZLWK DQ LQFUHDVH LQ WKH
026)(7 7KXV E\XVLQJ ORZ YROWDJH VZLWFKHV LQ VHULHV LW LV SRV
RSHUDWLRQ DW D ORZHU FRVW DV FRPSDUHG WR XVLQJD \@QJOH VZLW

f/RZHU RXWSXW FDSIKH.-WPWEKW FDSDFLWDQFH RI WKH VZLWFKHYV ZLV

YROWDJH LV PRUH WKDQ VZLWFKHV ZLWK ORZHU EUHDNGRZQ YROWD.
FDSDFLWDQFH PRUH FXUUHQW ZLOO EH UHTXLUHG WR FKDUJH RU GL
ORZHU EUHDNGRZQ YROWDJH 026)(76 LQ VHULHV WR HTXDWH WKH VDPF
VZLWFK WKHLQGLYLGXDO RXWSXW FDSDFLWDQFHV RI WKH VZLWFK D
HDFK PDNHV WKH YDOXH HYHQ ORZHU 7KLV KHOSV LQ VSHHGLQJ XS W
KHQFH WKHVSHHG RI WKH GHYLFH

+RZHYHU XVLQJD VHULHVY FRQQHFWHG VZLWFKLQ WKHYROWDJHEDODQF
6RPHRI WKHPDMRU FKDOOHQJHV DUHPHQWLRQHG EHORZ

tf1RQ OLQHDIZEWMIMWKDYH QRQ OLQHDULWLHV LQWKHPL H WZRO026)(7V
UDWLRQ ZLOO KDYH VRPHGHYLDWLRQLQ WHUPV RIWKHLULQWHUQDO
YDOXHV 7KHVHGHYLDWLRQV LIQRWDFFRXQWHGIRU FDQ LQWURGXF
> @ @ 7KHPDLQ FDXVHV RIQRQ OLQHDULW\LQO026)(7 DUHOLVWHG E

I+

7ROHUDQFH LQ HWHUQD QO KB W B 253 YIWDDHFRIQ QHFWHG LQ VHULHYV
WROHUDQFHLQ WKHUHVLVWDQFH YDOXHRIWKHH[WHUQDO JDWH U
LQ XQHTXDO YROWDJH VKDULQJ EHWZHHQ WKH VZLWFKHV

I+

SDUDVLWLF FDSODH WQWBHQVLF SDUDVLWLF FDSDFLWDQFHV RI WK
SDFLWDQFHLQWURGXFHG E\WKHJDWHGULYHFLUFXLW DQG WKH S
RI'WKHO026)(7 DUHWKHPDLQ VRXUFHV RI SDUDVLWLF FDSDFLWDQFF
WKHVH FDSDFLWDQFHV FDQ UHVXOW LQ XQHTXDO YROWDJH VKDULC
DPRQJRWKHULVVXHV LQ VHULHVY FRQQHFWHG 026)(7V



7YQQEV]

+*DWH GHOD\WYDULDWLRQLQWKHJIJDWHGULYHUFLUFXLWV RIVHULHYV

LQQRQ OLQHDULWALQ WHUPV RIJDWH VZLWFKLQJ WLPH LQLWLDOL
DJH VKDULQJ YROWDJHVSLNHY DQGHYHQ GDPDJH WR WKH 026) (7
YROWDJH LV H[FHHGHG

$&RPSOH[E®GLQIJDGGLWLRQDO FRPSRQHQWVLQ WKHYROWDJHEDODQF

WLRQDO FRPSOH[LW\LQWKHFRQWURODQGRSHUDWLRQRIWKHFRQYH
LQWURGXFHV PRUH IDLOXUH SRLQWV LQ WKH VIVWHP DQG WKXV D PRL
IRUUHOLDEOHDQG VDIH RSHUDWLRQ

7YQQEV]

F7TKURXJK WKHOLWHUDWXUH UHVHDUFK WKH YDULRXV FRQILIXUDWLR(
WLILHG DORQJZLWK GLITHUHQW FRQILIXUDWLRQV RIWKH YROWDJH EI

&XUUHQW ZRUN ZLOO IRFXVRQ GHFHQWUDOL]J]HG DUFKLWHFWXUH IRUL

1) RUWKHGHFHQWUDOL]J]HGDUFKLWHFWXUH GLITHUHQW WRSRORJLHYV X
UHVHDUFKHG %DVHG RQ D VLPSOHU GHVLIJQ VWUXFWXUH DQG KLJKHL
ERRVW WRSRORJ\ZDVILQDOL]JHG IRUIXUWKHU GHVLJQ LQ WKLV WKHV|

f6HULHY FRQQHFWHG VZLWFK FRQILIJXUDWLRQ IRU YROWDJH EDODQFH
LWV SRVVLEOH DSSOLFDWLRQ IRU KLIJK YROWDJH DSSOLFDWLRQ ZLWK

$QHYDOXDWLRQ RI VHULHVY FRQQHFWHG DQG VLQJOH VZLWFK FRQILJ.
SHUIRUPHG LQ WKH QH[W FKDSWHU WR LGHQWLI\WKHEHWWHU GHVLJC



(IWMKR ERH3TXMQM

,Q WKLV FKDSWHU WKH GHVLJQ SURFHVV IRU WKH %XFN %RRVW 9ROWDJF
ILUVW WKHVZLWFK VHOHFWLRQ PHWKRGRORJ\LVY SUHVHQWHG ZKLFK ZD"
DQG VHULHVY FRQQHFWHG VZLWEK EXFN ERRVW WRSRORJ\ 3RVW WKLV DF
ORVVHV IRUVLQJOHDQG VHULHVY FRQQHFWHG VZLWFKHV WRSRORJ\ZHUH
LQ WKHFRQILIXUDWLRQ )ROORZLQJWKDW WKHPDJQHWLFGHVLJQDQGR
ZKLFK WKH LQGXFWRU VSHFLILFDWLRQ ZDV ILQDOL]JHG )LQDOO\ WKH WR
FRPSDUHG DQG WKH GHVLJQ ZDV RSWLPL]HG

137*)8 7IPIGXMSR

026)(7V DUH XELTXLWRXV DQG DUH HIWHQVLYHO\ XVHG IRU YDULHG DSSO
HOHFWURQLF DSSOLDQFHYVY 7KHUH LV D SOHWKRUD RI1 026)(7V DYDLODEC
DSSOLFDWLRQV DQG WKH VHOHFWLRQ RI D SDUWLFXODU 026)(7 IRUDQ D!
HYDOXDWLRQ RIPXOWLSOHO026)(7 SDUDPHWHUYV 6RPHRIWKHVH SDUDPH!

137*)8 WIPIGXMSR TEVEQIXIVW

FOD[LPXP GUDLQ WR VRXUFH EUHBNGRXIQLYROKMDBEB[LPXP YROWDJH WK
EHDSSOLHG WR D GUDLQ VRXUFH 026)(7 WHUPLQDO LQ WKH 21l VWDW
RYHUVKRRWY LWLVGHVLUDEOHWRVHOHFWDO026)(7ZLWKDKLJKHU G
YROWDJH

f'UDLQ WR VRXUFH RENMLVWHIFWKH 026)(7 VWDUWY FRQGXFWLQJ LQ W
JLRQ LW EHKDYHV DV D UHVLVWRU WKH YDOXH RI ZKLFK LV JLYHQ E\ \
GDWDVKHHW R1026)(7 7KH GUDLQ WR VRXUFH UHVLVWDQFH GLFWDW!|
WKH GHYLFH ZKHQ LW LV FRQGXFWLQJ DQG WKXV GHWHUPLQHV WKH F
ZLWK RRZH WYV SUHIHUUHG

t*DWH FKPJU Ky LQGLFDWHYV WKH DPRXQW RI FKDUJH WKDW QHHGV WR I
GHYLFH WR WXUQ RQ ,Q KLIJK IUHTXHQF\ DSSOLFDWLRQV WKLV SDUI
GLUHFWO\ FRUUHODWHY ZLWK WKH WLPH WDNHQ WR WXQd RRDQ DQG WX
026)(7 WKHPRUHHIILFLHQW D KLJK I[UHTXHQF\VZLWFKLQJDSSOLFDW

t&RVV$YV GHVFULEHG LQ &KDSWHQ)s EMAMWKIHRQDUDVLWLF FDSDFLWDQFH

ZLWK D O026)(7 ,WLVDYDOXDEOH SDUDPHWHU ZKHQ LW FRPHV WR WKH
'XULQJ KDUG VQEisWHWKXWHG WR FDOFXODWH WKH DGGLWLRQDO SRZHU
VZLWFK GXHWR GLVFKDUJLQJ RIWKHFDSDFLWDQFHLQHYHU\VZLWFK
FRQGLWLRQVXVHG WR GHWHUPLQH WKH WUDQVLWLRQ WLPH UHTXLUH(
VZLWFKLQJ 7KHOHVVHUWKHRXWSXWFDSDFLWDQFH WKHOHVVHU Z
GLVFKDUJLQJ



137*)8 71IPIGXMSR

F&RVWUDQ\ SURMHFW WKHFRVWRIFRPSRQHQWV LVDQLPSRUWDQW F
LV D VLIQLILFDQW FRPSRQHQW RI WKH YROWDJH EDODQFHU GHVLJQ
HFRQRPLFDO 026)(7 DPRQJWKHRQHV ZKLFK PHHW DOO WKH SHUIRUPD

TMRKPIW[MXGL ZW 7IVMIW GSRRIGXIHW[MXGL GSRhKYVEX

JURP 6HFWLRRBULHY FRQQHFWHG ORZ YROWDJH VZLWFK FRQILIJIXUDWLRQ F
PRUHHIILFLHQW DQG FRVW HIIHFWLYH RYHUD VLQJOH KLIJK YROWDJH VZL

,QRUGHUWRHYDOXDWH WKH VDPH HIILFLHQF\DQG FRVW EDVHG FRPSDU
FRQQHFWHG VZLWFKHV ZDV GRQH IRU WKH FXUUHQW DSSOLFDWLRQ

6LQFH WKH GHILQHG JULG YROWDJH IRURSHUDWLRQ LV VHOHFWHG WR EF
EUHDNGRZQ YROWDJH RI 9 ZDV WDNHQ XS IRUVHOHFWLRQ HYDOXDWLT
EXFN ERRVW YROWDJHEDODQFHU WRSRORJ\ DQG 026)(7VZLWK 9 GUDLC
VHOHFWHG IRU IXUWKHU VFUXWLQ\ IRU WZR VHULHY FRQQHFWHG VZLWFK
WDEOH EDVHG RQ SDUDPHWHUV PHIRWLRGHG VEIGHFWLRQ LV¥KRZQ LQ 7C
DQG 7D(EQAK $SSHRNBVLQJ WKHVH WDEOHYV WKHIROORZLQJ026)(7V ZHUH VI

f)RUVLQJIJOH 026)(7 FRQILIXUDWLRQ & O 3
f)RUVHULHV 026)(7 &RQILIXUDWLRQ & O
137*)8 0SWW 'EPGYPEXMSR

026)(7V & O 3 DQG & O .ZHUH HYDOXDWHG IRU FRQGXFWLRQ DQG
GHWHUPLQH WKH PRUH HIILFLHQW FRQILIJXUDWLRQ

&RQGXFWLRQ /RVV &DOFXODWLRQ

J)RU HYDOXDWLRQ Rl &RQGXFWLRQ ORVV RIDW K BB6)ZKLAKDY MRQUQ UHT
GHWHUP L QRW DRG#S|0n |RU WKH 026)(7

foms JRUGHWHUPLQDWLRQ RI 506 G U%M LADMXXMHD MW RF ¥6 SHRGL |

JRUWKHVDPHWKHUHTXLUHG SDUDPHWHUY ZHUH GHWHUPLQHG DV GH

I+

"XW\ &\FOH7KH GXW\ F\FOH ' IRUWKH 026)(7 ZDV DVVXPHG WR EH

I+

$YHUDJH RXWSXW DPRUWGHWHUPLQDWLRQ RIDYHUDJH FXUUHQW WHEK
UDWLQJ RIWKHEDODQFHUDNRYHGFWLRQ

8VLQJ WKBEQRG® YDOXHRI N:DQG 9 YROWDJHDFURVV LQGXFWRU
PD[LPXP FXUUHQW ZDV IRXIXG WR EHU YDOXH RI FXUUHQW ZDV WDNH

8VLQIJ WKHVH WKHUHTXLUHG SDUDPHWHUV IRUUPV GUDLQ FXUUH

$5somn J)RU GHWHUPLQDWLRQ RI RQ UHVLVWDQFH WKH GDWDVKHHW RI \
IURP ® DQG@>VKRZV WKH RQ UHVLVWDQFH SORW R1026)(7 & 0 3DQ
YV'UDLQ VRXUFH FXUUHQW IRU GLIITHUHQW WHPSHUDWXUHV UHVSHFW
UDQJHRI $ $ DVGHVFULEHG DERYH WKHRQ UHVLVWDQFH ZDV GHW

'L Wins DQGpSjon YDOXHV NQRZQ WKH FRQGXFWLRQ ORVV IRUERWK WKH VZ

6ZLWFKLQJYRWV¥DOFXODWLRQ RI ZLQ G LADIVORMVG HZTKKLAW LLRIQW X UQ UHT XL U
PLODWLRQRAWYQ RQ HQH Uk ORMM RII HQHUJ\ O\RAW BIQLAII TUHTXHQF\



137*)8 71IPIGXMSR

f(on )RUWKH RSHUDWLRQ RI WKH 026)(7 LW ZDV GHFLGHG WR HPSOR\ =¢

PHWKRG GXULQJ 026(7 WXUQ RQLH WRHQVXUH WKH YROWDJH DFUR
JDWH SXOVH LV SURYLGHG WR WXUQ RQ WKH 026)(7 )RU WKLV D QHJ
GLVFKDW}E WEE DFKLHYH =96 7KLV QHIJDWLYH FXUUHQW YDOXH ZDV VI
/[T6SLFH VLPXODWLRQ 7KXV GXULQJWXUQ RQ WKHUHZLQO EH QR OR'
ZDV QHJOHFWHG

f(of )J)RUWXUQRII HQHUJ\ ORVV FDOFXODWLRQ )LIX@ BQ@rRB\26)(7 G
XVHG ,W VKRZV WKH VZLWFKLQJHQHUJ\ORVVIRUO026)(7DV IXQFWLRQ
GUDLQ VRXUFH FXUUHQW LQ WKH UDQJHRI $ $ DV GHVFULEHG DERY
GHWHUPLQHG

tt 7TKHVZLWFKLQJIUHTXHQF\ZDV GHWHURK@HE WKIHUQEXBWDREGH / Y
ZDV YDULHG IURP + WR

'LWK WKHUHTXLUHG SDUDPHWHUV NQRZQ WKHVZLWFKLQJORVV IRUERW

/IRVVHVY &RPSDULVRQ 6LQJOH YV 6HULHVY FRQQHFWHG 026)(7

JRUWKHVH FDOFXODWLRQV LW KDV EHHQ DVVXPHG WKDW IRUERWK FRQIL
WKH VA\VWHP

JLIXUHDQG )LIXUHKRZV WKH :LQGLQJDQG &RQGXFWLRQ ORVVHV IRU VLQJ¢
026)(7IRU +LQGXFWDQFH YDOXHDVDIXQFWLRQRIVZLWFKLQJIUHTXHQ

JLIXUH &RQGXFWLRQ DQG 7XUQ RII ORVV YV )UHTXHQF\ IRU VLQJO H+DLQ)G5 X F WIDHM FIRQD@EKAHW H-

7TKHFRQGXFWLRQ ORVV IRU VHULHY FRQQHFWHG 026)(7 LV KLIJIKHU WKDQ IRU VLQJOH 026) (
026)(7LVPXFKKLIKHUWKDQ IRUVHULHV FRQQHFWHG 026)(7



-RHYGXSV HIWMKR 4EVEQIXIVMWEXMSR ERH3TXMQMWEXMSR SJ QEKR

YLIXUH 7RWDO VZLWFK ORVV YV )UHTXHQF\ IRU VLQJOH D Q G+VLHUEHRMAIRMFRHH FIVO-DEHO Z6<) 1 7W R W)
VZLWFKLQJ ORVV VXP RI&RQGXFWLRQ DQG 7XUQRII ORVV IRUVLQJOH FRQQHFWHG 026)(7 L
026)(7

%DVHGRQO026)(7ORVVFRPSDULVRQ LWFDQEHFRQFOXGHG WKDW VHULHYV
KDV ORZHU VZLWFKLQJ ORVV WKDQ VLQJOH FRQQHFWHG 026)(7 & O 3

+HQFOR6)(7 & 0 .FRQQHFWHG LDDWHILRIMWOLVHG DV WKH VZLWFK IRU WK
DQFHU GHVLJQ

-RHYGXSV HIWMKR 4EVEQIXIVMWEXMSR ERH 3T
RIXMG GMVGYMX

,Q WKLV VHFWLRQ WKHLQGXFWRU GHVLIJQ ZKLFKLQFOXGHV WKHLQGXFW
DQG WKHPDJQHWLF FLUFXLW GHVLJQ LV FRYHUHG

'SVI1IEXIVMEP 7IPIGXMSR

,QRUGHU WR GHVLJQ WKH PDJQHWLF FRUHIRUDQLQGXFWRU PDMRUO\ W
ZKLFK DUH GHVFULEHG EHORZ

fODIQHWLF YWHWDQ DOOR\RI ,URQ ZLWK VPDOO DPRXQWV RI &KURPH D!
WHULVWLFV DUH OLVWHG EHORZ

L,WKDV KLIJIKHOHFWULFDO FRQGXFWLYLW\DV LWV PDMRUFRQVWLW
LLW KDV KLIK YDOXHV RI VDWXUDWLRQ@OX[ GHQVLW\ QHDU WR 7 >

LLIW KDV WZR WA\SHV RI ORVVHV K\WVWHUHVLY ORVVDQG HGG\ FXUUHC



-RHYGXSV HIWMKR 4EVEQIXIVMWEXMSR ERH3TXMQMWEXMSR SJ QEKR

LYBLQFH LW KDV KLIKHOHFWULFDO FRQGXFWLYLW\ WKHHGG\FXUUH!
&RQVHTXHQWO\ LWV XVDJH LV XVXDOO\OLPLWHG WR ORZ IUHTXHC

Y WUHTXLUHYVY ODPLQDWLRQ RI WKH FRUHLQ RUGHU WR UHGXFH HG(
IUHTXHQF\ RI +]

F)HUULWHVYV D PLIWXUH RI ,URQ R[LGHDQG RWKHU PDJQHWLF HOHPHQW
HWF ,WVPDLQ FKDUDFWHULVWLFV DUHOLVWHG EHORZ

L,WKDV KLIJKHOHFWULFDO UHVLVWLYLW\
LLW KDV ORZVDWXUDWLRQ IOX[GHQVI@NLHY W\ASLFDOO\DERXW 7 :

LLIW KDV RQO\ K\VWHUHVLY ORVV 6LQFH LW KDV ODUJH HOHFWULFDZC
LV PLQLPDO WKXV UHVXOWLQJLQ QRVLJQLILFDQW HGG\FXUUHQW

LY, WLV VXLWDEOHIRUKLJK I[UHTXHQF\RSHUDWLRQ JUHDWHU WKDQ
ORVYV

Y ) XUWKHU QR ODPLQDWLRQLVQHHGHG EHFDXVH RI WKH KLJK UHVL'
LWPRUHFRPSDFW WKDQ PDIQHWLF VWHHO FRUHYV

JRU WKH FXUUHQW SURMHFW LWLV LQWHQGHG WR RSHUDWHWKH YROW
&RQVHTXHQWO\ WKHPDJQHWLF VWHHO FRUHYV ZLOO QRW EH VXLWDEOH IF
FHSWLEOHWRKLIJKHGG\FXUUHQW ORVVHV DWKLJK IUHTXHQF\RSHUDWLI
ZHUHILQDOLVHG DV WKH FRUHPDWHULDO IRUWKHPDIJQHWLF GHVLJQ RIV

JXUWKHU XQGHU WKH IHUULWH PDWHULDOV GLIIHUHQW PDWHULDOV DUH
RUGHU WR IXUWKHU LGHQWLI\ WKH PRVW VXLWDEOH PDWHULDO DPRQJVW
WKHDYDLODEOH PDWHULDOV ZHUH HYDOXDWHG IRUWKH IROORZLQJ SDUI

LY UHTXHQF\RIRSHDDWWRSHUDWLRQ UDQJH N +]

LBBHUIRUPDQFH IDFWIRWEHORRZY WKH 3HUIRUPDQFH IDFWRU SORW IRU Y|
PDWHULDOV IRUWKH VSHFLILF SRZHMJ OWRVWRIEH PHHRQ WKDW IRU WKH
UDQJH RI XS WR N+] & & DQG & PDWHULDOVDUH VXLWDEOH

$OVR & PDWHULDO KDV EHHQ UHFRPPHQGHG IRULQGXFWRU DSSOLI
N +]

%DVHG RQDERYH IDFWRUV& IHW@&ULVEH PRV&H UAHDWDH XVHG IRU IXUWKHU HYDO
DQG LQGXFWRU GHVLJQ

'SVIT7TIPIGXMSR

7KHRYHUDOO SURFHVV XVHG IRUWKH GHVLIJQ RI WKHPDJQHWLF FLUFXLW
PDWHULDO LV VKRZEHQREJIXUH

7KHIROORZLQJSDUDPHWHUV DQG FRQVWDQWY ZHUH SUH GHILQHG IRU Wi
ZDV LQFOXGHG LQ WKH0$7 BWFREBHVD QW YDOXHYV

6\PERO SDUDPHWHU QLW 9DOXH

Jrms 506 YDOXH RI FXUUHQW G H@unLi@
N J)LOOLQJ IDFWRU > @




-RHYGXSV HIWMKR 4EVEQIXIVMWEXMSR ERH3TXMQMWEXMSR SJ QEKR

6\PERO SDUDPHWHU 8QLW 9DOXH

% ODJQHWLF IOX[ GHQVLW\ >P7@
SHUPHDELOLW\RIIUHH VSIH-H@ !

Acy &URVV VHFWLRQDO DUHD RI F®RSSHU ZLQGLQJ >PP
UHVLVWLYLW\RIFRSSHU >m] 10 8

N 6WHLQPHW] &RHIILFLHQW> @ IURP &

JLIXUH ODJQHWLF FLUFXLW GHVLJQ SURFHGXUH XVHG IRU SDUDPHWHUL]DWLRQDQG

7KH SURFHVVDQG WKHUHVXOWYV DUHH[SODLQHG LQ GHWDLO EHORZ



-RHYGXSV HIWMKR 4EVEQIXIVMWEXMSR ERH3TXMQMWEXMSR SJ QEKR

(EXE 7XVYGXYVI

JRUWKHILUVWVWHS DGDWD VWUXFWXUHPDWUL[ZLWKFRUHVSHFLILFDW
W\SHV ZDV SUHSDUHG 'HSHQGLQJRQ WKHFRUHFRPSDWLELOLW\FULWHU
ILQDO FRUH ZzDV FKRVHQ IURP WKLY FRUH GDWD PDWUL]

JLIXUHVKRZV WKH GDWD PDWUL[ IRU (( 4RUH W\SH GHSLFWLQJ WKH FRUH
ZKLFK ZHUH FROODWHG LQ WKH GDWD PDWUL[ IRU GLITHUHQW FRUH W\SH\
IURP &

JLIXUH 6 FKHPDWLF UHSUHVHQWDWLRQ RI WKH GDWD PDWUL[ VKRZL QUPRKH MRS H WRHEH. | L F D'
XVHG IRUILQDOLVLQJFRUH W\SHIRUWKH PDJQHWLF FLUFXLW GHVLJQ

'"EPGYPEXMSR SJ%BVIBTVYEME QKX I%
7TKHUHDUHWZR OLPLWYV DGKHUHG E\WKHLQGXFWRU GHVLJQ SURFHVV QD
t6DWXUDWLRQ OLPLWJLYHQ E\WKHUHODWLRAQ
LI po= NB ppAc
1 7KHUPDO OLPLW JLYHQ E\WKHHTXDWLRQ EHORZ

NI UP VW kAWJ

7KHDUHD SURGXFW UHODWLRQ LV REWDDQBG ER BRIPVELUQLIMG I DGCXW WRQ D
LV QHHGHG LQ ZKLFK WKH DUHDAR | W@ B D BIQ HRW MFK SDRRK ¥ W Q\GIR 2V K L V
UHODWLRQ

L 1 |
AcAw = _—_max TS
k B max J rms



-RHYGXSV HIWMKR 4EVEQIXIVMWEXMSR ERH3TXMQMWEXMSR SJ QEKR

ZKHUH
6\PERO 3DUDPHWHU 8QLW
& $w $UHD 3URGXFW 3DUDPHW HWP@
/ L QGXFWDQFH >+@
max 3HDN FXUUHQW LQ WKH FLYS@LW
s 506 FXUUHQW LQ WKH FLUPBSI@V
N J)LOOLQJ IDFWRU > @
U OD[LPXP PDJQHWLF IOX[ GHERWU 7@
s 506 YDOXH RI FXUUHQW G H@WL@E \

7KH DUHD SURGXFW ZDV FDOFXODWHG IRUWKUHH VFHQDULRV IRU ORDG
KLIKHVW ORDG DQG DQ RSHUDWLQJ ORDG SRLQW ZKLFK ZDV VRPHZKHUH |
PD[LPXP Rl WKH WKUHH DUHD SURGXFWV REWDLQHG ZDV FKRVHQ 7KLV :
VFHQDULRDQG FKRRVH WKH FRUHDFFRUGLQJO\ 6DPHKDV EBHHQ LPSOHPF
$SSHQ& L]

'SQTEVMWSR SJ%VIETVSHYGX

7KH QH[W VWHS zDV WR FRPSDUH WKH FDOFXODWHG $UHD SURGXFW SDU
GLIITIHUHQW FRUHV IURP WKH FRUH GDWD VWUXFWXUH PDWUL]

JRUD FRUH WR EH XVHG LQ WKH PDJQHWLF FLUFXLW WKHIROORZLQJFRQG

(AcAw)calc (ACAW)core

ZKHUH
6\PERO 3DUDPHWHU 8QLW
$ $v calc $UHD 3URGXFW 3DUDPHWHUY ®DOFXODWHG >p
$ S core $UHD 3URGXFW 3DUDPHWHW®I FRUH

+RZHYHU IRU WKH FDVH ZKGRHVHQRWWRROG LW ZDV FDOFXODWHG KRZ PDC
KDYH WR EH VWDFNHG WRIJHWKHU LQ RUGHU WRRHWWLWKHTKDDW.IRQLD R |
XVHG

(AcAw)caIc
N =R dup(——"—"—
stacked oun Up( (AcAw)core)
ZKHUH
6\PERO SDUDPHWHU 8QLW
Lstacked 1XPEHU RI FRUHVY VWDFNHS @RJHWKHU

'SVI'SQTEXMFMPMX]

7KHFRUH FRPSDWLELOLW\ZDV GHWHUPLQHG EDVHG RQ WKHWZR FULWHU

/ILPLWDWLRQ RQ VWDRN @XPHEFXXIMHQW SURMHFW LW ZDV GHFLGHG WR |
EHURIFRUHV VWDFNHG WRJHWKHU WR



-RHYGXSV HIWMKR 4EVEQIXIVMWEXMSR ERH3TXMQMWEXMSR SJ QEKR

I1RWH ,WVKRXOGEHQRWHG WKDW WKH QXPEHU RI VWDFNV FDQ EH KL
WKH YROXPH UHTXLUHPHQW RI WKHLQGXFWRU WR EH GHVLIJQHG )RU"
WR EH

/ILPLWDWLRQ RQ WKH QXKEHHYHR WWRPUUL@QMULD ZDVEDVHG RQ WKH OLPLW
RIWXUQV RIZLUHLQ WKH FRUH 7KH QXPEHU RIWXUQV VKRXOG EH VXF
EHOHVV WKDQ WKHZLQGRZDUHD RI WKHFRUH 7KH VDPHRXY FDOFXO

ACLI N turns k AW

ZKHUH
6\PERO 3DUDPHWHU 8QLW
% $UHD RI FRSSHU ZLUH XVHG2I®U ZLQGLQJ >P
Lurns 1XPEHU RI WXUQV LQ ZLQGL @J
N )LOOLQJ IDFWRU > @
$u 'LQGRZDUHD RI WKH FRUH>P®@

%DVHG RQ WKHDERYH WZR SDUDPHWHUV WKH FRUHV FRPSDWLEOH ZLWK
WKHFRUH GDWD PDWUL[

'SVI'SQTEXMFMPMX] 6IWYPXW

2XW RIDOO WKH FRUHV LQ WKHGDWD VWUXFWXUH FRQVLGHUHG IRU WKH
QXPEHUV RI WKH (FRUH ZHUH FODVVLILHG IRU IXUWKHU VFUXWLQ\

'SVIERH; MRHMRK PSWW GEPGYPEXMSR

JRUWKHFRUHV FRPSDWLEOH ZLWK WKH GHVLJQ FULWHULD WKH ORVVHV I
ODWHG

JRGGRUH ORDVO'FXODWLRQ 6WHLQPHOWR HIXXWHRQ

ZKHUH
6\PERO 3DUDPHWHU 8QLW
Zore &RUH ORVV > @
9, 9ROXPH RI FRUH >P@
N 6WHLQPHW] &RHIILFLHQW> @
| JUHTXHQF\ >+]@
% ODJQHWLF IOX[ GHQVLW\ >:P2RU 7@

+RZHYHU HTXDWDBQOLFDEOHIRURQO\VLQXVRLGDO FXUUHQW ZDYHIRUP
FRLO )RU WKH FXUUHQW ZRUN WKH FXUUHQW ZDYHIRUP LV WULDQJXODL
PRGLILH®EWRLNHQ LQ HTREBWRRQ

K

iFRY2 d

ki = R

@) ¢

0



-RHYGXSV HIWMKR 4EVEQIXIVMWEXMSR ERH3TXMQMWEXMSR SJ QEKR

ZKHUH

6\PERO SDUDPHWHU 8QLW

N ORGLILHG 6WHLQPHW] FRHII®FLHQW
>UDGLDQ@

S8VLQJHTXDWORQ WKH IROORZLQJIHRUXPRWLHRQRVYV LV REWDLQHG

Zs
V, s dB
Pcore:.IT: o Ki ot ( B) dt
ZKHUH
6\PERO 3DUDPHWHU 8QLW
s 7LPH SHULRG RIVZLWFK >V@

(TXDWLRQY IXUWKHU VLPSOLILHG WRKLIFKHLN TWKIODMQ. RQYHG WR FDOFXODWH W

ki( B) B
= + —
Pcore = Ve T DT, DTs 1 DT (1 D)Ts
ZKHUH
6\PERO 3DUDPHWHU 8QLW
% &KDQJH LQ ODJQHWLF 10X PGHQRU W @
' "XW\ &\FOH > @

JRUFDOFXODPWHRQRWLBRQG DUH XVHG ZKLFKJLYHV WKHIRW®OO HTXDWLR

d di
= — = L—
VLT dt
ZKHUH
6\PERO 3DUDPHWHU 8QLW
Y 9ROWDJH DFURVV LQG X FWRW
e 5DWH RIFKDQJHLQ IOX[ >:V!@
Z
1 DT
B = t
N A o V|_d
ZKHUH
6\PERO 3DUDPHWHU 8QLW
1 1XPEHU RI WXUQV >@

% $UHD RI FRUH >P@




-RHYGXSV HIWMKR 4EVEQIXIVMWEXMSR ERH3TXMQMWEXMSR SJ QEKR

_ L
B =Ly A
ZKHUH
6\PERO 3DUDPHWHU 8QLW
B &KDQJHLQ IOX[GHQVLW\ >:P2RU 7@
/ ,QGXFWDQFH >)DUDG @
I &KDQJH LQ LQGXFWRU FXW$KEQW

'LQGLQJ ORWHVWR LWV KLIK FRQGXFWLYLWA\DQG GXFWLOLW\ FRSSHU LV F
IRULQGXFWRU ZLQGLQJ +LIJK FRQGXFWLYLWA\DQG GXFWLOLW\HQVXUH F
ZLQGLQJV E\ PLQLPL]ILQJ WKH DPRXQW RI FRSSHU QHHGHG IRU WKH ZLQGI
ZLQGLQJV LV FDOFXODWHG X2HQRWKH HTXDWLRQ

Pwinding = ||%|\/|s ﬁDC
ZKHUH
6\PERO 3DUDPHWHU 8QLW
3inding :LQGLQJ ORVYV > @
yms 506 &XUUHQW >$@
5pc BHVLVWDQFH RIFRSSHU ZbW@H

'SVIBIQTIVEXYVI GEPGYPEXMSR

YRUFRUH WHPSHUDWXUH FDOFXODW LR Q7 KIHVUAD/MFLXD DRVUHGWEN K $HQ D W K |
WLRQ 7KLVee LVDGGHG WR WKHLQLWLDO FRUHWHPSHUDWXUH WR FDOFX
JLYHQLQ HTXDWLRQ

— 0:833
Tcore —( PIoss Acore)

ZKHUH
6\PERO 3DUDPHWHU 8QLW
Tcore 5LVHLQ FRUH 7THPSHUDW XxJ.i&
3oss 7TRWDO SRZHU ORVYV > @
Kore 6 XUIDFHDUHD RI FRUH >P@
Tcore = Tt +  Tcore
ZKHUH
6\PERO 3DUDPHWHU 8QLW
Tcore JLQDO FRUH 7THPSHUDWXUH. @
Tnitial ,QLWLDO FRUH WHPSHUDWX@H

JRU WKH FRUH WHPSHUDWXUH FDOFXODWLRQ DQ LWHUDWLYH&8ORRS ZDV
$Q LQLWLDO WHPSHUDWXUH DW WKH VWDUW RI WKH ORRS LV DVVXPHG ZK|
SHUDWXUH DW WKH HQG RI WKH FDOFXODWLRQ ORRS 7KH ORRS FRQWLQ X
FRQYHUJHV WR D GHILQHG WKUHVKROG



IEKRIXMG HIWMKR VIWYPXW

1EKRIXMG HIWMKR VIWYPXW
'SRZIVXIVPSWW GEPGYPEXMSR

8VLQJ (TXDWLRQXDWLRQ@TXDWLRRQG (TXDWWRE FRUHQRWVZVY. BGLQJ ORVYV
Jindng  7XUQ RII VZLW Rk QiR VD BG FRQ G X F WebiR@,O RMWH EHWHUPLQHG
UHVSHFWLYHO\ 7KHVH ORVVHV DUH WKHQ DGGHG WR JHW WKH WRWDO FF
EHORZ

Pconverter = Pcore + I:’winding + PMOS switching + I:’winding

7KH HTXDWLRQV IRU ORVV FDOFXODWLRQV LQ WKH FRQYHUWHU GHVFULE
ZHUH PRGHOHG LQ 0%$7/$% 8VLQJWKHO0$7/$% PRGHO WKHWRWDO FRQYHU
UDWLRQ IRUGLIIHUHQW FRUHPDWHULDOV ILQDOLIJHGIRULQGXFWRU GH!
VHFWLRQDUH FDOFXODWHG IRUGLITHUHQW RSHUDWLQJIUHTXHQFLHYV DQ(

7TKHUHVXOWYV RIWKHVH FDOFXODWLRQV DUH VKRZQ EHORZ

JLIXUHVKRZV WKH WRWDO FRQYHUWHU ORVV DV D IXQFWLRQ RI VZLWEFK |
LQGXFWDQFH YDOXHVDQG GLITHUHQW (FRUH SDUW QXPEHUV IRU & DQG

JLIXUH 7TRWDO &RQYHUWHU /RVV YV )UHTXHQF\IRU & DQG & PDWHULDO IRU ((FRUH W
PDWHULDOV & DQG & WRWDO FRQYHUWHU ORVV LQLWLDOO\ GHFUHDVHV ZLWK DQ LQFUF
WKHQ DJDLQ VWDUWV LQFUHDVLQJ )XUWKHU WKHPLQLPXP SRZHU ORVV¥ DQREBVHUNYHG IRU \

QXPEHU IRUERWK & DQG & PDWHULDO



IEKRIXMG HIWMKR VIWYPXW

6LPLODU WR J)LIXMURXUMRWDO FRQYHUWHU ORVV DV D IXQFWLRQ RI VZLW
DUHVKRZQIRUGLIITHUHQW LQGXFWDQFHDQG (FRUH SDUW QXPEHUV IRU

JLIXUH 7TRWDO &RQYHUWHU /RVV YV )UHTXHQF\IRU & DQG & PDWHULDO IRU ((FRUH ,W
PDWHULDOV & DQG & WRWDO FRQYHUWHU ORVV LQLWLDOO\GHFUHDVHV ZLWK DQ LQFUF
WKHQ DJDLQ VWDUWV LQFUHDVLQJ )XUWKHU WKHPLQLPXP SRZHU ORVV¥ DQBEBVHUNHG IRU \

QXPEHU IRUERWK & DQG & PDWHULDO

JURP )LIXUMHQG )LIXUROORZLQJLQIHUHQFHV ZHUH GUDZQ

f7RWDO FRQYHUWHU ORVV IRUDOO FRUH PDWHULDOV DQG LQGXFWDQF
YDOXHLQLWLDOO\GHFUHDVHYVY ZLWKDQLQFUHDVHLQIUHTXHQF\ UHD
LQFUHDVLQJIRUD KLIJKHU RSHUDWLQJIUHTXHQF\

1) RUDOOFRUHPDWHULDOVDQG SDUW QXPEHUV WKHPLQLPXPFRQYHU
FRPSDWLEOHLQGXFWDIQFH YDOXH RI

6LOQFHWKHPLQLPXP FRQYHUWHU ORVV ZDV REWD QR G DROWOFR U@ GXORWWHIQ.F
DQGSDUWQXPEHUVVR LQRUGHUWRLGHQWLI\WKHPRVWVXLWDEOHFRU
IRU IRUDOO PDWHULDOV L H & & & DQG BOOOMYXEHBUWK )LIXUH
FRPSDUHG 7KHVDPH LV VKREHOIRZ)LIXUH

JURP J)LIXUMVKH PLQLPXP FRQYHUWHU ORVY ZDV REVHUYHG IRU FRUH PDW
IRU(FRUHFRQILIXUDWLRQ



IEKRIXMG HIWMKR VIWYPXW

JLIXUH 7TRWDO &RQYHUWHU ORVV Y¥DQIBTSCHOF\QRU IRU & & & DQG & PDWHULDO
PLQLPXP FRQYHUWHU ORVV REWDLQHG IRU HD@ 0 RGWHUDDH-FRWY SEHRG Q QIGIXWHDQ EH VHHQ
IRU & PDWHULDO WKH WRWDO FRQYHUWHU ORVV LV REVHUYHG WR EH WKH PLQLPXI

)LODO FRUH WHPSHUDWXUH ZzDV DOVR GHWHUPLQHG IRUDOO WKH FRUH P
LQVHFWLRTKHUHVXOWY RI WKHVDPHDUH EHKWWRZQWHG LQ )LIXUH



IEKRIXMG HIWMKR VIWYPXW

JLIJXUH )LQDO FRUH WHPSHUDWXUH IRUDOO FRUHPDWHULDOV

7TKHILQDO GHVLJQ IRUWKH PDIJQHWLF R EHORYE LV VKRZQ LQ 7TDEOH>

7DEOH )LQDO ,QGXFWRU GHVLJQ SDUDPHWHUV

3DUDPHWHUO9DOXH |8QLW
,QGXFWDQFH +
&RUH ODWHUIUDWH &RUH| &
&RUH 6KDSH ( &RUH
&RUH 3DUW3DUW 1R

JRUWKHILQDO GHVLJQ WR XQGHUVWDQG WKHFRQWULEXWLRQRIGLIIHUF
ORVV WKHGLIITHUHQW ORVVHV ZHUH SORWWHG LQ D EWODRRHG EDU JUDSK



IEKRIXMG HIWMKR VIWYPXW

JLIXUH &4RQYHUWHU ORVV GLVWULEXWLRQDQG (IILFLHQF\ GLVSOD\HG DW WKH WRS RI HDF

,WFDQ EHVHHQ WKDW WXUQ RIl ORVV DQG FRQGXFWLRQ ORVV DUH WKH (
QHWLF GHVLJQ )XUWKHU DSDUW IURP WXUQ RIIl ORVVHV DOO RWKHU W\S
IUHTXHQF\ ZKLOH WXUQ RITORVVLQFUHDVHV ZLWK WKHIUHTXHQF\ RI RS
FRQYHUWHU GHFUHDVHVY ZLWK DQ LQFUHDVH LQ IUHTXHQF\RU ZLWK OLJK!



087/ TMGI 7TMQYPE?>

,Q WKLV VHFWLRQ WKH/76SLFHVLPXODWLRQ SHUIRUPHG RQ WKH GLIITHUHC
VIQFKURQRXV EXFN ERRVW YROWDJH EDODQFHU LV SUHVHQWHG 7KH VLI
OLQHDULWLHY SUHVHQW LQ WKH FLUFXLW DUHDOVR SUHVHQWHG

7IVMIW 'SRRIGXIH :SPXEKI&EPERGIV

7KH HTXLYDOHQW FLUFXLW IRU WKH VHULHVY FRQQHFWHG VIQFKURQRXV
PRGHOHG RQ/76SLFH LV VKRZQLQ )LJXUH

JLIXUH (TXLYDOHQW FLUFXLW RI WKH VHULHY FRQQHFWHG VIQFKURQRXYV YROWD]J

7KHVLPXODWLRQLY SHUIRUPHG ZLWK WKHIROORZLQJRSHUDWLQJFRQGLI

7TDEOH 2SHUDWLQJ SDUDPHWHUV IRU WKH /7VSLFH VLPXODWLRQ

3DUDPHWIDD X8 QLW
YUHTXHQF\ N+]
"XW\ &\F|OH

"HDG 7LPH QV

$ VWDUWLQJ YDOXH RIITUHTXHQF\ ZDV FKRVHQ IURP WKH 0$7/$% UHVXOW F
+ LQGXFWDQFH 7KLV ZDV REWDLQHG DV N+] J)UHTXHQF\ZDV WKHQ DG
WKH SKDVH YROWDJHVY DQG FXUUHQWYV DQG WR OLPLW WKH QHXWUDO FXLU
> @ 'HDG WLPH zZDV VHW WR REWDLQ =96 DW WXUQ RQDQG WKH GXW\ F\FC
FXUUHQW RI $ ZKLFK LV WKHQ XVHG WG BXEIQRAWEBDGIWIEERKIBDUJH WKH



:SPXEKI&EPERGIV[MXLSYXRSR PMRIEVMX]

:SPXEKI&EPERGIV[MXLSYXRSR PMRIEVMX]

JLIXUHDQG J)LIXEMHORZ VKRZ WKH 3KDVH YROWDJHV SKDVH FXUUHQWYV DC
VZLWFKHYV DQG VZLWEFK GXULQJWXUQ RQ UHVSHFWLYHO\ 7KH FRQC
OLQHDULW\LQ WKHFLUFXLW

JLIXUH 3KDVH YROWDJHDQG FXUUHQW LQ VHULHY FRQQHFWHG YROWDJH EDODQFHU ZLWK
DYHUDJH 3KDVH YROWDJH IRU SRVLWLYH WR QHXWUDO DQG QHXWUDO WR QHJDWLYH OLQH\
SUDFWLFDOO\]JHUR



:SPXEKI&EPERGIV[MXLSYXRSR PMRIEVMX]

7TDEOH /76SLFH VLPXODWLRQ UHVXOWYV RI SKDVH YROWDJH DQG FXUUHQW IRU VHULHV FRQQ'

3DUDPHWHU 'HVFULSWLRQ| 9DOPBH) LW

%haseavg $YHUDJH SRVLWLYH SKDYH®WYROWDJH
%haseavg | FYHUDIJH QHIDWLYH|SKDYHYROWDJH
$YHUDJH SRVLWLYH SKDVI FXUUHQW
b haseavg $YHUDJH SRVLWLYH SKDVIS FXUUHQW
Neutralavg $YHUDJH QHXWUDO|SKDYHSEXUUHQW

ghaseavg

$V FDQ EH VHHQ LQDQEBXIHEOWKH YROWDJH DFURVYVY ERWK SRVLWLYH WR Q
QHIDWLYH SKDVH OLQHV LV ZHOO EDODQ$GEGLWREB WD O G W KHUFXQUFBHH Q W
QHXWUDO OLQH LYV (BHIDQGLEOWLQIJD ZHOO EDODQFHG VI\VWHP

JLIXUH =96 7XUQ 2Q RI 6ZLWFK DQG 6ZLWFK LQ VHULHVY FRQQHFWHG YROWDJH EDODQF
REVHUYHG WKDW IRU ERWK 6ZLWFKHYV DQG 6ZLWFKHV =96 DW 7XUQ RQLV EHLQJDFKLI
6ZLWFK DQG 6ZLWFK LV WKHVDPH LQGLFDWLQJWKDW YROWDJHLV HTXDOO\GLVW



:SPXEKI&EPERGIV[MXLSYXRSR PMRIEVMX]

7TDEOH /76SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQRIVZLWEFK DQG VZLWEFK IR L
ZLWKRXW QRQ OLQHDULW\

3DUDPHWHUHVFULSWLR@DOPBQLW
Quiag | SYHUDJH VZLWFK YROOWDJH
Quiag | SYHUDJH VZLWFK YROOWDJH
=96, 2|=96 DW 7XUQ RQ|VZHWFK
=96,3 4|=96 DW 7XUQ RQ[VZHWFK

JLIXUH 7XUQ RII EHKDYLRXU LQ 6ZLWFK DQG 6ZLWFK LQVHULHVY FRQQHFWHG YROWD

JURP )LIXUMQG 7TDEQMW FDQ EH VHHQ WKDW WKH YROWDJH DFURVY ERWK VI
6ZLWFK DQG 6ZLWFK LV ZHOO EDODQFHG DQG =96 LWKHR@QVXWKIK DW 7
VIVWHP EHKDYLRXU DW 7XUQ 21l FRQGLWLRQ DQG DV FDQ EH VHHQ WKH
EDODQFHG



7IVMIW 'SRRIGXIH :SPXEKI &EPERGIV[MXL 2SR OMRIEVMX]

7IVMIW 'SRRIGXIH :SPXEKI &EPERGIV[MXL2SR 0N

,Q WKLV VHFWLRQ /76SLFH VLPXODWLRQ UHVXOWYV IRU VHULHY FRQQHFW
OLQHDULWA\DUH SUHVHQWHG 7KH VDPH ZDV EULHIO\GLVFXVVHG LQ VHFW

Gon ! [MXL XSPIVERGI

,Q WKLV VHFWLRQ WKH V\VWHP EHKDYLRXU GXH WR QRQ OLQHDULW\ DU
UHVLVWRUV XVHG LQ H{WHUQDO JDWH UHVLVWDQFH RI WKH 026)(7 LV SU
VHOHFWHG EDVHG R@A@DQMDZIDNRPK-RVHIRDY UHVLVWRU )RU 6ZLWEK
QRQ OLQHDULW\ ZDV FRQVLGHUHG

JLIXUH 3KDVH YROWDJHDQG FXUUHQW LQ VHULHV FRQQHFWKG YROXNNDUK EDODQFHU ZLW
WROHUDQFH ,WFDQEHVHHQ WKDW WKHDYHUDJH 3KDVH YROWDJH IRU SRVLWLYH WR QH X\
JXUWKHU WKH QHXWUDO OLQH FXUUHQW LV SUDFWLFDOO\]JHUR



7IVMIW 'SRRIGXIH :SPXEKI &EPERGIV[MXL 2SR OMRIEVMX]

7TDEOH /76SLFH VLPXODWLRQ UHVXOWV IRUVHULHVY FRQQHFWHG YROAWKIWRDOGDQBRHFH ZLWK C

3DUDPHWHU 'HVFULSWLRQ| 9DOPBH) LW

%haseavg $YHUDJH SRVLWLYH SKDYH®WYROWDJH
%haseavg | FYHUDIJH QHIDWLYH|SKDYHYROWDJH
ghasea\,g $YHUDJH SRVLWLYH SKDVI FXUUHQW
b haseavg $YHUDJH SRVLWLYH SKDVIS FXUUHQW
Neutralavg $YHUDJH QHXWUDO|SKDYHSEXUUHQW

$V FDQ EH VHHQ IURMQGCXDHOWKH YROWDJH DFURVV ERWK SRVLWLYH WR
WR QHIDWLYH SKDVH OLQHV LY ZHOO EDODQFHG $GGLWLRQDOO\ WKH FX
$ LQGLFDWLQJD ZHOO EDODQFHG VA\VWHP

JLIXUH =96 7XUQ 2Q RI 6ZLWFK DQG 6ZLWEFK LQVHULHY FRQQHFWH& YROWWIH EDODQF

FDQ EHREVHUYHG WKDW IRUERWK 6ZLWFKHYV

DQG 6ZLWFK

=96 DW 7XUQ RQLV EHLQJL

RYHU 6ZLWFK DQG 6ZLWFK LV WKHVDPHIRU WLPH SHULRG LQGLFDWLQJWKDW YROWDJH



7IVMIW 'SRRIGXIH :SPXEKI &EPERGIV[MXL 2SR OMRIEVMX]

7DEOH /76SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQ RIVZLWFK DQGVZLWFK IRU \
QRQ OLQ4DULWIIBWK WROHUDQFH

3DUDPHWHUHVFULSWLR@DOPBQLW
Quiag | SYHUDJH VZLWFK YROOWDJH
Quiag | SYHUDJH VZLWFK YROOWDJH
=96, 2|=96 DW 7XUQ RQ|VZHWFK
=96,3 4|=96 DW 7XUQ RQ[VZHWFK

J)LIXUH 7XUQ RII EHKDYLRXULQ 6ZLWFK DQG 6ZLWFK LQ VHULHY FRQRHFWHG YROWDJH

$V VHHQ IURP )LDRGBGHDEOWKH YROWDJH DFURVV ERWK VHULHVY FRQQHFWH !
DQG 6ZLWFK LVZHOO EDODQFHG DQG =96 LVHQVXUHG DW 7XUQ RQ

JLIXUHVKRZV WKH V\VWHP EHKDYLRXUDW7XUQ 2IIDQGDVFDQEHVHHQ W
LVZHOO EDODQFHG



7IVMIW 'SRRIGXIH :SPXEKI &EPERGIV[MXL 2SR OMRIEVMX]

7KXV LW FDQ EH FRQFOXGHG WKDW QRQ OLQHDULW\ DULVLQJ GXH WR WR¢
QHJOLJLEOH HIIHFW RQ WKH YROWDJH EDODQFHU SHUIRUPDQFH

4AEVEWMXMG 'ETEGMXERGI T*

7KH 026)(7 KDV WKUHH FDSDFLWRUV FRQQHFWHG EHWZHHQ WKH WKUHH W
+RZHYHU WKHUHDUHPXOWLSOH SDUDVLWLFFDSDFLWDQFHVY WKDW DUHTLE
ZLWKLQ WKH 026)(7 SDFNDJH H[WHUQDO JDWH GULYHUV DQG JURXQG 7K
WKH VA\VWHP EHKDYLRXU DQG WKH VDPH ZDV VLPXODWHG XVLQJ/76SLFH ¢
FDSDFLWDQFH YDOXH RI  S) DFURVYV BUIHWFKHVHQPWNKGH )RU 6ZLWFK (
OLQHDULW\ZDV FRQVLGHUHG

JLIXUH 3KDVH YROWDJHDQG FXUUHQW LQ VHULHY FRQQHFWHG YROWDJH EDODQFHU ZLWK Q
FDQ EHVHHQ WKDW WKHDYHUDJH 3KDVH YROWDJH IRU SRVLWLYH WR QHXWUDO DQG QHXW
QHXWUDO OLQH FXUUHQW LV SUDFWLFDOO\]JHUR
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7TDEOH /76SLFH VLPXODWLRQ UHVXOWV IRUVHULHVY FRQQHFWHG YROWDJH EDODQFHU ZLWK

3DUDPHWHU 'HVFULSWLRQ| 9DOPBH) LW

%haseavg $YHUDJH SRVLWLYH SKDYH®WYROWDJH
%haseavg | FYHUDIJH QHIDWLYH|SKDYHYROWDJH
ghasea\,g $YHUDJH SRVLWLYH SKDVI FXUUHQW
b haseavg $YHUDJH SRVLWLYH SKDVIS FXUUHQW
Neutralavg $YHUDJH QHXWUDO|SKDYHSEXUUHQW

$V FDQ EH VHHQ IURMQGCXDHOWKH YROWDJH DFURVV ERWK SRVLWLYH WR
WR QHIDWLYH SKDVH OLQHV LY ZHOO EDODQFHG $GGLWLRQDOO\ WKH FX

$ LQGLFDWLQJD ZHOO EDODQFHG VA\VWHP
+RZHYHU DV FRPSDUHG WR WKH FDVH ZLWK QR QRQ OLQHDULW\DQG ZLWK
7TDEOHDQG 7TDEOMWKH GLUHFWLRQ RI FXUUHQW WKURXJK WKH QHXWUDO O]

JLIXUH =96 7XUQ 2Q RI 6ZLWFK DQG6ZLWFK LQ VHULHV FRQQHFWHG YROWDJHEDODOQ!
S) ,WFDQ EHREVHUYHG WKDW IRU ERWK 6ZLWFKHY DQG 6ZLWFK =96 [
WKHDYHUDJH YROWDJH RYHU 6ZLWFK DQG 6ZLWFK LV GLIIHUHQW

&DSDFLWDQFH
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7DEOH /76SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQ RIVZLWFK DQGVZLWFK IRU \
QRQ OLQHDULW\ 3DUDVLWLF FDSDFLWDQFH S)

3DUDPHWHUHVFULSWLR@DOPBQLW
Quiag | SYHUDJH VZLWFK YROOWDJH
Quiag | SYHUDJH VZLWFK YROOWDJH
=96, 2|=96 DW 7XUQ RQ|VZHWFK
=96,3 4|=96 DW 7XUQ RQ[VZHWFK

JLIXUH 7XUQ RIIEHKDYLRXULQ 6ZLWFK DQG 6ZLWFK LQVHULHVY FRQQHFWHG YROWDJt

FDSDFLWDQFH S)

$V VHHQ IURP )LDRGH/ DEOWKH YROWDJH DFURVV 6ZLWFK LVQR PRUHED
=96 DW 7XUQ RQLV VWLOO HQVXUHG )RUG6ZLWFK WKH YROWDJH LV EDC

JLIXUH VKRZV WKH VA\VWHP EHKDYLRXU DW 7XUQ 211 DQG VLPLODU WR 7XU (
LVEDODQFHG EXWDQ XQ HTXDO YROWDJH VKDULQJFDQ EHREVHUYHG
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4EVEWMXMG

'ETEGMXERGI

T*

JRU WKLV FDVH WKH VLPXODWLRQ ZDV SHUIRUPHG IRU D KLJKHU SDUDVLW
DQG 7KHUHVXOWVY DUH SUHVHQWHG EHORZ )RU 6ZLWEFK QR QRQ OL

JLIXUH 3KDVH YROWDJHDQG FXUUHQW LQ VHULHVY FRQQHFWHG YROWDJH EDODQFHU ZLWK (
VKRZQ IRU WLPHSHULRG ,WFDQEHVHHQ WKDW WKHDYHUDJH 3KDVH YROWDJH IRU SRVLW
LQEDODQFH )XUWKHU WKHQHXWUDO OLQH FXUUHQW LV SUDFWLFDOO

7TDEOH /76SLFH VLPXODWLRQ UHVXOWV IRUVHULHY FRQQHFWHG YROWDJH EDODQFHU ZLWK

S3DUDPHWHU 'HVFULSWLRQ| 9DOPBHD L W

%haseavg $YHUDJH SRVLWLYH SKDYH®WYROWDJH
%haseavg | FYHUDIH QHIDWLYH|SKDYHYROWDJH
Ehasea\,g $YHUDJH SRVLWLYH SKDVI FXUUHQW
b haseavg $YHUDJH SRVLWLYH SKDVE FXUUHQW
Neutralavg $YHUDJH QHXWUDO|SKDYHSEXUUHQW
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$V FDQ EH VHHQ LQ PQXUBEOWKH YROWDJH DFURVV ERWK SRVLWLYH WR Q
QHIJDWLYH SKDVH OLQHYV L Defa¥ PHRHIMZEHQDSFVHAGVLYH DQG QHIJDWLYH SKD\

$GGLWLRQDOO\ WKH FXUUHQW WKURXJK WKH QHXWUDO OLQH LV QRZ KL\
VIVWHP )XUWKHU WKHFXUUHQW WKURXJK WKH SRVLWLYHDQG QHXWUDC

JLIXUH =96 7XUQ 2Q RI 6ZLWEFK DQG 6ZLWEFK LQVHULHVY FRQQHFWHG YROWDJH EDODQ
&DSDFLWDQFH S) WFDQ EHREVHUYHG WKDW IRUERWK 6ZLWFKHYV DQG 6ZLWFK =96 |
WKHDYHUDJH YROWDJH RYHU 6ZLWFK DQG 6ZLWFK LV GLIITHUHQW

7TDEOH /76SLFH VLPXODWLRQ UHVXOWYV RI =96 DW WXUQ RQRIVZLWEFK DQG VZLWFK IRU \
QRQ OLQHDULW\ 3DUDVLWLF FDSDFLWDQFH S)

3DUDPHWHUHVFULSWLR®DOPSH LW
Ywiavg | SYHUDJH VZLWFK YROOWDJH
Uwiag | SYHUDJIH VZLWFK YROMWDJH
=964 2|=96 DW 7XUQ RQ|VZHWFK
=96,3 4/=96 DW 7XUQ RQ VZHWFK




7IVMIW 'SRRIGXIH :SPXEKI &EPERGIV[MXL 2SR OMRIEVMX]

JLIXUH 7XUQ RIIEHKDYLRXULQ 6ZLWFK DQG 6ZLWFK LQVHULHVY FRQQHFWHG YROWDJ}
FDSDFLWDQFH S)

$V VHHQ IURP )LIX@® 7TDEOWKH YROWDJH DFURVYV 6ZLWFK LV QR PRUH E
UDWKHU ODUJH YROWDJH GLIITHUHQFHDFURVV WKHP FDQ EH REVHUYHG =¢
JRUBGZLWEFK WKHYROWDJH LY EDODQFHG DQG =96 DWWXUQ RQLVH

JLIXUH VKRZV WKH VA\VWHP EHKDYLRXU DW 7XUQ 211 DQG VLPLODU WR 7XU (
LVEDODQFHG EXWDODUJH YROWDJH GLIITIHUHQFH DFURVV 6ZLWFK F

7KXV LWFDQEHFRQFOXGHG WKDW SDUDVLWLF FDSDFLWDQFH FDQ KDYH |
RI'WKHYROWDJH EDODQFHUDQG YROWDJH VKDULQJDFURVVRRKZHVHULHYV
KRZWKHYROWDJHGLIITHUHQFHDFURVV WKHVHULHY FRQQHFWHGO026)(7LC
FDSDFLWDQFH REWDLQHG XVLQJ/76SLFH VLPXODWLRQ



7IVMIW 'SRRIGXIH :SPXEKI &EPERGIV[MXL 2SR OMRIEVMX]

JLIXUH /76SLFH VLPXODWLRQ UHVXOWY GHSLFWLQJ KRZ WKH YROWDJH GLIIHUHQFH DFURWV?
ZLWKDQLQFUHDVHLQ SDUDVLWLF FDSDFLWDQFHDFURVV VZLWEFEK

+RZHYHU SDUDVLWLF FDSDFLWDQFH DFURVV RQH VHW RI VHULHY FRQQ!
VKDULQJDFURVVY WKHRWKHU VHW RI VZLWFKHV

+EXI (IPE]MR 7[MXGL RW

7KH ODVW QRQ OLQHDULW\VLPXODWHG ZDV WKH VIVWHP EHKDYLRXU ZLW
ZKLFK UHVXOWV LQ D GHOD\ LQ WKH WXUQ RII DQG WXUQ RQ LQVWDQW RI
ZLWK HDFK RWKHU %HORZ WKHVLPXODWLRQ UHVXOWV IRUDJDWH GHOD\
DUH SUHVHQWHG )RU 6ZLWFK QR QRQ OLQHDULW\ ZDV FRQVLGHUHG
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JLIXUH 3KDVH YROWDJHDQG FXUUHQW LQ VHULHVY FRQQHFWHG YROWDJH EDODQFHU ZLWK
VKRZQ IRU WLPHSHULRG ,WFDQEHVHHQ WKDW WKHDYHUDJH 3KDVH YROWDJH IRU SRVLW
LQEDODQFH )XUWKHU WKHQHXWUDO OLQH FXUUHQW LV SUDFWLFDOO

7TDEOH /76SLFH VLPXODWLRQ UHVXOWV IRUVHULHY FRQQHFWHG YROWDJH EDODQFHU ZLWK

3DUDPHWHU 'HVFULSWLRQ| 9DOMBHLW
Frasearg | SYHUDJIH SRVLWLYHSKDVHYROWDJH
% hasearg |SYHUDJIH QHIDWLYH|SKDYHYROWDJH
$YHUDJH SRVLWLYH SKDVI FXUUHQW
bhaseavg | $YHUDJH SRVLWLYH SKDVE FXUUHQW
hewralavg | SYHUDJH QHXWUDO|SKDVHSFXUUHQW

ghaseavg

$V FDQ EH VHHQ LQ pPQ&UBEOHNKH YROWDJH DFURVVY ERWK SRVLWLYH WR
WR QHIJDWLYH SKDVH OLQHV LV QR PRUH EDODQFHG )XUWKHU WKH FXL
QRW EDODQFHG ! $ DQG WKH FXUUHQW WKURXJK WKH SRVLWLYH DQG
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PDJQLWXGH LQGLFDWLQJDQ XQEDODQFHG V\VWHP

JLIXUH =96 7XUQ 2Q RI 6ZLWFK DQG6ZLWFK LQVHULHY FRQQHFWHG YROWDJH EDODQF
VZLWFK ,WFDQEHREVHUYHG WKDW IRUERWK 6ZLWFKHY DQG B6ZLWFK =96 DW 7XUQ
DYHUDJH YROWDJH RYHU 6ZLWFK DQG B6ZLWFK LV GLIIHUHQW

7TDEOH /76SLFH VLPXODWLRQ UHVXOWV RI =96 DW WXUQ RQRIVZLWFK DQG VZLWFK IR
ZLWK QRQ OLQHDULW\ *DWHGHOD\RI QVLQVZLWEFK

3DUDPHWHUHVFULSWLR®@DOMHLW
$YHUDJH VZLWFK YROCOWDJH
Qwiag | SYHUDJIH VZLWFK YROMWDJH
=964 2|=96 DW 7XUQ RQ|VZHWFK
=96,3 4/=96 DW 7XUQ RszHWFK

9sw lavg
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JLIXUH 7XUQ RIIEHKDYLRXULQ 6ZLWFK DQG 6ZLWEFK LQVHULHVY FRQQHFWHG YROWD.
GHOD\LQ VZLWFK Qv

$V VHHQ IURP )LIX@W® 7TDEOHNKH YROWDJH DFURVYV 6ZLWFK LV QR PRUH I

UDWKHU ODUJH YROWDJH GLITHUHQFHDFURVV WKHP FDQ EHREVHUYHG Ol
9 ZKLFK LV KLIJKHU WKDQ WKH EORFNLQJ YR@VDDBQRWWKM DR6ZLOO 9

LQGDPDJH WR WKHVHPLFRQGXFWRUDQG KHQFH WKHFRQYHUWHU

JRUG6ZLWEFK WKHYROWDJH LY EDODQFHG DQG =96 DWWXUQ RQLV HQVX

JLIXUH VKRZV WKH VA\VWHP EHKDYLRXU DW 7XUQ 211DQG VLPLODU WR 7XU (

LVEDODQFHG EXWDODUJHYROWDJHGLIIHUHQFHDFURVV 6ZLWFK FLC
6ZLWFK LV KLJKHU WKDQ WKH EORFNLQJ YROWDJH RI WKH 026)(7 DQG ZL
EDODQFHU

7TKHUHIRUH DPRQJ WKH QRQ OLQHDULWLHY FRQVLGHUHG JDWH GHOD\ D
SDFW RQ VI\VWHP SHUIRUPDQFH DQG FDQHYHQ UHVXOW LQ GDPDJH WR WK
RWKHU FDVHV QRQ OLQHDULW\LQ VHWRIVHULHY VZLWFKHYV GRHVQTW I
VZLWFKHYV



:SPXEKI &EPERG

,Q WKLV FKDSWHU WKH GLITHUHQW PHWKRGVY XVHG WR DFFRXQW IRU XQH
FROQQHFWHG VZLWFKHV LQ YROWDJH EDODQFLQJ FRQYHUWHUYV DULVLQJ
SUHVHQWHG 7KH GLIITHUHQW PHWKRGVY DUH TXDOLWDWLYHO\FRPSDUHG
DQDO\WLFDO DQDO\VLV RI5& VQXEEHU FLUFXLW YROWDJH EDODQFLQJDF

'SPXEKIWLEVMRK SIWIVMIW GSRRIGXIH7M"'"137*

7KH YROWDJH VKDULQJ EHWZHHQ WKH VHULHVY FRQQHFWHG 026)(7 GHYLF
SDUDPHW@U®>

f1RQ XQLIRUPLW\NLQ GHYLFH SDUDPHWHUYVY VXFK DV JDWH UHVLVWDQF
KDYLRXU RIWKH VHULHY FRQQHFWHG 026)(7V

fOLVPDWFK LQ JDWH GULYHU VLIQDO GXHWR QRQ XQLIRUPLW\LQ JDW'
LQDPLVPDWFKLQ WKHVZLWFKLQJEHKDYLRXURIWKHO026)(7V

$1RQ XQLIRUPLW\DULVLQJRXWRISDUDVLWLF FDSDFLWDQFHRIGHYLF

$VDFRQVHTXHQFHRIWKHDERYHSDUDPHWHUYVY WKHYROWDJHVKDULQJDH
LVDGYHUVHO\DIIHFWHG UHVXOWLQJLQ XQEDODQFHG YROWDJH GLVWULE
WKHVZLWFK LQ WKH VHULHVY FRQQHFWLRQ WKDW WXUQV RIl HDUOLHU GX
WKHIDFWRUV PHQWLRQHG DERYH ZLOO EORFN D KLIJKHU DPRXQW RI '& E
YROWDJH VKDULQJ DFURVV WKH VZLWFKHYV 7KLV ZLOO UHVXOW LQ D YRO
WKLV YROWDJH H[FHHGV WKH YROWDJH UDWLQJ RI WKHVZLWFK LW FDQU

$ PLVPDWFK LQ GLIITHUHQW SDUWV RI WKH JDWH GULYHU VA\VWHPV FDQ UH
vVLIQDOV RI WKH VHULHVY RI FRQQHFWHG VZLWFKHV WLV FOHDU WKDW C
XQHTXDO YROWDJH VKDULQJ DPRQJ VHULHYVY FRQQHFWHG VHPLFRQGXFWF
GXHWR GHOD\RIH[WHUQDO JDWH GULYH FLUFXLW 7KH VDPH ZDV DOVR \
DJDWHGHOD\RI QVDFURVVRQHRIWKHVZLWFKHV LQ 6HFWLRQ

SBIGLRMUYIWJSVZSPXEKIFEPERGMRKEGVSWW W|I
*)8
,Q RUGHU WR DFFRXQW IRU DQG HQVXUH HTXDO GLVWULEXWLRQ RI YROW

GLITHUHQW FRQWURO WHFKQLTXHV KDEHERHA Q@ GHWHOW 8 MK H) SIXRAH QH Q\
WKDW FDQ EHIRXQG LQ@V K& OC@aWBUDWXUH >
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JLIXUH '"LITHUHQW WHFKQLTXHV XVHG IR YROWDJH EDODQFLQJ >

%GXMZI+EXI (VMZIV

OXOWLSOHFRQILIXUDWLRQVEDVHGRQDFWLYHJIJDWHGULYHUFRQWURO W
VHULHY FRQQHFWHG 026)(7LQ YROWDJH EDODQFLQJW FR&YHUWHUY KDYH E

+EXIHVMZI WMKREP XMQI HIZMEXMSR GSRXVSP

DQIJHWD@ SURSRVHG DQ LQWHJUDWHG JDWH GULYHU ZLWK DQ DFWLYH G
YROWDJH VKDULQJ DFURVYV VHULHVY FRQQHFWHG 026)(7 VZLWFKHV 7KH S
JDWH GULYH VLIJQDO WLPH GHYLDWLRQ EA\DFFRXQWLQJIRU GLIIHUHQFHYV
WKHJDWH GULYHU FLUFXLWYV

7TKH ZRUNLQJ RIWKHFRQWURO LV GHVFULEHG EHORZ
f7KHPHWKRG HVWLPDWHV JDWH GHOD\E\DQDO\VLQJ G\QDPLFDQG VWH
VOHZ UDWH RI YRC%NEFJ(I—DQK]BQ)‘I}IG WKHILQDO YROWDJH GLIIHUHQFH EH

+f%DVHG RQ WKLV DQDO\VLYV LW XVHV D FRQWUROOHU WR DGMXVW WKtk
ERWK VZLWFKHV JHW DFWLYDWHG DWHWOKRZ WEKRZ WWKH HLURXHW RI WK
PHWKRG SURSRVHG E\ \@QJHW DO >

JLIXUH 7TKH FRQWURO PHWKRG SURSR\GHGVEHV D@JIJSHAVVDRO DFTXLUH WKH YROWDJH VLJQDO IUF
ZKLFK LV WKHQ VHQW WR '63 WR DGMXVW WKH JDWH GULYHUDFFRUGLQJO\DQG HQVXUH WK

f7KH $'& $QDORJ 'LIJLWDO &RQYHUWHU ILUVWDFTXLUHVY WKH YROWDJF}
DQ5& YROWDJH GLYLGHU

t9ROWDJIJHIURP $'& JRHVWR '63 'LJLWDOVLIQDO SURFHVVRU DV LQSXW
WKHUHTXLUHG JDWH GULYH VLIJQDO PRGXODWLRQ YLD D VLOLFRQ GHC
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&KDOOHQJHYV

t7KHDFWLYH JDWH GULYHU FRQWURO PHWKRG PDNHV WKH VA\VWHP KLJI
GHVLIJQ HIITRUW IRUWKH GHVLJQ RI WKH FLUFXLW WR LQWHJUDWH $'& D

F$FTXLVLWLRQRI YROWDJH GDWD IURP 026)(7 IRU WKH $'& UHTXLUHV DC
ZKLFK KDV SDUDVLWLFLQGXFWDQFH 7KLVLQGXFWDQFHFDQDIIHFW W
LQ YROWDJH VSLNHY WKDQ FDQ GDPDJH WKH FLUFXLW LWVHOI LI QRW

tf7KH '63 FRQWUROOHU FORFN IUHTXHQF\ QHHGY WR EH DOLJQHG ZLWK

YROWDJH EDODQFHU $PLVPDWFKRIDIHZQDQR VHFRQGV FDQ UHVXO!
FLUFXLW ,Q RUGHU WR DFFRXQW IRU WKLV D VLOLFRQ GHOD\OLQH ,&
FRPSOH[LW\RI WKHFRQWUROHYHQ IXUWKHU

F)XUWKHU WKH UHVXOWY REW@LYHKR AN GDRVWWDIE] ¥WDWH YROWDJH Gl
HYHQ ZLWK WKH LPSOHPHQWDWLRQ RI WKH VRSKLVWLFDWHG FRQWUR

%WGXMZI +EXI (VI\%Z'IS’RM\XSPPIV

$QRWKHUPHWKRGWRFRQWUROWKHYROWDJHVKDULQJRYHUWKHVHULHYV
JDWH GULYHU FRQWURO ZDV SURSR®HG KN CRIRKVKG RWVDIORG ZRUNV WR
G\QDPLF YROWDJH LPEDODQFH EHWZHHQ WKH 026)(7 GXH WR%WKH GLIIHU
R1026)(7V DW 7XUQRII FRQGLWHBRZ YKIKIMWKH SURSRVHG WHFKQLTXH D
PHWKRG

>+ @

JLIXUH 7KH PHWKRG SURSRVHG E\ 0 [@UJPRKXHYKIDHPWD®OHU FDSDFLWRU DQG %-7 QHWZRUN WR G
FXUUHQW WR WKH 026)(7 ZLWK KLJKHU SDUDVLWLF FDSDFLWDQFH%FRUWKQWZLSQ(FIUGHU WR F

7KHPHWKRG ZRUNV DV GHVFULEHG EHORZ

f7KH PHWKRG ZRUNV E\LQWURGXFLQJ DQ DGGLWLRQDO PLOOHU FDSDF
026)(7 ZLWK D%FUZD—V‘UH LQRUGHU WR PDWFK WKH G\QDPLF YROWDJHYV D!

$$ SDUW RI PLOOHU FXUUHQW FXUUHQW GUDZQ E\ PLOOHU FDSDFLWR!
WR DFFRXQW IRU WKH FXUUHQW WKURXJK SDUDVLWLFY RS ALV D Q FH\
026)(7
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F WXVHVD %-7 EL MXQFWLRQWUDQVLVWRU QHWZRUNLQRUGHU WR GF
DQG WKHVDPHLY FRQWUROOHG XVLQJWKHFRQWURO YROWDJH WR WK

7KH FKDOOHQJHV HQFRXQWHUHG ZLWK WKLY SURSRVHG FRQWURO PHWKR

f WUHTXLUHV D FRPSOH[JDWH GULYHU DQG %-7 QHWZRUN WR GLUHFW
026)(7 IR%{J FROQOWURO 7KHDGGLWLRQ RI PXOWLSOH FRPSRQHQWYV LQW
WKH FLUFXLW

F'XULQJ 7XUQ 2Q WKH DX[LOLDU\ FLUFXLW UHVXOWYV LQ DGGLWLRQ@DO
JDWH WHUPLQDO UHVXOWLQJLQ KLIJIKHUWXUQ RQORVVHVIRU WKLYV F

%WGXMZI KEXI GSRXVSPJSV ZSPXEKIFEPERGMRK

.LP HW D@ SURSRVHG DQ DFWLYHJDWH FRQWURO PHWKRG IRU YROWDJH E
026)(7 GHYLFHV 7KH PHWKRG ZRUNV E\ XVLQJ DQ DX[LOLDU\ FLUFXLW WHF
WR WKHJDWH GULYHU ZLWK GHOD\ WR HQVXUH YROWDJH EDODQFH DFUR\
WXUQ RQDQG WXUQ RIl TKHHTXLYDOHQW FLUFXLW X2HGRRU WKLV PHWK

J)LIXUH $FWLYHJDWH FRQWURO PHWKRG IRUYROWDJH EDODQFH DFURVV VHULHVY FRQQHFW
DO® 7KHPHWKRG XVHV DQ DX[LOLDU\FLUFXLW WR SURYLGH FRPSHQVDWLRQ FXUUH

7KH DX[LOLDU\ FLUFXLW SURSRVYWIEHQ LLP)HBRBEABWLVHY RI %-7V JRYHUQHC
FRQWURO YROWDJHVLIJQDO ,QRUGHUWRFRQWURO WKH %-7 WKHSURSRYV
VHQVLQJFLUFXLWDQGDFRQWURO FLUFXLW 7KHYROWDJHVHQVLQJFLUF
WR VFDOHGRZQDQGILOWHU WKHYROWDJHVLJQDODFURVYV WKH 026)(7 Zk
ZKLFKLVIHG ZLWK YROWDJH GHYLDWLRQ VLIQDO DV LQSXWWRFRQWURO

7KH PDLQ DGYDQWDJH RI WKH FXUUHQW YROWDJH EDODQFH FRQWURO PH\

7 KHSURSRVHG PHWKRGLVDEOHWRFRQWURO WKHYROWDJH VKDULQJ
GHYLFHVLQDQHIIHFWLYH ZD\

I WGRHV QRWOHDG WRDQ\DGGLWLRQDO ORVVHV RUVZLWFKLQJVSHH
XVLQJ SDVVLYHHOHPHQWYV VXFKDV 5& VQXEEHU HWF

7KH OLPLWDWLRQV RI WKH SURSRVHG WHFKQLTXHDUHOLVWHG EHORZ

F WUHTXLUHVDGGLWLRQDO FLUFXLWVIRUYROWDJHPHDVXUHPHQWDQ
PDNHVY WKHLPSOHPHQWDWLRQ KLIKO\FRPSOH[DQG FRVWO\

f$GGLWLRQDO FRPSRQHQWYV LQFUHDVHYV WKH YROXPH IRRWSULQW DQG
WHP
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TMRKPIKEXIHVMZIR XSTSPSK]JSV ZSPXEKIFEPERGI

‘DQIJHWD@ SURSRVHG D VLQJOHJDWH GULYHQ WRSRORJ\IRU YROWDJH EIL
026)(7 GHYLFHV 7KH SURSRVHG FLUFXLW IRUWKHBHFRKDLTXHLV VKRZQ L

JLIXUH 6LQJOH JDWH GULYHQ WRSRORJ\IRUYROWDJH EDODQFHDFURVV VHULHVY FRQQHFW
HW D @ >

7KH PDMRUDGYDQWDJHV RI XVLQJ WKH SURSRVHG WHFKQLTXHDUH OLVW|

f7KHPHWKRV XVHVD VLQJOHJDWHGULYHUWRRSHUDWHWKHVHULHYV FF
FRVW HIILFLHQW

f7KH YROWDJH EDODQFLQJ LV DFKLHYHG XVLQJ SDVVLYH FRPSRQHQW\
FRPSOH[FRQWUROV IRULWY RSHUDWLRQ

7KH OLPLWDWLRQV RI WKH SURSRVHG PHWKRG DUH OLVWHG EHORZ

f7KH SURSRVHG PHWKRG LV OLPLWHG IRU KLJK YROWDJH ORZ SRZHUHG

f7KHPHWKRG XVHVODUJH QXPEHURIFRPSRQHQWV WR DFKLHYH YROWD
GHYLFHV DQG WKXV LWV GHVLIQDQG LPSOHPHQWDWLRQLY FRPSOLFD

f7KH KLIK FRPSRQHQW FRXQW LQFUHDVHVY WKH YROXPH IRRWSULQW DC
IDLOXUH

%GXMZI'PEQT GMVGYMX

OXOWLSOH WRSRORJLHV XVLQJ $FWLYH FODPS FLUFXLW IRU YROWDJH ED
GHYLFHV KDV EHHQ@ [S®D R HEKH SURSRVHG PHWKRGV JHQHUDOO\ ZRUN E
JDWH GUDLQ RUGUDLQ VRXUFH YROWDJH RI WKH 026)(7LQ RUGHU WR UHV
WKHGHYLFHDQG FRQWURO WKH YROWDJH VKDULQJ

%GXMZI ZSPXEKI GPEQTJSV WIVMIW GSRRIGXIH 137*%)8
,QWKH ZRUN RI5DKR@ED @ 8\WPDWLYH YROWDJH FODPS PHWKRG WR FRQWURO

WKH VHULHY FRQQHFWHG 026)(7 GHYLFHY KD\EEPRQ@ SKRBRWKGE HITXXYBO
FLUFXLW RI WKH SURSRVHG PHWKRG IRUYROWDJH EDODQFH
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JLIXUH $FWLYH FODPS FRQWURO IRU YROWDJH EDODQFH DFURVV VHULHVY FRQQHFWHG 026)(
> @

7KHPHWKRG ZRUNV E\ XVLQJ GLRGHV WR FODPS WKH YROWDJH DFURVV WK
GXULQJWXUQRIlI )XUWKHU WKHFODPSLQJ FXUUHQWLVLQMHFWHG WR W
LPEDODQFHDULVLQJRXWRIQRQ OLQHDULWALQ JDWH GULYHU LQLWLDOL

7KH PDLQ DGYDQWDJHV RI WKH FXUUHQW PHWKRG DUHOLVWHG EHORZ

tf, WGRHV QRW UHTXLUH FRPSOH[ FRQWURO V\VWHPV IRU LWV RSHUDWL
WLYHO\VLPSOHU

f,W XVHV SDVVLYH FRPSRQHQWV IRU FRQWURO DQG WKXV LV D UHOLDE
DQFH
7KHPDLQ OLPLWDWLRQV RI WKH FXUUHQW WHFKQLTXH DUH OLVWHG EHOR

Ff WLQYROYHV XVDJH RI ODUJH QXPEHU RI FRPSRQHQWYV WKXV PDNLQJ
SURFHVYV KLIKO\FRPSOH]

$f7KHODUJH FRPSRQHQW FRXQW H[SRVHV WKH SURSRVHG PHWKRG WR P/
LQODUJH YROXPHUHTXLUHPHQW IRUWKH VA\VWHP

TMRKPIIWXIVREP KEXIHVMZI [MXL6'(ZSPXEKI GPEQTMRK

:XHW D@>SURSRVHG DQ 5&" DFWLYH FODPSLQJ PHWKRG EDVHG RQ VLQJOH

LQJDFURVYV VHULHY FRQQHFWHG 026 HA GRHZ' VRRYZ V )W KXHUHHT XLYDOHQW FLL
SURSRVHG PHWKRG
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JLIXUH : X HWDO@ SURSRVHG DQ 5&" DFWLYH FODPSLQJ PHWKRG ZLWK VLQJOH JDWH GULYH!|
DFURVV VHULHVY FRQQHFWHG 026)(7 GHYLFHYV

7KH PDLQ DGYDQWDJHV RI XVLQJ WKH SURSRVHG PHWKRG IRU YROWDJH EI

f7KHPHWKRG XVHVD VLQJOHJDWH GULYHUIRU 026)(7DQG WKXV LV PR

I WGRHV QRW UHTXLUHDQ\DGGLWLRQDODFWLYHFRQWURO VA\VWHP IR
UHOLDEOH

7KH OLPLWDWLRQV RI WKH SURSRVHG PHWKRG DUH OLVWHG EHORZ

) RUWKH SURSRVHG PHWKRG WKH WUDQVLHQW YROWDJH EHKDYLRXU I
EDODQFHG UHVXOWLQJLQ WKHUPDO ORVVHV DQG UHOLDELOLW\LVVX

Ff7KHPHWKRGLQYROYHV XVHRIODUJH QXPEHU RIFRPSRQHQWV UHVXO'
DQG PDNHV WKH VAIVWHP PRUH SURQH WR IDLOXUHYV

6' T RYFFIVGMVGYMX

8VLQIS5& VQXEEHU FLUFXLWV IRUYROWDJHEDODQFLQJDFURVYVY VHULHV F!
RQDFFRXQWRILWVVLPSOLFLW\ @ HRZHYHOUW VWM KOHOGVOHRZI ¥ RXWEHU FLUF XL
WKHVZLWFKLQJVSHHG RI VHULHY FRQQHFWHG GHYLFHVDQG LQWURGXFF
PDNH WKH VQXEEHU FLUFXLW XQVXLWDEOH IRU KLJK I[UHTXHQF\DQG KLJK

IHYHUWKHOHVY PXOWLSOH UHVHDUFK KDYH EHHQ FRQGXFWHG WR LQFRL
YROWDJHEDODQFLQJ 6RPHRIWKHVHDUHLQWURGXFHG EHORZ LQ EULHI

:SPXEKIFEPERGMRK YWMRK 6" WRYFFIVGMVGYMX
9HFKDODSX H& POHV"HQWHG D PHWKRG WR EDODQFH WKH YROWDJH VKDU

026)(7 XVLQJ D SDVVLYH 5& VQXEEHUEHOWFX VKR INVIWKH HTXLYDOHQW FLU
SURSRVHG WHFKQLTXH
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