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Devwudfw

Vfdoh vsdfhv doorz xv wr rujdql}h/ frpsduh dqg dqdo|vh glòhuhqwo| vl}hg vwuxfwxuhv ri dq remhfw1
Wkh olqhdu vfdoh vsdfh ri d prqrfkurpdwlf lpdjh lv wkh vroxwlrq ri wkh khdw htxdwlrq xvlqj wkdw
lpdjh dv dq lqlwldo frqglwlrq1 Dowhuqdwlyho|/ wklv olqhdu vfdoh vsdfh fdq dovr eh rewdlqhg dsso|lqj
Jdxvvldq ñowhuv ri lqfuhdvlqj yduldqfhv wr wkh ruljlqdo lpdjh1 Lq wklv zrun/ zh frpsduh +e| orrnlqj
dw wkhruhwlfdo surshuwlhv/ uxqqlqj wlph dqg rxwsxw glòhuhqfhv, ñyh zd|v ri glvfuhwl}lqj wklv Jdxvvldq
vfdoh0vsdfh= vdpsolqj Jdxvvldq glvwulexwlrqv> uhfxuvlyho| fdofxodwlqj Jdxvvldq dssur{lpdwlrqv> xvlqj
Vsolqhv> dssur{lpdwlqj e| ñuvw0rughu jhqhudwruv> dqg ñqdoo|/ e| d qhz phwkrg zh fdoo _Furvvhg
Frqyroxwlrqv%1 Lq sduwlfxodu/ zh h{solflwo| suhvhqw d fruuhfw zd| ri lqlwldol}lqj wkh uhfxuvlyh phwkrg
wr dssur{lpdwh Jdxvvldq frqyroxwlrqv1

� W?|hL_ýU|ðL?

Wkh frqfhsw ri vfdoh lv lqwulqvlf wr wkh revhuydwlrq ri dq| sk|vlfdo remhfw1 Lq rughu wr rewdlq
lqirupdwlrq ru ihdwxuhv iurp dq remhfw/ zh pxvw xvh dq dssursuldwh vfdoh zkhuh vxfk lqirupdwlrq lv
hdvlo| revhuydeoh1 Iru h{dpsoh/ lq fduwrjudsk|/ li zh zdqw wr ñqg d krxvh lq d qhljkerukrrg/ wkh vfdoh
4=431333 lv dssursuldwh1 Krzhyhu/ li zh zdqw wkh orfdwlrq ri wklv vdph vsrw lq wkh sodqhw/ zh kdyh wr
xvh d 4=413331333 vfdoh1

Dq dssursuldwh fkrlfh ri vfdoh lv dovr lpshudwlyh wr orfdwh skhqrphqd lq wlph1 Fhuwdlq sk|vlfdo skh0
qrphqd duh revhuydeoh lq wlph vfdohv ri plfur0vhfrqgv +wklqn ri wkh lqirupdwlrq ðrz lqvlgh d frpsxwhu,/
zkloh rwkhuv rffxu lq wlph vfdoh ri eloolrqv ri |hduv +olnh wkh olih f|foh ri vwduv,1

Qrwh wkdw wkh frqfhsw ri vfdoh lv forvho| olqnhg wr wkh lghd ri uhvroxwlrq +ru ghwdlo,1 Lq jhqhudo/
wkh uhvroxwlrq lv wkh lqyhuvh ri vfdoh= zkhqhyhu zh h{dplqh hyhqwv ri vpdoo +ñqh, vfdoh/ zh xvh kljk
uhvroxwlrqv1

Li zh zdqw d jhqhulf v|vwhp wkdw grhv qrw nqrz d sulrul wkh ghvluhg vfdoh iru h{wudfwlqj lqirupdwlrq
iurp dq remhfw +ru vhtxhqfh ri lpdjhv,/ wkhq lw pljkw eh qhfhvvdu| wr fuhdwh d uhsuhvhqwdwlrq ri vxfk dq
remhfw lq vhyhudo vfdohv1 Lq lpdjh surfhvvlqj/ vhyhudo vxfk pxowl0vfdoh uhsuhvhqwdwlrqv kdyh ehhq fuhdwhg
wr idfh wklv glïfxow|/ olnh Txdg0Wuhhv/ S|udplgv/ Zdyhohwv dqg Vfdoh0Vsdfhv1

Vrph ghvludeoh surshuwlhv iru d pxowl0vfdoh uhsuhvhqwdwlrq duh=

î Lvrwurs| ru urwdwlrq lqyduldqfh= wkhuh duh qr suhihuuhg gluhfwlrqv/ wkdw lv/ wkh uhsuhvhqwdwlrq ri d
vwuxfwxuh lv lqghshqghqw ri lwv rulhqwdwlrq1

î Krprjhqhlw| ru wudqvodwlrq lqyduldqfh= wkhuh duh qr suhihuuhg orfdwlrqv/ wkdw lv/ wkh uhsuhvhqwdwlrq
ri d vwuxfwxuh grhv qrw ghshqg rq lwv orfdol}dwlrq1

î Fdxvdolw|= qr vwuxfwxuh lv fuhdwhg zkhq wkh vfdoh lqfuhdvhv1 Pruh vshflñfdoo|/ dq| ihdwxuh suhvhqw
lq d fhuwdlq vfdoh frphv iurp ghwdlov wkdw duh suhvhqw lq vpdoohu vfdohv> wkh uhsuhvhqwdwlrq ri dq
remhfw lq d frduvhu vfdoh kdv qr pruh ghwdlov wkdq wkh vdph remhfw uhsuhvhqwhg rq d vpdoohu +ñqhu,
vfdoh1
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Qrwh wkdw wkhvh surshuwlhv +vshfldoo| wkh lqyduldqfh e| wudqvodwlrqv, lpso| wkdw wkh vl}h ri wkh vxssruw
ri dq remhfw fdq*w fkdqjh zlwk vfdoh> wklv lv xqolnh wkh lghd ri vfdoh lq fduwrjudsklf pdsv/ zkhuh d odujhu
vfdoh xvxdoo| lpsolhv lq vpdoohu remhfw vxssruw1 Lq sduwlfxodu/ wkh vfdoh vsdfh ri dq lpdjh zloo eh d
vhtxhqfh ri lpdjhv/ doo ri wkh vdph vl}h ri wkh ruljlqdo lpdjh1 Zkhq wkh vfdoh lqfuhdvhv/ wkh lpdjhv jhw
pruh eoxuuhg/ dv li zh zhuh zdwfklqj wkh lpdjhv iurp d odujhu glvwdqfh/ exw wkh vxssruw*v vl}h lv nhsw
ñ{hg1 Wkh eoxuulqj lv d gluhfw frqvhtxhqfh ri wkh fdxvdolw| sulqflsoh/ wkdw irufhv wkh lpdjh wr orvh ghwdlo
dv wkh vfdoh lqfuhdvhv1

Wkh vwuxfwxuh ri wklv sdshu jrhv dv iroorzv=
Lq vhfwlrq 5 zh zloo irupdoo| ghñqh +qrq0glvfuhwh, olqhdu +Jdxvvldq, vfdoh0vsdfhv dqg suhvhqw wkhlu

pdlq surshuwlhv1
Lq vhfwlrq 6/ zh zloo glvfuhwl}h vxfk olqhdu vfdoh0vsdfhv e| glvfuhwl}lqj wkh Jdxvvldq ñowhu nhuqho lq

glòhuhqw zd|v> lq sduwlfxodu/ zh suhvhqw d fruuhfw zd| ri lqlwldol}lqj dq dojrulwkp e| Ghulfkh ^7` wr
uhfxuvlyho| fdofxodwh vfdoh0vsdfhv zkhq wkh lpdjh h{whqvlrq lv dvvxphg wr eh shulrglf1

Lq vhfwlrq 7/ zh glvfuhwl}h olqhdu vfdoh0vsdfhv iurp d voljkwo| glòhuhqw srlqw0ri0ylhz= zh glvfuhwl}h d
Khdw Htxdwrq/ dozd|v nhhslqj dq h|h wr vhh li wkh qrq0glvfuhwh surshuwlhv wudqvihu wr wkh glvfuhwh fdvh1
Lq sduwlfxodu/ zh suhvhqw d qhz phwkrg +Furvvhg Frqyroxwlrqv, wkdw vroyhv wkh glvfuhwh yhuvlrq ri wkh
khdw htxdwlrq h{dfwo|/ dqg wkhuhiruh suhvhuyhv pdq| ri wkh ghvludeoh surshuwlhv ri wkh qrq0glvfuhwh fdvh1

Ilqdoo|/ lq vhfwlrq 8/ zh frpsduh wkh uhvxowv ri rxu lpsohphqwdwlrqv ri wkh glòhuhqw phwkrgv +orrnlqj
dw wkhruhwlfdo glòhuhqfhv/ uxqqlqj wlph dqg rxwsxw glòhuhqfhv ri wkh pdq| vfdoh0vsdfhv,1

2 B@ýttð@? 5U@*ií5T@Uit

Ghñqlwlrq 4 Ohw i = U? $ U1 Wkh Jdxvvldq vfdoh0vsdfh ri i lv wkh ixqfwlrq O = U? û Un $ U
jlyhq e|
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zkhuh O+{> 3, @ i+{,/ J|+{, @
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2
?ä lv wkh q0glphqvlrqdo Jdxvvldq glvwulexwlrq zlwk

yduldqfh 5w +vwdqgdug ghyldwlrq â @
s
5w, dqg { @ +{�> {2> = = = > {?, 5 U?1 Wkh sdudphwhu w lv qdphg

vfdoh1

Iljxuh 4 vkrzv vdpsohv ri Ohqqd*v lpdjh vfdoh0vsdfh dw vfdohv w @ 3> 3=58> 3=8> 4> 5> 7> ;> 49> 65 +qrwh
wkdw w @ 3 fruuhvsrqgv wr wkh ruljlqdo lpdjh,1

Wkh Jdxvvldq vfdoh0vsdfh kdv vhyhudo lqwhuhvwlqj surshuwlhv/ prvw ri wkhp lqkhulwhg iurp wkh Jdxv0
vldq ixqfwlrq1 Ohw*v olvw wkhp eulhð|1

2ë� èhLTih|ðit

51414 Olqhdulw| dqg Wudqvodwlrq Lqyduldqfh

Vlqfh zh ghñqhg wkh Jdxvvldq vfdoh0vsdfh iurp d frqyroxwlrq/ lwv ghshqghqfh rq i lv qhfhvvdulo|
olqhdu dqg wudqvodwlrq lqyduldqw1

51415 Lvrwurs|

Vlqfh wkh q0glphqvlrqdo Jdxvvldq lv urwdwlrqdoo| lqyduldqw ru lvrwurslf +vhh ñjxuh 5,/ vr lv wkh
Jdxvvldq vfdoh0vsdfh1
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Iljxuh 4= Ohqqd*v lpdjh vfdoh0vsdfh1
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Iljxuh 5= 5G Jdxvvldq/ w @ 3=81
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51416 Vhpljurxs

Wkh Jdxvvldq nhuqhov J| kdyh d vhpljurxs surshuw|/ wkdw lv/ J|�n|2 @ J|� ú J|2 iru dq| w� dqg
w2 5 Un1 Wkhuhiruh/ O+{> w� . w2, @ O+{> w�, úJ|23|�+{,/ lqglfdwlqj vfdoh krprjhqhlw|/ wkdw lv/ doo vfdohv
ri O duh wuhdwhg lq wkh vdph zd|1

51417 Fdxvdolw|

Wkh fdxvdolw| surshuw| uhtxluhv wkdw wkh vfdoh0vsdfh eh vrphkrz vprrwkhg zlwk lqfuhdvlqj vfdoh/
exw lw fdq eh irupdol}hg lq pdq| zd|v1 Rqh zd| ri ghñqlqj fdxvdolw| lv wr xvh dpd{lpxp sulqflsoh=
eurdgo| vshdnlqj/ wkh ydoxh ri d orfdo pd{lpxp +iru ñ{hg w, ri O+ü> w, grhv qrw lqfuhdvh dv wkh vfdoh w
lqfuhdvhv/ dqg wkh ydoxh ri d orfdo plqlpxp ri O +ü> w, grhv qrw ghfuhdvh dv wkh vfdoh w lqfuhdvhv1 Zlwk
vxfk ghñqlwlrq/ wkh Jdxvvldq vfdoh0vsdfh lv lqghhg fdxvdo1

51418 Khdw Htxdwlrq

Wkh Jdxvvldq vfdoh0vsdfh O+{> w, @ i ú J|+{, lv wkh vroxwlrq ri wkh iroorzlqj sduwldo glòhuhqwldo
htxdwlrq/ nqrzq dv wkh Khdw Htxdwlrqã

O+{> 3, @ i+{,
YuE c|ä
Y| @ u2O+{> w,

zkhuh wkh Odsodfldq rq wkh uljkw vlgh lv wdnhq rqo| zlwk uhvshfw wr wkh { yduldeohv +{ 5 U?,1

51419 Xqltxhqhvv

Wkh Jdxvvldq vfdoh0vsdfh lv wkh rqo| qrq0wulyldo vsdfh wkdw lv olqhdu/ lvrwurslf/ lqyduldqw e| wudqv0
odwlrqv dqg vdwlvñhv wkh pd{lpxp sulqflsoh vwdwhg deryh1 Iru d surri/ vhh ^5`1

ô #ðtUhi|ð3@|ðL? ñð@ çL?ñL*ý|ðL?

Krz wr glvfuhwl}h wkh Jdxvvldq vfdoh0vsdfh dqg nhhs wkh surshuwlhv zh olvwhg lq wkh suhylrxv vhfwlrqB
Dv d ñuvw dssurdfk/ zh frxog ghñqh d glvfuhwh vfdoh0vsdfh ri d vljqdo e| dsso|lqj dq| idplo| ri ñowhuv
wr lw1

Ghñqlwlrq 5 Ohw j| eh d idplo| ri glvfuhwh ñowhu nhuqhov +zlwk jf ^q` @ ï ^q` @ ïf?/ wkh glvfuhwh Gludf
ixqfwlrq,1 Wkh glvfuhwh vfdoh0vsdfh +dffruglqj wr j|, ri d glvfuhwh vljqdo i = ] $ U lv wkh ixqfwlrq
O = ]ûUn $ U jlyhq e|

O ^q> w` @ i ú j| ^q`
Qrwh wkdw O ^q> 3` @ i ^q` =

Wkh ghñqlwlrq iru pxowlglphqvlrqdo vljqdov lv vlplodu1 Iru h{dpsoh/ iru lpdjhv zh kdyh=

Ghñqlwlrq 6 Ohw j| eh d idplo| ri glvfuhwh ñowhu nhuqhov +zlwk jf ^p>q` @ ï ^p>q`,= Wkh glvfuhwh
vfdoh0vsdfh +dffruglqj wr j|, ri dq lpdjh i = ]2 $ U lv wkh ixqfwlrq O = ]2 ûUn $ U jlyhq e|

O ^p>q> w` @ i ú j| ^p>q`
Qrwh wkdw O ^p>q> 3` @ i ^p>q` =
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Ri frxuvh/ wklv kdv wkh srwhqwldo wr eh xvhohvv li wkh idplo| j| lv qrw dw ohdvw frqwlqxrxv rq w/ qrw wr
phqwlrq wkdw zh zrxog olnh j| wr kdyh vrphwklqj wr gr zlwk wkh qrq0glvfuhwh Jdxvvldq ixqfwlrq$ Lq wklv
vhfwlrq/ zh suhvhqw 6 dowhuqdwlyhv iru wkh frqvwuxfwlrq ri wkh idplo| j|/ doo ri wkhp wu|lqj wr uhsuhvhqw
Jdxvvldq vfdoh0vsdfhv +li srvvleoh/ nhhslqj wkh surshuwlhv ghvfulehg lq wkh frqwlqxrxv fdvh,1

ôë� 5@4T*i_ B@ýttð@?

Pd|eh wkh prvw vwudljkwiruzdug vroxwlrq wr glvfuhwl}h wkh Jdxvvldq vfdoh0vsdfh lv wr wdnh wkh idplo|
j| iurp d gluhfw xqlirup vdpsolqj ri wkh Jdxvvldq ixqfwlrq1 Iru h{dpsoh/ lq wkh xqlglphqvlrqdo fdvh/
zh frxog mxvw fdofxodwh wkh ydoxh ri wkh Jdxvvldq ixqfwlrq dw wkh lqwhjhuv

j| ^q` @
4s
7äw

h3
?2

e|

Iru lpsohphqwdwlrq sxusrvhv/ vlqfh wklv ixqfwlrq kdv lqñqlwh vxssruw/ zh pljkw kdyh wr ghflgh rq
d fxw0rò srlqw iru q1 Lw lv fxvwrpdu| wr wdnh wklv fxw0rò srlqw dw 6 ru 7 vwdqgdug ghyldwlrqv iurp wkh
phdq/ wkdw lv/ wr wdnh

j| ^q` @

+
äI
eZ|
h3

?2

e| / iru mqm ? 7sâ @ 7s5w
3/ rwkhuzlvh

zkhuh wkh frqvwdqw F lv wdnhq wr pdnh j| qrupdol}hg/ wkdw lv/ vxfk wkdw

"[
?'3"

j| ^q` @ 4

Wklv uhqrupdol}dwlrq lv vshfldoo| uhohydqw iru vpdoo ydoxhv ri w/ zkhq wkh ñowhu kdv vpdoo vxssruw1 Lq
sduwlfxodu/ qrwh wkdw/ zkhq w $ 3/ J| +3, $ 4 dqg zh grq*w zdqw wkh vdph ehkdylru iru j| ^3`1 Zlwk
wkh uhqrupdol}dwlrq/ j| ^3` @ 4 iru w ? 4@65 +lq idfw/ j| ^q` @ ï ^q` iru w ? 4@65,1

Qrz zh fdq ghñqh wkh vfdoh0vsdfh ri d 4G vljqdo i dv lq wkh suhylrxv vhfwlrq�

O| ^q` @ i ^q` ú j| ^q`

zkhuh j| ^ü` lv ghñqhg dv deryh1 Xqiruwxqdwho|/ vxfk vfdoh0vsdfh grhv qrw kdyh wkh vhpl0jurxs qru
wkh fdxvdolw| surshuw| +erwk surshuwlhv duh ghñqhg lq wkh glvfuhwh fdvh iroorzlqj wkh fruuhvsrqglqj
qrq0glvfuhwh ghñqlwlrqv,1

Zh h{whqg wkh vdpsohg Jdxvvldq vfdoh0vsdfh wr wkh pxowl0glphqvlrqdo fdvh xvlqj whqvru surgxfwv/
wkdw lv/ xvlqj

j| ^q�> q2> ===` @ j| ^q�` =j| ^q2` ====

zkhuh hdfk ri wkh j| rq wkh uljkw vlgh lv ghñqhg dffruglqj wr wkh suhylrxv glvfxvvlrq1
Iljxuh 6 vkrzv vdpsohv ri wklv glvfuhwh vfdoh0vsdfh dw yduldqfhv 3 +ruljlqdo lpdjh,/ 4/ 43 dqg 4331

ôë2 +iUýhtðñi B@ýttð@? E#ihðUüiä

Qrwh wkdw wkh fdofxodwlrq ri wkh vdpsohg Jdxvvldq vfdoh0vsdfh lv yhu| frvwo|/ vshfldoo| zkhq lwv
yduldqfh lv elj/ gxh wr wkh frpsxwdwlrq ri wkh frqyroxwlrqv lqyroyhg1 Ghulfkh ^7` vkrzv krz wr dssur{l0
pdwh wkh vdpsohg Jdxvvldq nhuqho e| d uhfxuvlyh nhuqho +wkdw lv/ rqh zkrvh frqyroxwlrq fdq eh txlfno|

�6hL4 üihi L?c êi t*ð}ü|*) Uü@?}i |üi ?L|@|ðL? Tý||ð?} |üi ñ@hð@M*i | L? u d?c |o @t @ týMtUhðT|ë
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Iljxuh 6= Vdpsohg Jdxvvldq vfdoh0vsdfh1

fdofxodwhg yld uhfxuvlyh uhodwlrqv,/ qdpho|/ xvlqj wkh dssur{lpdwlrq
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zkhuh â2 @ 5w1

Pruh h{solflwo|/ ohw { = i3> 4> ===>Qj $ U dqg frqvlghu wkh nhuqho j2| ^q` rewdlqhg xvlqj wkh dssur{l0
pdwlrq deryh lqvwhdg ri h3?2*e|1 Wkh glvfuhwh frqyroxwlrq | @ { új2| ^q` fdq eh txlfno| frpsxwhg xvlqj
wkh iroorzlqj uhfxuvlyh uhodwlrqv=

|n ^q` @ qnff{ ^q` . q
n
��{ ^qý 4` . qn22{ ^qý 5` . qnôô{ ^qý 6` +4,

ý gn��|n ^qý 4`ý gn22|n ^qý 5`ý gnôô|n ^qý 6`ý gnee|n ^qý 7`
|3 ^q` @ q3��{ ^q. 4` . q

3
22{ ^q. 5` . q

3
ôô{ ^q. 6` . q

3
ee{ ^q. 7` +5,

ý g3��|3 ^q. 4`ý g322|3 ^q. 5`ý g3ôô|3 ^q. 6`ý g3ee|3 ^q. 7`
| ^q` @ |n ^q` . |3 ^q` +6,

zkhuh qnff> q
n
��> q

n
22> q

n
ôô> g

n
��> g

n
22> g

n
ôô> g

n
ee> q

3
��> q

3
22> q

3
ôô> q

3
ee> g

3
��> g

3
22> g

3
ôô dqg g

3
ee duh frqvwdqwv wkdw fdq eh

txlfno| fdofxodwhg ghshqglqj rqo| rq wkh sduwlfxodu â fkrvhq ~ iru h{dpsoh/ qnff @ 5=6936 dqg gnee @
h3.éf�2*j1 Iru doo rwkhu h{suhvvlrqv/ vhh ^7`1

Qrwh wkdw |n +iurp irupxod 4, fdq eh fdofxodwhg uhfxuvlyho| iurp ohiw wr uljkw +q @ 3> 4> ===>Q,/
zkloh |3 +irupxod 5, fdq eh frpsxwhg iurp uljkw wr ohiw +q @ Q>Q ý 4 ü ü ü > 3,1 Lq rughu wr frpsxwh
hdfk hohphqw ri | ^q`/ zh qhhg 48 dgglwlrqv dqg 49 pxowlsolfdwlrqv/ lqghshqghqw ri â/ zkdw pdnhv wklv
phwkrg yhu| hïflhqw frpsxwdwlrqdoo|1
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Rqh uhpdlqlqj glïfxow| lv= krz wr lqlwldol}h wkh phwkrgB Iru h{dpsoh/ krz wr fkrrvh |n ^ý4`/
|n ^ý5`/ |n ^ý6` dqg |n ^ý7` iru wkh ñuvw ohiw0wr0uljkw lwhudwlrq/ dqg wkh fruuhvsrqglqj { ^ý4`/ { ^ý5`/
{ ^ý6`/ { ^ý7`B Zh glvfxvv wklv lpsohphqwdwlrq ghwdlo d elw pruh fduhixoo| lq wkh qh{w vxevhfwlrq1

Vlploduo| wr wkh 4G fdvh/ zh h{whqg wklv uhfxuvlyh vfdoh0vsdfh wr wkh pxowl0glphqvlrqdo fdvh xvlqj
whqvru surgxfwv1 Iljxuh 7 vkrzv vdpsohv ri wklv vfdoh0vsdfh dw yduldqfhv 3/ 4/ 43 dqg 4331

Iljxuh 7= Uhfxuvlyh Jdxvvldq Vfdoh0vsdfh

61514 Uhfxuvlrq Lqlwldol}dwlrq

Dv zh phqwlrqhg deryh/ lw lv qrw fohdu dw doo krz wr vwduw wkh uhfxuvlrq iru Ghulfkh*v phwkrg1 Lw
vhhpv wr eh frpprq wr fkrrvh |n ^ý4` @ |n ^ý5` @ |n ^ý6` @ |n ^ý7` @ 3/ exw/ xqohvv d uhqrupdol}dwlrq
lv grqh dw wkh hqg ri wkh surfhvv/ wklv kdv wkh hòhfw ri pdnlqj wkh zkroh lpdjh gdunhu +forvhu wr 3, dw
hyhu| frqyroxwlrq shuiruphg1

Qhyhuwkhohvv/ wkhuh lv dq dowhuqdwlyh iru wkh ghñqlwlrq ri |n li zh dvvxph wkdw wkh ñqlwh vljqdo { lv
h{whqghg shulrglfdoo|1 Lqghhg/ mxvw qrwh wkdw wkh dqvzhuv |n dqg |3 pxvw dovr eh shulrglf zlwk wkh
vdph shulrg ri {= Vr/ li wkh shulrg lv dvvxphg wr eh W / zh zrxog olnh wr kdyh;AA?AA=

|n ^W ` @ |n ^3`
|n ^W . 4` @ |n ^4`
|n ^W . 5` @ |n ^5`
|n ^W . 6` @ |n ^6`

Rq wkh rwkhu kdqg/ vxffhvvlyh dssolfdwlrqv ri wkh irupxod 4 ohdg wr d uhodwlrq wkdw orrnv olnh;AA?AA=
|n ^W ` @ dff|

n ^3` . df�|
n ^4` . df2|

n ^5` . dfô|
n ^6` .Df

|n ^W . 4` @ d�f|
n ^3` . d��|

n ^4` . d�2|
n ^5` . d�ô|

n ^6` .D�
|n ^W . 5` @ d2f|

n ^3` . d2�|
n ^4` . d22|

n ^5` . d2ô|
n ^6` .D2

|n ^W . 6` @ dôf|
n ^3` . dô�|

n ^4` . dô2|
n ^5` . dôô|

n ^6` .Dô

+7,

:



zkhuh wkh frhïflhqwv Df ü ü üDô ghshqg rq wkh lqsxw vljqdo { dqg rq wkh frqvwdqwv qnff ü ü üqnôô> gn�� ü ü ü gnee/
zkloh wkh ydoxhv ri dðæ ghshqg rqo| rq g

n
�� ü ü ü gnee dqg W / wkdw lv/ ghshqg rqo| rq â dqg wkh vl}h ri {1

Krz wr txlfno| ñqg vxfk frhïflhqwvB Zhoo/ iru Df/ D�/ D2 dqg Dô lw lv hqrxjk wr _vlpxodwh% wkh
surfhvv zlwk |n ^3` @ |n ^4` @ |n ^5` @ |n ^6` @ 3 +xvlqj wkh shulrglf h{whqvlrq iru {, dqg dsso| irupxod
4 uhshdwhg wlphv1 Dffruglqj wr v|vwhp 7/ iru wklv _vlpxodwlrq% zh pxvw hqg xs zlwk Df @ |n ^W `/
D� @ |

n ^W . 4`/ D2 @ |
n ^W . 5` dqg Dô @ |

n ^W . 6`1

Rq wkh rwkhu kdqg/ v|vwhp 7 dovr vd|v wkdw/ li zh wdnh { ^q` @ 3> ;q/ |n ^3` @ 4 dqg |n ^4` @ |n ^5` @
|n ^6` @ 3 dqg dsso| uhfxuvlrq odz 4 uhshdwhg wlphv zh hqg xs ñqglqj dff @ |n ^W `/ d�f @ |n ^W . 4`/
d2f @ |

n ^W . 5` dqg dôf @ |
n ^W . 6`1 Doo rwkhu frhïflhqwv fdq eh frpsxwhg vlploduo|> iru h{dpsoh/

wdnh { ì 3/ |n ^3` @ |n ^4` @ |n ^5` @ 3 dqg |n ^6` @ 4/ dsso| uhfxuvlrq 4 uhshdwhgo| xqwlo |rx ñqg
dðô @ |

n ^W . l`1

Rqfh zh kdyh doo frhïflhqwv rq wkh olqhdu v|vwhp 7/ zh qrz wdnh lqwr dffrxqw wkh shulrglflw| ri |n

dqg vroyh d vlpsoh olqhdu v|vwhp wr ñqg wkh fruuhfw ydoxhv ri |n ^3`/ |n ^4`/ |n ^5` dqg |n ^6`/ qdpho|/;AA?AA=
+dff ý 4,|n ^3` . df�|n ^4` . df2|n ^5` . dfô|n ^6` @ ýDf
d�f|

n ^3` . +d�� ý 4,|n ^4` . d�2|n ^5` . d�ô|n ^6` @ ýD�
d2f|

n ^3` . d2�|
n ^4` . +d22 ý 4,|n ^5` . d2ô|n ^6` @ ýD2

dôf|
n ^3` . dô�|

n ^4` . dô2|
n ^5` . +dôô ý 4,|n ^6` @ ýDô

Wkh lqlwldo ydoxhv |3 ^Q `/ |3 ^Q ý 4`/ |3 ^Q ý 5` dqg |3 ^Q ý 6` iru uhfxuvlrq 5 duh fdofxodwhg vlpl0
oduo|1 Wklv jxdudqwhhv wkdw wkh dqvzhuv |n dqg |3 duh erwk shulrglf ri shulrg W / dv zh zdqwhg1

Ilqdoo|/ li wkh vljqdo { lv h{whqghg zlwk }hurhv +wkhuhiruh/ d qrq0shulrglf h{whqvlrq,/ wkhuh lv qr zd|
rxw/ dqg zh gr wdnh lqghhg |n ^ý4` @ |n ^ý5` @ |n ^ý6` @ |n ^ý7` @ 3 iru wkh fdofxodwlrq ri |n ^l` dqg
|3 ^Q . 4` @ |3 ^Q . 5` @ |3 ^Q . 6` @ |3 ^Q . 7` @ 3 iru wkh fdofxodwlrq ri |3 ^l`1 Qrwh wkdw wkhvh
duh qrw jxdudqwhhg wr pdnh | d vljqdo zlwk }hur h{whqvlrq +wkhuh zrxog eh d _ohdn% dqg vrph ydoxhv ri
| ^q` zrxog eh qrq0}hur iru ydoxhv ri q rxw ri { vxssruw,1

ôëô 5T*ð?it

Zh frxog dovr xvh vsolqhv wr frqvwuxfw d glvfuhwh vfdoh0vsdfh1 Zh zloo eulhð| ghvfuleh wklv srvvlelolw|
lq wklv vxevhfwlrq1 Iru pruh ghwdlov rq wklv srvvlelolw| +lqfoxglqj wkh irupxodv zh suhvhqw ehorz,/ vhh
^4`/ ^8` ru ^9`1

Ghñqlwlrq 7 D E0Vsolqh ri rughu q lv ghñqhg e|

ñ?+{, @ ñf+{, ú ñf+{, ú ü ü ü ú ñf+{,� ~} �
? UL?ñL*ý|ðL?t

zkhuh ñf +{, lv d xqlwdu| vtxduh sxovh ixqfwlrq=

ñf+{, @

ã
4> li ý �

2 é { ? �
2

3/ rwkhuzlvh

Vlqfh E0vsolqhv duh yhu| vlplodu lq vkdsh wr Jdxvvldq ixqfwlrqv2 +ñjxuh 8 vkrz wkh vlplodulw| douhdg|
iru rughu 6,/ rqh frxog xvh wkhp wr frqvwuxfw d vfdoh0vsdfh1 Ehvlghv/ E0vsolqhv kdyh wkh dgydqwdjh ri
kdylqj ñqlwh vxssruw1

2W| ðt êLh|ü |L TLð?| Lý| |ü@| |üðt êLý*_ Mi |hýi uLh @*4Lt| @?) UüLti? qf( |üðt ðt éýt| L?i Lu |üi tð4T*it| UüLðUitë

;
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Iljxuh 8= D Jdxvvldq ixqfwlrq +grwwhg olqh, dqg wkh fxelf E0vsolqh1

Ghñqlwlrq 8 D +qrq0glvfuhwh, vsolqh vfdoh0vsdfh ri rughu q2 ri d ixqfwlrq i lv ghñqhg e|

O +{> w, @ i +{, ú ñ?2| +{,

zkhuh ñ?2| lv d E0vsolqh ri rughu q2 uhvfdohg e| d idfwru ri w/ wkdw lv/

ñ?| +{, @
4

w
ñ?+

{

w
,

Vrphwlphv/ wkh ixqfwlrq i lv jlyhq +ru lv dssur{lpdwho| ghfrpsrvhg, lq d edvlv iruphg e| wudqvodwhg
E0Vsolqhv ri vrph ghwhuplqhg rughu q�=

i+{, @
[
&M]

f^n`ñ?�+{ý n,

Lq wklv fdvh/ li { @ n 5 ] dqg w @ 6�
62
5 Tn +zlwk p�/ p2 5 QW,/ zh fdq frpsxwh O +{> w, h{dfwo|

xvlqj +vhh dsshqgl{ D ri ^9`,

O| ^n` @ p2
ý
e?�n?2n� úE?�62

úE?26�
ú fý62

ü
ò62

^n` +8,

zkhuh wkh duurzv uhsuhvhqw xsvdpsolqj dqg grzqvdpsolqj ri d vljqdo/ e? lv wkh lqwhjhu vdpsolqj ri wkh
E0vsolqh ri rughu q dqg E?6 lv d glvfuhwh vsolqh ri rughu q glodwhg e| d idfwru ri p1

Iru frpsdulvrq sxusrvhv/ zh frqvlghu q� @ q2 @ 6 +fxelf E0vsolqhv erwk iru wkh uhsuhvhqwdwlrq ri i
dqg iru wkh frqvwuxfwlrq ri wkh vfdoh0vsdfh,> vxppdul}lqj/ zh frqvlghu

O| ^n` @ p2
ý
e. úEô62

úEô6�
ú fý62

ü
ò62

^n` +9,

zkhuh=

î n 5 ] dqg w @ 6�
62
lv d udwlrqdo vfdoh +p�>p2 5 Q,

î f ^n` duh wkh frhïflhqwv ri wkh lqsxw vljqdo zkhq zulwwhq lq d fxelf E0vsolqh edvlv1
î e. lv wkh vdpsolqj ri wkh E0vsolqh ri rughu :/ qdpho|

e. @

é
===> 3>

4

8373
>
4

75
>
6<:

49;3
>
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>
6<:

49;3
>
4

75
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î Eô6 lv wkh glvfuhwh vsolqh ri rughu 6 glodwhg e| d idfwru p/ wkdw lv/
Eô6 @ E

f
6 úEf6 úEf6 úEf6

Ef6 @
4

p
^4> 4> ===> 4`� ~} �

6

Iljxuh 9 jlyhv d eorfn gldjudp iru wkh frpsxwdwlrq ri O| ^n` ròhuhg e| irupxod 9

Iljxuh 9= Eorfn gldjudp iru Vsolqh Vfdoh0vsdfhv

Li wkh vfdoh w lv dq lqwhjhu +p2 @ 4,/ wkh vsolqh vfdoh0vsdfh fdq eh frpsxwhg hïflhqwo| vlqfh irupxod
9 lv vlpsolñhg wr

O6� ^n` @
ý
e. úEô6�

ú fü ^n`
Rqfh pruh/ wkh pxowlglphqvlrqdo fdvh lv rewdlqhg xvlqj whqvru surgxfwv +wkdw lv/ dsso|lqj wkh

frqyroxwlrq vhsdudwho| lq hdfk frruglqdwh gluhfwlrq,1
Iljxuh : vkrz wkh vsolqh vfdoh0vsdfh ri Ohqqd*v lpdjh rq vfdohv w @ 3> �e >

�
2 > 4> 5> 7> ;> 49 dqg 651

Qrwh wkdw wkh fxelf E0vsolqh ñô| kdv yduldqfh
|2

ô > wkhuhiruh/ wkh fruuhvsrqglqj yduldqfhv lq ñjxuh : duh

3> �eH >
�
�2 >

�
ô >
e
ô >
�S
ô >

Se
ô >

�S2

ô dqg ô22

ô 1

e #ðtUhi|ð3@|ðL? ñð@ Oi@| ,^ý@|ðL?

Dv zh kdyh vhhq lq wkh suhylrxv vhfwlrq/ wkh Jdxvvldq vfdoh0vsdfh fdq eh ghñqhg dv wkh vroxwlrq ri
wkh khdw htxdwlrq YuE c|ä

Y| @ u2O+{> w,1 Wklv vxjjhvwv d glvfuhwh vfdoh0vsdfh edvhg rq wkh glvfuhwl}dwlrq
ri wklv htxdwlrq lqvwhdg ri d gluhfw glvfuhwl}dwlrq ri wkh frqyroxwlrq lq wkh vroxwlrq1 Lq idfw=

Wkhruhp 9 Wkh glvfuhwh khdw htxdwlrq

CO| ^q`

Cw
@ D ú O| ^q` +:,

+zkhuh D lv d pxowlsoh ri wkh glvfuhwh Odsodfldq rshudwru, ghñqhv wkh rqo| vfdoh0vsdfh wkdw lv olqhdu/
v|pphwulf/ wudqvodwlrq0lqyduldqw/ kdv wkh vhpljurxs surshuw| dqg vdwlvñhv wkh pd{lpxp sulqflsoh1

Surri1 Vhh fkdswhu 43 ri ^5` ru fkdswhu 7 ri ^6`1 Khuh zh suhvhqw mxvw wkh jhqhudo lghd ri wkh surri1
Iluvw/ zh qrwh wkdw wkh vhpljurxs surshuw| lv edvlfdoo| htxlydohqw wr dvn wkh vfdoh0vsdfh wr eh jlyhq e|
vrph glòhuhqwldo htxdwlrq ri wkh irup

CO| ^q`

Cw
@ I iO ^ü` >qj

Wkh lqyduldqfh e| wudqvodwlrqv sudfwlfdoo| holplqdwhv wkh ghshqghqfh rq q rq wkh uljkw vlgh> wrjhwkhu
zlwk wkh olqhdulw|/ zh fdq douhdg| vhh wkdw wkh htxdwlrq pxvw kdyh d frqyroxwlrq irup

CO| ^q`

Cw
@ D ú O| ^q`

43



Iljxuh := Vsolqh vfdoh0vsdfh

Wkh pd{lpxp sulqflsoh irufhv wkh rshudwru D wr kdyh vhyhudo surshuwlhv> lq sduwlfxodu/ lw kdv wr eh orfdo
+iru h{dpsoh/ lq ]2/ xvlqj ;0frqqhfwlylw|/ D pxvw eh d 6{6 nhuqho,/ lwv fhqwhu frhïflhqw lv qhjdwlyh dqg
doo rwkhuv duh srvlwlyh/ dqg wkh vxp ri lwv frhïflhqwv lv 31 Ilqdoo|/ wkh v|pphwu| frqglwlrq irufhv D wr
eh v|pphwulf dv zhoo1 Vxppdul}lqj/ D pxvw kdyh wkh irup

D @ N ^4>ý5> 4`

iru rqh0glphqvlrqdo vfdoh0vsdfhv/ zkloh

DS @ N
57 f 4ý 5f f
4ý 5f ý7 . 7f 4ý 5f
f 4ý 5f f

68 3 é f é 4

5

iru wkh wzr0glphqvlrqdo fdvh1 Lw lv qrw kdug wr vhh wkdw D lv d pxowlsoh ri d glvfuhwh dssur{lpdwlrq iru
wkh Odsodfldq rshudwru1

Vlqfh wkh pxowlsolfdwlyh frqvwdqw N fruuhvsrqgv wr d vlpsoh uhvfdolqj ri wkh w sdudphwhu/ lw lv
frpprq wr wdnh N @ �

û2
+zkhuh k lv wkh glvwdqfh ehwzhhq julg srlqwv, ru/ pruh vlpso|/ wr wdnh N @ 41

Wkh f sdudphwhu/ rq wkh rwkhu kdqg/ fdqqrw eh ghwhuplqhg zlwkrxw ixuwkhu frqvwudlqwv> qrwh wkdw f
phdvxuhv vrphzkdw wkh _lpsruwdqfh% ri wkh gldjrqdov ri wkh pdwul{ D1 Lw lv frpprq wr wdnh f @ 3 iru
wkh vlpsohvw glvfuhwl}dwlrq ri wkh Odsodfldq

Df @
57 3 4 3
4 ý7 4
3 4 3

68
44



wkdw kdv wkh dgydqwdjh ri vdwlvi|lqj wkh pd{lpxp sulqflsoh hyhq xvlqj 70frqqhfwlylw|1 Krzhyhu/ iru d
pruh _lvrwurslf% Odsodfldq/ zh suhihu f @ �

S =

D �
S
@
4

9

57 4 7 4
7 ý53 7
4 7 4

68
Zkdwhyhu wkh fkrlfh ri D lv/ zh fdoo lw wkh lqñqlwhvlpdo jhqhudwru ri wkh vfdoh0vsdfh1 Edvhg rq wklv

frqwlqxrxv vfdoh/ glvfuhwh vsdfh htxdwlrq/ zh fdq frph xs zlwk vrph rwkhu lghdv iru glvfuhwh vfdoh0vsdfhv1

eë� 6ðht|íLh_ih }i?ih@|Lh

Zh frxog dsso| d ñuvw0rughu phwkrg lq w wr vroyh htxdwlrq :> iru h{dpsoh/ lq wkh 5G fdvh/ zh wdnh
d vpdoo vwhs üw dqg zulwh

O|n{| ^p>q` r +ï .Düw, ú O| ^p>q`
zkhuh ï lv wkh glvfuhwh xqlwdu| lpsxovh

ï @

57 3 3 3
3 4 3
3 3 3

68
Olqghehuj ^6` vxjjhvwv wkhq d glvfuhwh vfdoh vsdfh frpsxwhg e| srzhuv ri d ñuvw0rughu jhqhudwru

ï .Düw=
O|fn?{| ^p>q` r +ï .Düw, ú +ï .Düw, ú ü ü ü ú +ï .Düw,� ~} �

? |ð4it

ú O|f ^p>q`

Xvlqj wkh glvfuhwh 5G Odsodfldq deryh/ lw fdq eh vkrzq +olnh lq ^6`, wkdw

î ï .DSüw lv xqlprgdo rqo| iru f é �
e >

î ï .DSüw lw lv vhsdudeoh rqo| zkhq f @ {|
2 >

î Wkh fdxvdolw| +pd{lpxp sulqflsoh, lv vdwlvñhg rqo| li 3 é f é �
e 1

î ï .DSüw kdv pd{lpxp _urwdwlrqdo v|pphwu|% zkhq f @ �
S +vhh fkdswhu 7 ri ^6`,1

Iljxuh ; vkrz vdpsohv ri wklv vfdoh0vsdfh +xvlqj f @ �
S, iru w @ 3/ 3=8/ 8 dqg 831

eë2 çhLtti_ çL?ñL*ý|ðL?t

Zkloh doo wkh vfdoh0vsdfhv suhvhqwhg vr idu dssur{lpdwh wkh ruljlqdo Jdxvvldq vfdoh0vsdfh/ qrqh ri
wkhp vroyh h{dfwo| htxdwlrq :/ dqg wkhuhiruh qrqh ri wkhp kdyh doo wkh surshuwlhv wkdw vxfk vroxwlrq
zrxog kdyh1 Pruhryhu/ lw lv uhdoo| qrw devroxwho| qhfhvvdu| wr xvh ñuvw0rughu dssur{lpdwlrqv iru htxdwlrq
:= rqh fdq vroyh lw h{solflwo|1

Iru h{dpsoh/ lq wkh 4G fdvh/

CO| ^q`

Cw
@ ^4>ý5> 4` ú O| ^q`

Of ^q` @ i ^q`

45



Iljxuh ;= Iluvw0rughu jhqhudwru vfdoh0vsdfh

fdq eh h{solflwo| vroyhg xvlqj d ]0wudqvirup +vhh ^5` ru ^6`,1 Wkh vroxwlrq lv jlyhq e|

O| ^q` @ i ú S| ^q`
zkhuh S| ^q` lv d v|pphwulf Srlvvrq nhuqho

ô/ wkdw lv/

S| ^q` @ h
32|L? +5w, @ h32| +ü ü ü > L3? +5w, > ü ü ü > Lf +5w, > ü ü ü > L? +5w, > ü ü ü ,

zkhuh L? +w, lv wkh prglñhg Ehvvho ixqfwlrq
e ri rughu q1

Qrwh wkdw wklv lv wkh rqo| 4G glvfuhwh vfdoh0vsdfh zlwk wkh surshuwlhv ri olqhdulw|/ lqyduldqfh e|
wudqvodwlrqv/ vhpljurxs/ v|pphwu| dqg fdxvdolw| +jlyhq e| wkh pd{lpxp sulqflsoh,1 Dovr/ lw lv qrw kdug
wr vkrz wkdw S| ^q` kdv yduldqfh 5w/ wkh vdph yduldqfh ri wkh Jdxvvldq J| +{,1 Iru wkhvh +dqg rwkhu,
uhdvrqv/ lw lv frpprq wr fdoo S| ^q` wkh glvfuhwh Jdxvvldq glvwulexwlrq1

Iru 5G vljqdov/ zh frxog mxvw xvh whqvru surgxfwv> wkhq/ zh zrxog kdyh d vfdoh0vsdfh ghñqhg e|

O| ^p>q` @ i ú S| ^p>q`
S| ^p>q` @ S| ^p`S| ^q`

wkdw lv lqghhg wkh vroxwlrq ri

CO ^p>q`

Cw
@ Df ú O ^p>q`

Krzhyhu/ fdq zh zulwh dq h{solflw irupxod iru wkh vroxwlrq ri wkh glvfuhwh khdw htxdwlrq iru rwkhu
glvfuhwl}dwlrqv ri wkh OdsodfldqB Wkh dqvzhu lv srvlwlyh=

ô5L U@**i_ MiU@ýti ð| ULhhitTL?_t |L |üi _ðgihi?Ui Lu |êL ð?_iTi?_i?| h@?_L4 ñ@hð@M*it êð|ü |üi t@4i èLðttL? _ðt|hðí
Mý|ðL?ë

eï?i UL?ñi?ði?| ê@) |L _i�?i |üi 4L_ð�i_ îitti* uý?U|ðL? ðt |L *LL! @| |üi ULiæUði?|t Lu |üi i T@?tðL? Lu e
ò
5 E5n5

ý4ä

ð? @ w@ýhi?| TLêih tihðit ð? 5c |ü@| ðt

e
ò
5 E5n
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} ä '
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U? Ekä 5
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ú týMhLý|ð?i uLh |üi U@*Uý*@|ðL? Lu 4L_ð�i_ îitti* uý?U|ðL?t U@? Mi uLý?_ ð? d.oë

46



Wkhruhp : Wkh vroxwlrq ri wkh glvfuhwh 5G khdw htxdwlrq

CO| ^p>q`

Cw
@ DS ú O| ^p>q` +;,

Of ^p>q` @ i ^p>q`

fdq eh zulwwhq dv

O| ^p>q` @ S
%
E�32Sä| ú S +E�32Sä| ú S%n+S| ú S%3+S| ú i ^p>q`

zkhuh

S%k ^p>q` @ Sk ^p` ï ^q` > S
+
k ^p>q` @ Sk ^q` ï ^p`

S%n+k ^p>q` @ Sk ^p` ï ^pý q` > S%3+k ^p>q` @ Sk ^p` ï ^p. q`

Iru h{dpsoh/ S%k lv wkh v|pphwulf Srlvvrq nhuqho ri yduldqfh 5ò vsuhdg rqo| lq wkh _{ gluhfwlrq%/ zkloh
S%n+k lv wkh vdph v|pphwulf Srlvvrq nhuqho exw wklv wlph vsuhdg rqo| lq wkh gluhfwlrq { @ | +wkh 78f

gldjrqdo,/ zlwk }hurhv hovhzkhuh1

Surri1 Ohw

j| +{> |, @
"[

æc&'3"
O| ^m> n`{

æ|&

eh wkh ]0wudqvirup ri O|1 Wkhq/ iurp ;

Cj| +{> |,

Cw
@

@ w
õ
f
ý
{| . {|3� . {3�| . {3�|3�

ü
. +4ý 5f, ý{. {3� . | . |3�üý 7 . 7fô =j| +{> |,

Zh vroyh wklv dqg uhduudqjh wkh whupv frqyhqlhqwo|=

j| +{> |, @ h
|iS+%+n%+3�n%3�+n%3�+3�,nE�32Sä+%n%3�n+n+3�,3eneSjjf +{> |, @

@ hE�32Sä|+%n
�
%
32,hE�32Sä|

í
+n �

+
32
ì
h
S|
í
%+n �

%+
32
ì
h
S|
í
%
+
n +
%
32
ì
jf +{> |,

Qrz lw lv hdv| wr vhh wkdw hdfk ri wkh 7 h{srqhqwldov lv wkh ]0wudqvirup ri rqh ri wkh v|pphwulf Srlvvrq
nhuqhov lq wkh vroxwlrq +mxvw h{sdqg wkhp lq Odxuhqw srzhu vhulhv dqg xvh wkh ghñqlwlrq ri wkh prglñhg
Ehvvho ixqfwlrqv,1

Wkhuhiruh/ zh fdq frpsxwh O| ^p>q` lq 7 vwhsv=

î Frqyroyh i ^p>q` zlwk S%E�32Sä|> wklv lv wkh vdph dv frqyroylqj hdfk olqh ri i zlwk wkh 4G Srlvvrq
nhuqho SE�32Sä|>

î Frqyroyh hdfk froxpq ri wkh uhvxow zlwk SE�32Sä|>
î Frqyroyh hdfk 78f gldjrqdo ri wkh uhvxow zlwk SS|>
î Frqyroyh hdfk ý78f gldjrqdo ri wkh uhvxow zlwk SS|1
Lq sduwlfxodu/ wkh fdvh f @ 3 jlyhv wkh rog whqvru surgxfw O| ^p>q` @ i ^p>q` ú S%| ^p` ú S +| ^q`1
Iljxuh < vkrzv vdpsohv ri wkh Furvvhg frqyroxwlrq Vfdoh0vsdfh iru f @ �

S lq wkh yduldqfhv 5w @ 3> 4> 43
dqg 4331 Vlqfh wkh frqyroxwlrq kdv lqñqlwh vxssruw/ zh pluuruhg wkh lpdjh dfurvv lwv erughuv wr frpsxwh
lw1
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Iljxuh <= Furvvhg Frqyroxwlrq Vfdoh0vsdfh

D çL4T@h@|ðñi ú?@*)tðt

Dë� AüiLhi|ðU@* ú?@*)tðt

Wkh wdeoh ehorz vxppdul}hv wkh surshuwlhv ri wkh frqvlghuhg vfdoh0vsdfhv

vhpljurxs fdxvdolw| vfdoh sdudphwhu lq

vdpsohg Jdxvvldq U
uhfxuvlyh Jdxvvldq U
vsolqhv T
ñuvw0rughu jhqhudwruD [ [ üw]
furvvhg frqyroxwlrqv [ [ U

Doo wkhvh phwkrgv wu| wr dssur{lpdwh wkh frqwlqxrxv Jdxvvldq vfdoh0vsdfh lq glòhuhqw zd|v1 Qrwh
wkdw erwk wkh vdpsohg jdxvvldq phwkrg dqg wkh furvvhg frqyroxwlrqv phwkrg lqfxu lq dgglwlrqdo qxphu0
lfdo huuruv e| shuiruplqj d nhuqho fxw0ròS wr dyrlg lqñqlwh vxssruwv> wkh ñuvw0rughu jhqhudwru phwkrg
wudghv wklv lqñqlwh vxssruw e| wkh dssur{lpdwlrq O|n{| ^p>q` r +ï .Düw, ú O| ^p>q`> wkh uhfxuvlyh
jdxvvldq phwkrg dqg wkh vsolqh phwkrg dssur{lpdwh wkh Jdxvvldq nhuqho e| rwkhu nhuqhov wkdw fdq eh
frpsxwhg txlfnhu1

SW| ðt ð?|ihit|ð?} |L ?L|i |ü@| |üi Uý|íLg uLh |üi UhLtti_ UL?ñL*ý|ðL? 4i|üL_ U@? Mi @ñLð_i_ ýtð?} @? ð4T*i4i?|@|ðL?
ð? |üi uhi^ýi?U) _L4@ð?c tð?Ui |üi 6Lýhðih |h@?tuLh4t Lu |üi t)44i|hðU èLðttL? !ih?i*t U@? Mi i T*ðUð|*) êhð||i?ë
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Dë2 +ý?|ð4i

Wkh vfdoh0vsdfh oleudulhv duh glylghg lq 7 sduwv= xwlo/ vv/ ghulfkh dqg vsolqhv1 Wkh ñuvw oleudu|
frqwdlqv vwuxfwxuh ghñqlwlrqv iru vljqdov/ ñowhuv +nhuqhov,/ 4G dqg 5G vfdoh0vsdfhv> fuhdwlrq dqg ghvwuxf0
wlrq vxeurxwlqhv> lqsxw2rxwsxw vxeurxwlqhv> vljqdo h{whqvlrq vxeurxwlqhv> hwf1 Wkh oleudulhv ghulfkh1f
dqg vsolqhv1f frqwdlq wkh vxeurxwlqhv wkdw shuirup wkh fdofxodwlrqv ri uhfxuvlyh dqg vsolqh vfdoh0vsdfhv/
uhvshfwlyho|1 Ilqdoo|/ vv1f kdv vxeurxwlqhv wr frpsxwh wkh uhpdlqlqj vfdoh0vsdfhv suhylrxvo| glvfxvvhg
+vdpsohg Jdxvvldqv/ ñuvw0rughu jhqhudwruv dqg furvvhg frqyroxwlrqv,1 Doo ri wkhp soxv d oleudu| rq hgjh
ghwhfwlrq +ghvfulehg lq ^4`, fdq eh irxqg dw kwws=22zzz1ylvjudi1lpsd1eu2hvfdod1

Lq wkh wdeoh ehorz zh vkrz wkh dojrulwkplf wlph dqg wkh uxqwlph lq vhfrqgv ri wkh fdofxodwlrq ri
hdfk vfdoh0vsdfh iru wkh lqglfdwhg yduldqfhv1 Zkloh wkhvh ydoxhv zhuh wdnhq iurp d orzhu0hqg Shqwlxp
SF/ wkh| duh d jrrg edvlv ri frpsdulvrq ehwzhhq glòhuhqw dojrulwkpv1 Doo ri wkhp vkrz wkdw fdofxodwlrq
ri vfdoh0vsdfhv fdq eh txlwh frvwo|1

dojrulwkplf ydu@4=3 ydu@6=3 ydu@5:=3 ydu@576=3

vdpsohg Jdxvvldq ;âQ 3=55 3=5: 3=9: 4=;:

uhfxuvlyh Jdxvvldq 49Q 3=8:ý 3=48 3=8:ý 3=48 3=8:ý 3=48 3=8:ý 3=48
vsolqhv 77Qg 96=3 3=7 3=76 3=8

ñuvw0rughu jhqhudwru 43â2Q 3=7 3=<8 :=8 9:=9

furvvhg frqyroxwlrqv 49âQ 3=55ý 3=69 3=5:ý 3=7 3=9:ý 3=;9 4=;:ý 5=6:

Wkh ñuvw froxpq lqglfdwhv wkh qxpehu ri pxowlsolfdwlrqv iru wkh fdofxodwlrq ri hdfk frqyroxwlrq/
zkhuh Q lv wkh qxpehu ri sl{hov lq wkh lpdjh/ â lv wkh vwdqgdug ghyldwlrq ri wkh ñowhu nhuqho dqg g lv
wkh ghqrplqdwru ri wkh vfdoh ?

_ lq wkh vsolqh fdvh1

Lq sduwlfxodu/ vlqfh vsolqh vfdohv duh dozd|v udwlrqdov ri wkh irup ?
_ @

s
6=yduldqfh/ iru wkh yduldqfhv

deryh zh xvhg vfdohv
s
6 ä �.ô

�ff > 6> < dqg 5:1 Qrwh wkh h{wuhph lqðxhqfh ri wkh ghqrplqdwru rq wkh vsolqh
frqyroxwlrq uxqqlqj wlph1

Iru wkh uhfxuvlyh Jdxvvldq/ zh vkrz erwk wkh wlphv iru frqyroxwlrqv zlwk shulrglf h{whqvlrq dqg
zlwk }hur h{whqvlrq> wkh wlphv lqglfdwh wkdw wkh lqlwldol}dwlrq vwhs wdnhv orqjhu wkdq wkh uhfxuvlrq lwvhoi1

Iru wkh furvvhg frqyroxwlrqv/ zh glvsod| uxqqlqj wlphv iru f @ 3 dqg f @ �
S 1 Qrwh wkdw/ iru f @ 3/

wkh wlphv duh wkh vdph dv wkh vdpsohg Jdxvvldq wlphv +vlqfh wkhuh duh rqo| wzr frqyroxwlrqv wr eh
shuiruphg lq wklv fdvh,1

Qrwh dovr wkdw/ vlqfh wkh ñuvw0rughu jhqhudwru phwkrg dqg wkh furvvhg frqyroxwlrqv phwkrg erwk
kdyh wkh vhpljurxs surshuw|/ zh frxog fdofxodwh vfdoh0vsdfhv iru odujhu vfdohv xvlqj suhylrxvo| fdofxodwhg
vpdoohu vfdohv ~ wklv uhgxfhv uxqqlqj wlph iru wkhvh dojrulwkpv zkhq fdofxodwlqj vhyhudo vfdohv1

Dëô ïý|Tý| _ðgihi?Ui

Zh vkrz wkh vtxduhg glvwdqfh ehwzhhq lpdjhv i> j = i3> 4> ü ü ü >P ý 4j û i3> 4> ü ü ü >Q ý 4j $ U
jlyhq e|

glvw +i> j, @
4

PQ

�3�[
6'f

ù3�[
?'f

+i ^p>q`ý j ^p>q`,2

Lq wkh wdeoh ehorz/ zh glvsod| wkh glvw ixqfwlrq iru vhyhudo yduldqfhv dqg sdluv ri phwkrgv +wkh lpdjh
xvhg lq wkhvh frpsdulvrqv zdv Ohqqd*v lpdjh,1 Vljqdo h{whqvlrqv duh e| pluurulqj dfurvv erughuv xqohvv
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vwdwhg rwkhuzlvh1

yduldqfh glvw

4 Vdpsohg Jdxvvldq Furvvhg Frqy1 +f @ 3, 6> 3 3> 448

5 Vdpsohg Jdxvvldq Furvvhg Frqy1 +f @ 3, 5:> 3 3> 336

6 Vdpsohg Jdxvvldq Uhfxuvlyh Jdxvvldq 6> 3 0 h{whqvlrq e| }hurhv 3> 33338

7 Vdpsohg Jdxvvldq Uhfxuvlyh Jdxvvldq 5:> 3 3> 33338

8 Vdpsohg Jdxvvldq Vsolqhv 6> 3 3> 433

9 Furvvhg Frqy1 +f @ 3, Vsolqhv 5:> 3 3> 598

: Furvvhg Frqy1 +f @ 3, Iluvw0Rughu Jhq1 +f @ 3, 5:> 3 3> 3377

; Furvvhg Frqy1 +f @ 3, Iluvw0Rughu Jhq1 +f @ �
S, 5:> 3 3> 335<

< Iluvw0Rughu Jhq1 +f @ �
S, Furvvhg Frqy1 +f @ �

S, 5:> 3 8> 3:7

Zh qrwh wkdw doo vfdoh0vsdfhv fdofxodwhg duh yhu| forvh wr hdfk rwkhu> lq sduwlfxodu/ wkh uhfxuvlyh
phwkrg lv dq lqfuhgleoh dssur{lpdwlrq ri wkh vdpsohg Jdxvvldq phwkrg1 Wkh rqo| fdvh lq zklfk wzr
phwkrgv vkrz vrph glòhuhqfh lv wkh furvvhg frqyroxwlrqv phwkrg dqg wkh ñuvw0rughu jhqhudwru phwkrg
iru f @ �

S 1

Dëe 6ð?@* hi4@h!t

Zh qrwh wkdw wkh furvvhg frqyroxwlrqv phwkrg lv wkh rqo| rqh wkdw uhwdlqv doo wkh surshuwlhv ri wkh
frqwlqxrxv fdvh1 Vlqfh lwv frpsxwdwlrqdo frvw lv vwloo dffhswdeoh/ lw lv rxu shuvrqdo idyrulwh vfdoh0vsdfh1

Rq wkh rwkhu kdqg/ wkh uhfxuvlyh Jdxvvldq phwkrg jlyhv forvh uhvxowv zlwk d uxqwlph wkdw lv lqgh0
shqghqw ri wkh fkrvhq yduldqfh dqg vkrxog eh nhsw kdqg| vshfldoo| iru odujh yduldqfhv1

Wkh vsolqh phwkrg/ zkloh idvw iru vrph vfdohv/ grhv qrw vhhp wr eh dssursuldwh iru khdy| vdpsolqj
ri vfdoh0vsdfhv> dfwxdoo|/ dq| vfdoh zlwk kljk ghqrplqdwru juhdwo| vorzv grzq wkh phwkrg1

Wkh vdpsohg Jdxvvldq phwkrg/ zkloh suhvhqwlqj vlplodu uhvxowv wr wkh rwkhuv dqg vlplodu uxqqlqj
wlphv/ vhhpv wr xv wr eh ryhuvkdgrzhg e| wkh furvvhg frqyroxwlrqv phwkrg/ wkdw kdv wkh vdph uxqqlqj
wlphv dqg vhyhudo wkhruhwlfdo surshuwlhv lq lwv idyru1

Iluvw0rughu jhqhudwruv wdnh orqjhu dqg fruuhvsrqg rqo| wr d ñuvw0rughu dssur{lpdwlrq ri wkh vroxwlrq
ri wkh glvfuhwh khdw htxdwlrq1 Ehvlghv/ lwv wkhruhwlfdo surshuwlhv ri fdxvdolw| dqg vhpljurxs euhdngrzq
zkhqhyhu zh qhhg vfdohv wkdw duh qrw pxowlsohv ri wkh suhghñqhg vfdoh vwhs1

Ilqdoo|/ zh pxvw qrwh wkdw doo wkh frqyroxwlrqv frxog eh frpsxwhg xvlqj Glvfuhwh Irxulhu Wudqvirupv
+IIW dojrulwkpv,> wklv pljkw qrw rqo| vshhg xs doo dojrulwkpv exw/ lq vrph fdvhv/ dyrlg qxphulfdo huuruv
wkdw frph iurp wuxqfdwlqj wkh vxssruwv ri wkh xvhg nhuqhov1

+iuihi?Uit

^4` Dqghuvrq Pd|ulqn gd Fxqkd/ Hvsdåfrv gh Hvfdod h Ghwhfåf�dr gh Duhvwdv/ P1Vf1 Glvvhuwdwlrq/ LPSD/
Ulr gh Mdqhlur/ Rfwrehu 53331 kwws=22zzz1ylvjudi1lpsd1eu2hvfdod1kwpo

^5` Udosk Frvwd Whl{hlud/ Lqwurgxåf�dr drv Hvsdåfrv gh Hvfdod/ Hvfrod gh Frpsxwdåf�dr 5333/ LPH0XVS/
V�dr Sdxor/ Mxo| 53331 kwws=22zzz1ylvjudi1lpsd1eu2Frxuvhv2hhvfdod2lqgh{1kwpo

^6` Wrq| Olqghehuj/ Vfdoh Vsdfh Wkhru| lq Frpsxwhu Ylvlrq1 Noxzhu Dfdghplf Sxeolvkhuv/ Gruguhfkw/
Wkh Qhwkhuodqgv/ 4<<7

4:



^7` Udfklg Ghulfkh/ %Uhfxuvlyho| lpsohphqwlqj wkh jdxvvldq dqg lwv ghulydwlyhv/% Whfk1 Uhsruw 4;<6/
Surjudpph 7 0 Urerwltxh/ Lpdjh hw Ylvlrq/ LQULD 0 Lqvwlwxw Qdwlrqdo hq Lqirupdwltxh hw hq Dx0
wrpdwltxh/ Dsulo 4<<61

^8` Plfkdho Xqvhu/ %Vsolqhv= d shuihfw ñw iru vljqdo dqg lpdjh surfhvvlqj/%
LHHH Vljqdo Surfhvvlqj Pdjd}lqh/ yro1 49/ qr1 9/ ss1 5506;/ Qryhpehu 4<<<1
kwws=22eljzzz1hsio1fk2sxeolfdwlrqv2xqvhu<<351kwpo

^9` \x0Slqj Zdqj dqg V1 O1 Ohh/ %Vfdoh0Vsdfh Ghulyhg Iurp E0Vsolqhv/% LHHH Wudqv1 Sdw0
whuq Dqdo|vlv dqg Pdfklqh Lqwhooljhqfh/ yro1 53/ qr1 43/ ss1 437304388/ Rfwrehu 4<<;1
kwws=22zdyhohwv1pdwk1qxv1hgx1vj2�z|s2grzqordg sdshuv2Suhsulqwv1kwpo

^:` Zlooldp K1 Suhvv hw do1/ Qxphulfdo Uhflshv lq F= wkh duw ri vflhqwlñf frpsxwlqj1 vhfrqg hg1/ Fdp0
eulgjh Xqlyhuvlw| Suhvv/ Qhz \run/ 4<<51

4;


