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Qrupdq Eulgjh Oderudwru| ri Sk|vlfv/ Fdoliruqld Lqvwlwxwh ri Whfkqrorj| 597066/

Sdvdghqd/ FD <4458

^vxeplwwhg wr wkh Mrxuqdo ri Fu|vwdo Jurzwk/ Mxo| 64/ 5333`

Devwudfw1 Zh uhsruw phdvxuhphqwv ri wkh jurzwk udwhv ri wkh edvdo +3334, dqg sulvp +4343, idfhwv
ri lfh dv d ixqfwlrq ri vxuidfh vxshuvdwxudwlrq/ lq d uhjlph zkhuh wkh jurzwk g|qdplfv duh grplqdwhg

e| wkh suhvhqfh ri vxuidfh phowlqj1 Rxu phdvxuhphqwv zhuh pdgh xvlqj iuhho| idoolqj froxpqdu lfh

fu|vwdov/ jurzlqj lq d vroyhqw jdv ri dlu dw d suhvvxuh ri rqh dwprvskhuh/ zlwk dpelhqw vxshuvdwxudwlrq

ohyhov 4 ? �4 ? 44 shufhqw1 Frqghqvdwlrq frh!flhqwv iru wkh wzr idfhwv zhuh lqihuuhg e| prgholqj

wkh h�hfwv ri erwk sduwlfoh dqg khdw gl�xvlrq/ zklfk dovr |lhoghg vxuidfh vxshuvdwxudwlrq ohyhov

3=:8 ? �vxui ? 5=5 shufhqw1 Rxu uhvxowv vkrz d vwurqj vxshuvdwxudwlrq ghshqghqfh lq wkh fu|vwdo

jurzwk/ dv iru erwk idfhwv wkh frqghqvdwlrq frh!flhqw h{klelwhg d suhflslwrxv gurs ehorz �vxui � 4
shufhqw1 Lq dgglwlrq/ wkh frqghqvdwlrq frh!flhqw iru wkh edvdo idfhw zdv irxqg wr eh qhduo| d idfwru

ri 43 odujhu wkdq iru wkh sulvp idfhw1 Wkhvh uhvxowv vxssruw d prgho lq zklfk wkh lfh jurzwk udwhv duh

jryhuqhg e| 5G qxfohdwlrq dw wkh lqwhuidfh ehwzhhq wkh fu|vwdoolqh vrolg dqg d txdvl0oltxlg vxuidfh

od|hu1

SDFV= ;41431En/ <51731Up/ <51931Qu

Nh|zrugv= fu|vwdo jurzwk nlqhwlfv/ lfh fu|vwdo jurzwk

�� ������	
����

Pdq| vrolgv h{klelw vxuidfh phowlqj qhdu wkh exon phowlqj whpshudwxuh/ dqg lw lv zlgho| eholhyhg

wkdw wkh g|qdplfv ri fu|vwdo jurzwk iurp wkh ydsru skdvh lv vwurqjo| lq xhqfhg e| wkh suhvhqfh ri

vxuidfh phowlqj ^4�8 1̀ Rxu wkhruhwlfdo xqghuvwdqglqj ri fu|vwdo jurzwk phfkdqlvpv lq vxfk fdvhv lv

txlwh srru/ krzhyhu/ rzlqj wr wkh frpsoh{ qdwxuh ri wkh glvrughuhg �txdvl0oltxlg� od|hu +TOO, dw

wkh vrolg2ydsru lqwhuidfh ^9 1̀ Lfh surylghv dq h{fhoohqw v|vwhp lq zklfk wr lqyhvwljdwh wkh h�hfwv ri

vxuidfh phowlqj rq fu|vwdo jurzwk/ vlqfh wkhuh lv hylghqfh wkdw d TOO h{lvwv rq erwk wkh sulvp dqg

edvdo idfhwv iru whpshudwxuhv deryh W � �43 F ^:`1 Lq dgglwlrq/ iru wkhvh vdph whpshudwxuhv wkh

fu|vwdo jurzwk irupv duh qhduo| dozd|v vwurqjo| idfhwhg/ lqglfdwlqj wkh devhqfh ri vxuidfh urxjkhqlqj

+h{fhswlrqv lqfoxgh wkh sulvp idfhwv iru W z �5 F/ dqg yhu| kljk vxshuvdwxudwlrqv zklfk surgxfh

nlqhwlf urxjkhqlqj ^;`,1 Lfh lv/ lq dgglwlrq/ dq h{wuhpho| zhoo vwxglhg vxevwdqfh/ dqg pdq| dvshfwv

ri wkh jurzwk dqg vxuidfh vwuxfwxuh ri lfh kdyh ehhq fkdudfwhul}hg xvlqj d krvw ri h{shulphqwdo dqg

wkhruhwlfdo whfkqltxhv1

Lw lv eholhyhg wkdw vxuidfh phowlqj lv wkh grplqdqw idfwru jlylqj ulvh wr wkh gudpdwlf yduldwlrq ri

lfh fu|vwdo jurzwk pruskrorj| zlwk whpshudwxuh= jurzwk irupv duh sodwh0olnh dw 05 F/ froxpqdu qhdu

08 F/ sodwh0olnh djdlq dw 048 F/ dqg froxpqdu qhdu 063 F ^; 1̀ Wkh ydsru2txdvl0oltxlg2vrolg +Y2T2V,

prgho ghyhorshg e| Nxurgd/ Odfpdqq dqg frooderudwruv ^6�8/ ;` sursrvhv wkdw wkh whpshudwxuh

ghshqghqfh ri wkh txdvl0oltxlg od|hu wklfnqhvv/ zklfk lv gl�huhqw iru wkh edvdo dqg sulvp idfhwv/

d�hfwv fu|vwdo jurzwk udwhv lq vxfk d zd| dv wr surgxfh wkh revhuyhg whpshudwxuh0ghshqghqw jurzwk

pruskrorjlhv1 Wklv lqwuljxlqj/ exw vshfxodwlyh/ prgho pdnhv vhyhudo suhglfwlrqv iru wkh jurzwk udwhv

ri lfh dv d ixqfwlrq ri vxuidfh vxshuvdwxudwlrq zklfk wr gdwh kdyh ehhq odujho| xqwhvwhg1 Wkh dlp

ri wkh suhvhqw lqyhvwljdwlrq lv wr h{dplqh wkh Y2T2V prgho xvlqj txdqwlwdwlyh phdvxuhphqwv ri wkh

frqghqvdwlrq frh!flhqwv dv d ixqfwlrq ri vxshuvdwxudwlrq1

� Dgguhvv fruuhvsrqghqfh wr &},9S@,|eS��e_� +kwws=22zzz1lwv1fdowhfk1hgx2�dwrplf2,1

4



Dw W @ �8=8 F/ zkhuh wkh suhvhqw phdvxuhphqwv zhuh rewdlqhg/ wkh TOO wklfnqhvv dw wkh

lfh2ydsru lqwhuidfh lv dssur{lpdwho| 53 qp wklfn/ dqg prghov ri vxuidfh phowlqj riwhq frqvlghu

h�hfwlyho| glvwlqfw vrolg2TOO dqg TOO2ydsru lqwhuidfhv ^:`1 Lq wklv fdvh zh fdq fdofxodwh wkh

jurzwk udwhv dw wkh wzr lqwhuidfhv vhsdudwho|/ vxevhtxhqwo| vhwwlqj wkhp htxdo wr rqh dqrwkhu iru

wkh dfwxdo jurzwk udwh1 Iroorzlqj Nxurgd dqg Odfpdqq ^6 /̀ wkh jurzwk yhorflw| dw wkh TOO2ydsru

lqwhuidfh lv jlyhq e| wkh Khuw}0Nqxgvhq htxdwlrq

yTOO@ydsru @ �TOO
 ^svxui � s+�,`
s
5�pnW

zkhuh �TOO lv wkh frqghqvdwlrq frh!flhqw ri wkh TOO2ydsru lqwhuidfh/  lv wkh prohfxodu yroxph

lq wkh TOO/ � lv wkh TOO wklfnqhvv/ svxui lv wkh ydsru suhvvxuh mxvw deryh wkh vxuidfh/ dqg s+�, lv

wkh txdvl0htxloleulxp ydsru suhvvxuh deryh d TOO ri wklfnqhvv � +gh�qhg dv wkh ydsru suhvvxuh iru

zklfk wkh jurzwk udwh jrhv wr }hur,1 Dw htxloleulxp � @ �3 dqg s+�3, @ s3> wkh wuxh htxloleulxp

ydsru suhvvxuh ri wkh lfh vxuidfh/ zkloh iru d jurzlqj fu|vwdo � A �3 dqg s+�, A s3= Zh kdyh dvvxphg

wkdw wkh TOO2ydsru lqwhuidfh lv h�hfwlyho| urxjk +qr qxfohdwlrq eduulhuv,/ dqg iru ixuwkhu glvfxvvlrq

khuh zh zloo dvvxph wkdw �TOO @ 4= Wklv odwwhu dvvxpswlrq dsshduv wr eh d uhdvrqdeoh rqh/ jlyhq wkh

orqj klvwru| ri phdvxuhphqwv ri wkh jurzwk ri oltxlg zdwhu gursohwv/ zklfk lqglfdwh d frqghqvdwlrq

frh!flhqw wkdw lv dw ohdvw forvh wr xqlw| ^<` +wkhuh uhpdlqv/ krzhyhu/ vrph frqwudglfwru| hylghqfh lq

idyru ri d vpdoo frqghqvdwlrq frh!flhqw ^43 ,̀1

Lq frqwudvw wr wkh TOO2ydsru lqwhuidfh/ wkh vrolg2TOO lqwhuidfh lv qrw urxjk/ dv hylghqfhg e| wkh

vwurqjo| idfhwhg lfh fu|vwdo jurzwk irupv1 Iru wkh jurzwk frqglwlrqv frqvlghuhg khuh/ lw lv wkrxjkw

wkdw wkh glvorfdwlrq ghqvlw| dw wklv lqwhuidfh lv orz ^44 /̀ dqg wkdw wkh jurzwk lv olplwhg sulpdulo| e|

5G qxfohdwlrq1 Wkhq wkh jurzwk udwh lv jlyhq e| d pxowlqxfohdwlrq prgho dv ^45`

yvrolg@TOO @ E
�
��vrolg@TOO@nW

�8@9
h{s ^��J�

5@6nW `

zkhuh �J�

5
� ��5vrolg@TOOi3@��vrolg@TOO lv wkh irupdwlrq iuhh hqhuj| ri d 5G qxfohxv/ �vrolg@TOO

lv wkh hgjh iuhh hqhuj| dw wkh vrolg2TOO lqwhuidfh/ i3 lv wkh duhd rffxslhg e| d prohfxoh/ dqg

��vrolg@TOO+�, lv wkh fkhplfdo srwhqwldo gl�huhqfh dw wkh vrolg2TOO lqwhuidfh1

Wkh jurzwk g|qdplfv frqwdlqhg lq wkh suhidfwru E duh qrw zhoo xqghuvwrrg/ rzlqj wr wkh frp0

soh{lw| ri wkh vrolg2TOO lqwhuidfh1 Li zh dvvxph wkdw wkh jurzwk lv vlplodu wr wkdw ri d qrupdo

vrolg2oltxlg lqwhuidfh/ zh fdq zulwh ^6/ 8` E � �GTOO@k> zkhuh GTOO lv wkh gl�xvlrq frqvwdqw lq

wkh TOO/ k lv wkh vwhs khljkw/ dqg � lv d skhqrphqrorjlfdo idfwru zklfk uhodwhv GTOO wr lqwhuid0

fldo wudqvsruw ^46 1̀ Rqh h{shfwv GTOO wr eh frqvlghudeo| vpdoohu wkdq wkh gl�xvlrq frqvwdqw lq wkh

exon oltxlg/ dv kdv ehhq revhuyhg lq phdvxuhphqwv ri uduh0jdv fu|vwdo jurzwk ^47 1̀

Zh gh�qh wkh ryhudoo frqghqvdwlrq frh!flhqw � e|

y @ �
 ^svxui � s3`s

5�pnW

@ �
s3�vxuis
5�pnW

zkhuh y @ yTOO@ydsru @ yvrolg@TOO lv wkh phdvxuhg vxuidfh jurzwk yhorflw| dqg �vxui � +svxui �
s3,@s31 Iru wkh jurzwk frqglwlrqv ri rxu phdvxuhphqwv zh �qg � � 4> zklfk iurp wkh deryh

lpsolhv wkdw s+�, � svxui = Wkxv wkh fkhplfdo srwhqwldo gl�huhqfh dfurvv wkh TOO2ydsru vxu0

idfh/ ��TOO@ydsru @ nW orj+svxui@s+�,,/ lv vpdoo/ vr wkdw wkh fkhplfdo srwhqwldo gurs lv qhduo|

doo dw wkh vrolg2TOO od|hu/ jlylqj ��vrolg@TOO � �� @ nW orj+svxui@s3,= Pruh txdqwlwdwlyho|/

��TOO@ydsru@�� � �@�TOO � 4 lq wkh olplw �vxui � 4> zklfk djdlq lpsolhv ��vrolg@TOO � ��=

Zlwk wklv zh kdyh

y � E +��@nW ,
8@9

h{s ^��J�

5@6nW `

zlwk �J
�

5
� ��

5

vrolg@TOOi3@��= Jlyhq wklv prgho/ phdvxuhphqwv ri fu|vwdo jurzwk udwhv fdq eh

xvhg wr lqihu E dqg �vrolg@TOO= D vshfl�f suhglfwlrq ri wkh Y2T2V prgho lv wkdw wkh wkuhvkrog

ydoxh ri svxui +ehorz zklfk jurzwk lv vwurqjo| lqklelwhg e| d 5G qxfohdwlrq eduulhu, zloo eh idluo|

orz/ uh hfwlqj wkh idfw wkdw �vrolg@TOO lv frqvlghudeo| vpdoohu wkdw �vrolg@ydsru> wkh odwwhu ehlqj d

wkhruhwlfdo txdqwlw| fdofxodwhg iru d vxuidfh zlwkrxw vxuidfh phowlqj1
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Iljxuh 4 vkrzv d vfkhpdwlf gldjudp ri rxu lfh fu|vwdo jurzwk fkdpehu/ zklfk zdv xvhg wr jurz

iuhho| idoolqj fu|vwdov/ wkxv dyrlglqj v|vwhpdwlf huuruv lqwurgxfhg e| vxevwudwh lqwhudfwlrqv ^48`1

Wkh odujh yroxph ri wkh fkdpehu idflolwdwhg udslg frqyhfwlyh pl{lqj/ dqg wkxv surgxfhg d odujh

vxshuvdwxudwhg uhjlrq lq wkh fkdpehu fhqwhu/ idu iurp wkh fkdpehu zdoov1 Vlqfh wkh frqyhfwlrq zdv

vwurqjo| wxuexohqw +Uh|qrogv qxpehu � 43
7
,/ pl{lqj surgxfhg qhduo| lvrwkhupdo frqglwlrqv zlwklq

wkh wdqn= wkh dlu whpshudwxuh 4 fp deryh wkh khdwhg zdwhu vxuidfhv zdv phdvxuhg wr eh qr pruh

wkdq 405 ghjuhhv deryh wkh whpshudwxuh lq wkh uhvw ri wkh wdqn/ dqg wkh whpshudwxuh 43 fp deryh

wkh zdwhu vxuidfh zdv zlwklq d ihz whqwkv ri d ghjuhh ri wkh whpshudwxuh dw wkh wdqn fhqwhu1 Iurp

wkhvh dqg rwkhu phdvxuhphqwv zh frq�uphg wkdw wkh dpelhqw whpshudwxuh wkurxjkrxw prvw ri wkh

fhqwudo uhjlrq ri wkh fkdpehu zdv frqvwdqw wr zlwklq d ihz whqwkv ri d ghjuhh1 Doo wkh gdwd vkrzq

khuh zhuh wdnhq zlwk wkh wdqn fhqwhu whpshudwxuh htxdo wr 0818 F +	3=4 F,/ zklfk lv wkh whpshudwxuh
dw zklfk wkh jurzwk udwh ri wkh sulvp idfhwv lv d orfdo plqlpxp ^;/4< 1̀

Wkh dpelhqw zdwhu ydsru vxshuvdwxudwlrq uhodwlyh wr lfh/ �4 � +s4 � s3,@s3> zlwklq wkh fkdp0

ehu qhfhvvdulo| shdnhg deryh wkh khdwhg zdwhu uhvhuyrluv/ dqg zhqw wr }hur dw wkh fkdpehu zdoov/

zklfk zhuh fryhuhg zlwk iurvw1 Vlqfh frqyhfwlyh pl{lqj lq wkh fkdpehu zdv udslg/ dqg wkh dlu whp0

shudwxuh qhduo| frqvwdqw/ wklv lpsolhv wkdw wkhuh zdv d odujh yroxph lq plggoh ri wkh wdqn zkhuh

wkh vxshuvdwxudwlrq zdv qhduo| frqvwdqw gxulqj rxu jurzwk phdvxuhphqwv1 Zh phdvxuhg wkh vx0

shuvdwxudwlrq dw wkh jhrphwulfdo fhqwhu ri wkh wdqn/ lpphgldwho| ehiruh dqg diwhu fu|vwdo jurzwk

gdwd zhuh wdnhq/ xvlqj wkh gl�huhqwldo whfkqltxh ghvfulehg lq ^53 1̀ Wkh yroxph ri dlu vdpsohg zdv

pxfk ohvv wkdq wkh wdqn yroxph/ dqg fduh zdv wdnhq wkdw wkh vxshuvdwxudwlrq zdv qrw vxevwdqwldoo|

shuwxuehg e| wkh phdvxuhphqw surfhvv ^53 1̀ Wkh vxshuvdwxudwlrq sur�oh zdv qrw gluhfwo| phdvxuhg

wkurxjkrxw wkh wdqn/ dqg wkh yduldwlrq lq vxshuvdwxudwlrq vhhq e| wkh jurzlqj fu|vwdov uhpdlqv d

vrxufh ri srvvleoh v|vwhpdwlf huuru lq rxu phdvxuhphqwv +vhh ehorz,1

Diwhu wkh fkdpehu zdv doorzhg wr uhdfk d vwdeoh vwdwh +vhyhudo krxuv,/ yhu| ihz gursohwv ru

fu|vwdov iruphg lqvlgh wkh fkdpehu zlwkrxw �uvw ehlqj lqwhqwlrqdoo| qxfohdwhg1 D vpdoo  hfn ri gu|

lfh zdv gursshg lqwr wkh fkdpehu wr qxfohdwh d qxpehu ri lfh fu|vwdov/ zklfk wkhq juhz dv wkh|

guliwhg dqg vorzo| ihoo wkurxjk wkh fkdpehu1 Wkh vl}hv ri wkh odujhu fu|vwdov wkdw ihoo rqwr d vpdoo

revhuylqj zlqgrz dw wkh erwwrp ri wkh fkdpehu zhuh vxevhtxhqwo| uhfrughg dv d ixqfwlrq ri wlph

diwhu wkh qxfohdwlrq hyhqw1 Iljxuh 5 vkrzv w|slfdo gdwd iurp vhyhudo jurzwk uxqv/ wdnhq 8043 plqxwhv

dsduw1

Dw d jlyhq wlph zh revhuyhg d vxevwdqwldo qxpehu ri fu|vwdov idoolqj rqwr wkh zlqgrz zlwk vl}hv

frqvlghudeo| vpdoohu wkdq wkrvh uhfrughg dqg vkrzq lq Iljxuh 51 Zh eholhyh wkdw wkhvh vpdoohu

fu|vwdov juhz qhdu wkh zdoov ri wkh jurzwk fkdpehu/ ru qhdu rwkhu idoolqj fu|vwdov/ zkhuh wkh vxshu0

vdwxudwlrq zdv orzhu dqg wkh jurzwk udwhv fruuhvsrqglqjo| vpdoohu1 Zh revhuyhg diwhu d vhulhv ri

jurzwk uxqv/ krzhyhu/ wkdw wkhuh zdv fohduo| dq xsshu erxqg wr wkh fu|vwdo vl}h dw hdfk jlyhq wlph1

Zh eholhyh wkh xsshu erxqg zdv gh�qhg e| wkrvh fu|vwdov zklfk/ e| fkdqfh/ vshqw prvw ri wkhlu

wlph lq uhodwlyh lvrodwlrq guliwlqj wkurxjk wkh fhqwhu ri wkh fkdpehu/ zkhuh wkh vxshuvdwxudwlrq zdv

kljk1 Vlqfh zh h{shfw d odujh yroxph lq wkh wdqn fhqwhu zlwk qhduo| frqvwdqw vxshuvdwxudwlrq/ lw lv

qrw vxusulvlqj wkdw d zhoo0gh�qhg xsshu erxqg zdv revhuyhg1 Wkh h�hfwv ri frpshwlwlrq ehwzhhq

jurzlqj fu|vwdov zhuh revhuyhg e| ydu|lqj wkh qxpehu ri qxfohdwhg fu|vwdov lq d jlyhq uxq1 Fduh

zdv wdnhq wr qxfohdwh d vpdoo hqrxjk qxpehu ri fu|vwdov vr wkdw frpshwlwlrq glg qrw d�hfw wkh

revhuyhg xsshu erxqg lq fu|vwdo vl}h dv d ixqfwlrq ri wlph1

Revhuydwlrqv zhuh pdgh xvlqj wzr gl�huhqw plfurvfrsh pdjql�fdwlrqv1 D orz0pdjql�fdwlrq

ylhz zdv xvhg wr vsrw idoolqj fu|vwdov/ dqg d kljk0pdjql�fdwlrq ylhz zdv xvhg wr }rrp lq rq wkh

odujhu fu|vwdov/ zklfk frxog wkhq eh dffxudwho| phdvxuhg iurp d ylghrwdsh ri wkh jurzwk uxq1 Wklv

surfhgxuh surgxfhg txlwh frqvlvwhqw uhvxowv rq d jlyhq gd|/ gxulqj zklfk wlph wkh frqglwlrqv ri wkh

wdqn zhuh vwdeoh1 Wkh revhuyhg fu|vwdo pruskrorjlhv zhuh suhgrplqdqwo| vlpsoh kh{djrqdo sulvpv/

dozd|v zlwk qhjoljleoh kroorzlqj ri wkh sulvp idfhwv1 Wkh edvdo idfhwv glg h{klelw vrph kroorzlqj iru

wkh odujhu fu|vwdov dw wkh kljkhu vxshuvdwxudwlrqv1 Zh uhmhfwhg fu|vwdov zlwk pruh frpsoh{ +xvxdoo|

sro|fu|vwdoolqh, pruskrorjlhv1
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Jurzwk gdwd iurp d vhulhv ri uxqv/ surgxflqj d vhw ri gdwd olnh wkrvh vkrzq lq Iljxuh 5/ zhuh

frpelqhg e| gudzlqj srzhu0odz fxuyhv gholqhdwlqj wkh dssur{lpdwh pd{lpxp fu|vwdo vl}h dv d

ixqfwlrq ri wlph1 Vshfl�fdoo|/ zh dssur{lpdwhg wklv gdwd e| wkh ixqfwlrqdo irup O+w, @ O433+w@�,
�

zlwk � @ 433 vhfrqgv/ dqg lqghshqghqw sdudphwhuv O433 dqg � zhuh fkrvhq iru hdfk ri wkh wzr fu|vwdo

idfhwv1 Ohqjwk phdvxuhphqwv duh gh�qhg vxfk wkdw Of lv wkh ohqjwk ri wkh froxpqdu sulvp/ dqg Od lv

wkh wls0wr0wls zlgwk ri wkh sulvp1 Qrwh wkdw d srzhu0odz ehkdylru lv h{shfwhg iurp frqvlghudwlrq ri

vlpsohu jurzwk irupv � iru h{dpsoh iru vskhulfdo fu|vwdov olplwhg sxuho| e| gl�xvlrq U+w, � w
4@5

/ dqg

iru qhhgoh0olnh jurzwk O+w, � w +zkhq O lv odujh frpsduhg wr wkh qhhgoh gldphwhu,1 Wkh vlwxdwlrq lv

pruh frpsoh{ iru wkh froxpqdu fu|vwdov revhuyhg/ exw zh irxqg wkdw doo rxu gdwd zhuh zhoo ghvfulehg

e| srzhu0odz �wv1

Iljxuh 6 vkrzv wkh uhvxowv ri rxu jurzwk phdvxuhphqwv dw dpelhqw vxshuvdwxudwlrq ohyhov lq

wkh udqjh 4 � �4 � 44 shufhqw/ doo wdnhq dw d whpshudwxuh ri 0818 F1 Wkhvh phdvxuhphqwv fdq

eh frpsduhg gluhfwo| zlwk suhylrxv iuhh0idoo jurzwk phdvxuhphqwv rewdlqhg dw wkh zdwhu ydsru

vxshuvdwxudwlrq ohyho rqo| ^54�56`1 Wkhvh rwkhu gdwd vhwv zhuh h{wudsrodwhg wr w @ 433 vhfrqgv e|

dvvxplqj jurzwk ri wkh irup O+w, @ O433+w@�,
�
> zlwk �d @ 3=79 dqg �f @ 3=;6> dv wkhvh h{srqhqw

ydoxhv zhuh ghwhuplqhg e| wkh suhvhqw phdvxuhphqwv1 Wkh gdwd vhwv e| \dpdvklwd ^54` dqg U|dq

hw do1 ^55` |lhoghg O433 ydoxhv wkdw djuhhg idluo| zhoo zlwk hdfk rwkhu dqg zlwk wkh suhvhqw uhvxowv/

dv lv vkrzq lq Iljxuh 61 Wklv jrrg djuhhphqw vxssruwv rxu vxssrvlwlrq wkdw frqyhfwlrq pl{hv wkh

dpelhqw jdv vx!flhqwo| wr surgxfh d odujh uhjlrq ri qhduo| frqvwdqw vxshuvdwxudwlrq lq wkh fhqwhu

ri rxu jurzwk fkdpehu1

Wkh gdwd e| Wdndkdvkl hw do1 ^56`|lhoghg wkh ydoxhv ri Od>433 @ 75 �p dqg Of>433 @ 8: �p/ zklfk

duh vxevwdqwldoo| gl�huhqw iurp \dpdvklwd ^54`/ U|dq hw do1 ^55`/ dqg wkh suhvhqw gdwd1 Krzhyhu/

wkh ohylwdwlrq whfkqltxh xvhg e| Wdndkdvkl hw do1 zdv txlwh gl�huhqw lq frpsdulvrq wr wkh iuhh0idoo

phdvxuhphqwv xvhg e| wkh rwkhu dxwkruv/ dqg wklv whfkqltxh zdv fohduo| qrw lqwhqghg ru zhoo0vxlwhg

iru revhuylqj yhu| vpdoo fu|vwdov> wkxv lw lv shukdsv qrw wrr vxusulvlqj wkdw wkh Wdndkdvkl hw do1 gdwd

vhw |lhoghg lqfrqvlvwhqw fu|vwdo vl}hv dw w @ 433 vhfrqgv1

Zh frpelqhg doo rxu jurzwk gdwd e| gudzlqj fxuyhv wkurxjk wkh sdudphwhuv lq Iljxuh 6/

zklfk |lhoghg wkh fxuyhv= Of>433+�4, @ 468^orj
43
+4 . �4,`4=58> Od>433+�4, @ 63^orj

43
+4 . �4,`4=58>

�f+�4, @ 3=:8�3=39
4

> dqg �d+�4, @ 3=6�3=58
4

> zklfk duh sorwwhg zlwk wkh gdwd lq Iljxuh 61 Khuh wkh

O433 ydoxhv duh lq plfurqv/ �4 lv wkh dpelhqw vxshuvdwxudwlrq lq shufhqw/ dqg wkh ixqfwlrqdo irupv

zkhuh fkrvhq vlpso| wr �w wkh gdwd zhoo ryhu wkh udqjh ri rxu phdvxuhphqwv +4 ? �
4

? 44,= Zh

wkhq xvhg wkhvh ixqfwlrqv wr lqihu wkh jurzwk ri lghdo fu|vwdov dw �
4

@ 4> 5> 7> :> dqg 44 shufhqw/ dqg

wkhvh vprrwkhg gdwd srlqwv zhuh xvhg lq wkh vxevhtxhqw dqdo|vlv1

�� �������� ������� ������

Wkh deryh phdvxuhphqwv ri fu|vwdo vl}h/ jlylqj Od+w, dqg Of+w,> surylgh d jrrg dssur{lpdwlrq

wr wkh lghdo fdvh ri dq lvrodwhg/ kh{djrqdo lfh sulvp jurzlqj lq d phglxp zklfk kdv dq dpelhqw

vxshuvdwxudwlrq �
4

dqg whpshudwxuh W
4
= Iurp wkh �w sdudphwhuv ghvfulelqj O{+w> �4, iru wkh wzr

idfhwv +{ @ d> f, zh fdq ghulyh wkh shushqglfxodu vxuidfh jurzwk yhorflwlhv y{+w> �4, @ +gO{@gw,@5

+ljqrulqj d voljkw jhrphwulfdo fruuhfwlrq iru wkh sulvp idfhw,1 Wkh wlph ghshqghqfh khuh dulvhv

ehfdxvh wkh vxuidfh vxshuvdwxudwlrq �vxui lv lwvhoi fkdqjlqj zlwk wlph/ dv lw ghshqgv rq wkh vl}h dqg

pruskrorj| ri wkh jurzlqj fu|vwdo1 Lq rughu wr h{wudfw txdqwlwdwlyh lqirupdwlrq rq vxuidfh nlqhwlfv

iurp wkhvh yhorflwlhv/ zh pxvw prgho wkh jurzwk surfhvv wr rewdlq wkh vxuidfh vxshuvdwxudwlrq/ wkxv

|lhoglqj wkh sk|vlfdoo| uhohydqw ixqfwlrq y{+�vxui , +ru htxlydohqwo| �{+�vxui ,, iru wkh wzr idfhwv1

Wkh jurzwk ri dq lvrodwhg fu|vwdo lv jryhuqhg e| wkuhh sk|vlfdo surfhvvhv= sduwlfoh gl�xvlrq/ khdw

gl�xvlrq/ dqg vxuidfh nlqhwlfv1 Sduwlfoh gl�xvlrq olplwv wkh udwh dw zklfk prohfxohv fdq uhdfk wkh

jurzlqj fu|vwdo/ dqg wkxv uhgxfhv wkh zdwhu ydsru suhvvxuh mxvw deryh wkh fu|vwdo vxuidfh wr d ydoxh

vxevwdqwldoo| orzhu wkdq dpelhqw/ vr svxui ? s4= Khdw gl�xvlrq wkurxjk wkh dpelhqw jdv fduulhv

dzd| wkh odwhqw khdw ghsrvlwhg dv wkh fu|vwdo jurzv/ dqg wkh edodqfh ri wkh lqzdug dqg rxwzdug khdw

 x{hv udlvhv wkh fu|vwdo whpshudwxuh wr d ydoxh juhdwhu wkdq dpelhqw/ Wvxui A W4= Wkh lqfuhdvhg
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whpshudwxuh uhvxowv lq dq lqfuhdvhg htxloleulxp ydsru suhvvxuh s3 ri wkh fu|vwdo vxuidfh uhodwlyh

wr wkdw ri d qrq0jurzlqj fu|vwdo/ vlqfh s3>vxui � s3+Wvxui , A s3+W4,= Erwk wkhvh surfhvvhv d�hfw

wkh vxshuvdwxudwlrq mxvw deryh wkh fu|vwdo vxuidfh/ �vxui � +svxui � s3>vxui ,@s3>vxui = Wkh lqwulqvlf

sk|vlfv ehklqg sduwlfoh dqg khdw gl�xvlrq lv ri frxuvh zhoo xqghuvwrrg/ dqg wkh frqglwlrqv xqghu

zklfk rxu gdwd zhuh wdnhq doorz d qxpehu ri vlpsol�fdwlrqv zklfk pdnh lw srvvleoh wr fdofxodwh wkh

h�hfwv ri erwk wkhvh gl�xvlrq surfhvvhv1 E| prgholqj wkhvh surfhvvhv zh fdq wkhq lqihu txdqwlwdwlyh

lqirupdwlrq derxw vxuidfh nlqhwlfv1 Zh qrwh wkdw vlqfh wkh Uh|qrogv qxpehu dvvrfldwhg zlwk wkh

yhorflw| ri wkh idoolqj fu|vwdo wkurxjk wkh phglxp lv txlwh vpdoo � Uh � +3=338p2vhf,+43�7 p,2+4=8�

43�8 p5
@ vhf, � 3=36 � zh duh mxvwl�hg lq qhjohfwlqj wkh vr0fdoohg yhqwlodwlrq h�hfwv ri wklv prwlrq

rq fu|vwdo jurzwk ^57 1̀

Fu|vwdo khdwlqj iurp wkh ghsrvlwlrq ri odwhqw khdw gxulqj jurzwk zdv prghohg e| dvvxplqj wkdw

jhqhudwhg odwhqw khdw lv fduulhg dzd| vroho| e| frqgxfwlrq/ dqg lq wklv fdvh wkh whpshudwxuh ulvh ri

d jurzlqj fu|vwdo fdq eh hvwlpdwhg dv

�W �
+5ydOf . %yfOd,Od

5 +OdOf,
4@5

�X

�

zkhuh y{ duh wkh phdvxuhg vxuidfh jurzwk yhorflwlhv ri wkh wzr idfhwv/ � lv wkh ghqvlw| ri lfh/ X

lv wkh odwhqw khdw ri frqghqvdwlrq/ dqg � lv wkh wkhupdo frqgxfwlylw| ri dlu1 Wkh sdudphwhu % lv d

fruuhfwlrq idfwru wr wdnh lqwr dffrxqw wkh revhuyhg kroorzlqj ri wkh edvdo idfhwv1 Wkh kljk wkhupdo

frqgxfwlylw| ri lfh uhodwlyh wr dlu/ wrjhwkhu zlwk wkh vpdoo jurzwk yhorflwlhv/ lqvxuhv wkdw wkh fu|vwdo

whpshudwxuh lv hvvhqwldoo| frqvwdqw wkurxjkrxw wkh vrolg1 Vlqfh wkh txdqwlwlhv rq wkh uljkw vlgh ri wkh

deryh htxdwlrq duh doo nqrzq ru zhuh phdvxuhg/ lw zdv vwudljkwiruzdug wr fdofxodwh �W iru d jlyhq

jurzlqj fu|vwdo1 Iru rxu zruvw fdvh ri jurzwk dw �4 @ 44 shufhqw zh �qg �W � 3=8 F/ zklfk lv

vxevwdqwldo/ zkloh iru vpdoohu ydoxhv ri �4 wkh whpshudwxuh fruuhfwlrq zdv fruuhvsrqglqjo| vpdoohu1

Wr prgho sduwlfoh gl�xvlrq zh xvhg d f|olqgulfdoo| v|pphwulf Juhhq*v ixqfwlrq whfkqltxh ^4<`/

zklfk zdv ixuwkhu h{whqghg wr lqfoxgh wkh h�hfwv ri vxuidfh whqvlrq1 Zlwk wklv phwkrg wzr dssur{0

lpdwlrqv duh xvhg wr juhdwo| vlpsoli| wkh gl�xvlrq sureohp/ qdpho| f|olqgulfdo v|pphwu| +zklfk

uhgxfhv wkh glphqvlrqdolw| ri wkh sureohp,/ dqg wkh vorz0jurzwk dssur{lpdwlrq +iru zklfk wkh gl�x0

vlrq htxdwlrq uhgxfhv wr Odsodfh*v htxdwlrq,1 Jlyhq wkdw rxu revhuydwlrqv vkrz qhjoljleoh kroorzlqj

ri wkh sulvp idfhwv lq doo fdvhv/ wkh �uvw dssur{lpdwlrq pdlqo| lqwurgxfhv d vpdoo jhrphwulfdo fru0

uhfwlrq1 Wkh odwwhu dssur{lpdwlrq lv mxvwl�hg e| wkh idfw wkdw wkh gl�xvlrq wlph � � �
5
@G> zkhuh

� lv d w|slfdo fu|vwdo vl}h dqg G lv wkh gl�xvlrq frqvwdqw lq dlu/ zdv pxfk vpdoohu wkdq wkh fu|vwdo

jurzwk wlph lq rxu h{shulphqwv1

Wkh gl�xvlrq htxdwlrq lq wklv fdvh lv u5
� @ 3> zkhuh � � +s � s3,@s3/ s lv wkh zdwhu ydsru

sduwldo suhvvxuh/ dqg s3 lv hydoxdwhg dw Wvxui > zklfk lqfoxghv wkh whpshudwxuh fruuhfwlrq deryh1 Iru

wklv htxdwlrq zh kdyh wkh pl{hg erxqgdu| frqglwlrq

N�vxui @
s3

qlfhnW
G+eq �

�$
u�,vxui

zlwk

N @ �
s3s
5�pnW

dqg wkh vxuidfh jurzwk yhorflw| lv y @ N�vxui = Wkh ixqfwlrqdo irup ri N+e�,> zkhuh e� lv wkh dqjoh ri
wkh vxuidfh qrupdo uhodwlyh wr wkh fu|vwdo d{lv/ zdv wdnhq wr eh fxvs0olnh/ zlwk ghhs orfdo plqlpd iru

jurzwk lq wkh edvdo dqg sulvp gluhfwlrqv/ wkxv surgxflqj idfhwhg jurzwk ^4< 1̀ Zh gh�qh �sulvp dqg

�edvdo wr eh wkh ydoxhv ri � dw wkh fxvsv iru wkh wzr idfhwv1 Wkhvh txdqwlwlhv grplqdwh wkh jurzwk

udwhv ri idfhwhg fu|vwdov/ zklfk duh lqvhqvlwlyh wr wkh zlgwk ri wkh fxvsv ^4< 1̀

Iru d vroxwlrq wr wkh gl�xvlrq htxdwlrq zh lqsxw wkh dpelhqw vxshuvdwxudwlrq �4/ wkh fu|vwdo

glphqvlrqv/ Od dqg Of> dqg wkh wzr frqghqvdwlrq frh!flhqwv �edvdo dqg �sulvp= Iurp wkh vroxwlrq

zh rewdlqhg �vxui > dqg wkxv wkh jurzwk yhorflwlhv ri wkh wzr idfhwv1 Wkh frqghqvdwlrq frh!flhqwv

zhuh dgmxvwhg xqwlo wkh ghulyhg jurzwk yhorflwlhv djuhhg zlwk wkh revhuyhg ydoxhv1 Dv d fkhfn zh

frpsduhg wkh uhvxowv ri rxu frgh zlwk uhvxowv xvlqj d frpphufldo frgh zklfk frxog vroyh f|olqgulfdoo|

v|pphwulf khdw gl�xvlrq sureohpv ^58 1̀ Wkh suhvhqw sduwlfoh gl�xvlrq sureohp frxog hdvlo| eh fdvw

lqwr wkh khdw gl�xvlrq irupdw/ surylghg zh xvhg wkh vr0fdoohg frqyhfwlyh erxqgdu| frqglwlrqv +dovr
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nqrzq dv erxqgdu| frqglwlrqv ri wkh wklug nlqg,1

D prgholqj dssurdfk zklfk surgxfhg urexvw uhvxowv iurp rxu gdwd zdv wr lqwhusrodwh wkh gdwd

wdnhq dw d jlyhq vxshuvdwxudwlrq �4 wr wkdw srlqw lq wlph zkhq wkh fu|vwdo vl}h lv Of @ 83 �p1 Lq wklv

zd| zh duh orrnlqj dw wkh vxshuvdwxudwlrq ghshqghqfh ri wkh jurzwk ri fu|vwdov ri qhduo| lghqwlfdo vl}h

dqg vkdsh/ zklfk uhgxfhv prgholqj huuruv1 Wkh Od ydoxhv duh nqrzq dw wkhvh wlphv/ dv duh wkh vxuidfh

jurzwk yhorflwlhv1 Iru wkhvh �{hg0Of fu|vwdov wkh prgholqj surfhhghg e| fkrrvlqj frqghqvdwlrq

frh!flhqwv/ �edvdo dqg �sulvp> iru zklfk wkh prgho uhsurgxfhg wkh revhuyhg jurzwk yhorflwlhv/ zlwk

wkh uhvxowv vkrzq lq Iljxuh 71 Lq wkhvh fdofxodwlrqv zh dvvxphg vlpsoh uljkw f|olqgulfdo fu|vwdov/

dqg dvvxphg wkdw wkh revhuyhg fu|vwdo jurzwk yhorflw| zdv htxdo wr wkh kljkhvw yhorflw| fdofxodwhg

dorqj wkh ohqjwk ri d jlyhq idfhw1 Wkh fdofxodwlrq dovr surgxfhg wkh vxshuvdwxudwlrq �vxui dw wkh

fu|vwdo vxuidfh dv d ixqfwlrq ri vsdwldo srvlwlrq=

Vlqfh rxu dlp zdv wr surgxfh txdqwlwdwlyh phdvxuhphqwv ri wkh frqghqvdwlrq frh!flhqwv/ wkh

h�hfwv ri d qxpehu ri srvvleoh v|vwhpdwlf huuruv zhuh h{soruhg lq rxu dqdo|vlv1 Wkh h�hfwv ri

kroorzlqj ri wkh edvdo idfhwv +zklfk zdv revhuyhg lq wkh odujhu fu|vwdov dw wkh kljkhu vxshuvdwxudwlrq

ohyhov, lqwurgxfhg vrph xqfhuwdlqw| lq rxu lqihuuhg �edvdo> zklfk durvh iurp lqkhuhqw prgholqj

h�hfwv ^4< /̀ dv zhoo dv iurp fkdqjhv lq wkh whpshudwxuh fruuhfwlrq ghvfulehg deryh1 Zh lqyhvwljdwhg

wkhvh xqfhuwdlqwlhv e| ydu|lqj wkh dprxqw ri kroorzlqj lqsxw lqwr rxu prgho1 Zh dovr h{soruhg

krz srvvleoh v|vwhpdwlf huuruv lq rxu dpelhqw vxshuvdwxudwlrq phdvxuhphqwv pd| kdyh d�hfwhg

rxu uhvxowv1 Lqwurgxflqj sodxvleoh v|vwhpdwlf h�hfwv olnh wkhvh w|slfdoo| uhvxowhg lq fkdqjhv lq wkh

vfdolqj ri rxu lqihuuhg �edvdo/ �sulvp> dqg �vxui > hvvhqwldoo| fkdqjlqj wkh d{hv lq Iljxuh 7 e| vpdoo

pxowlsolfdwlyh idfwruv1 Krzhyhu/ wkh hvvhqwldo ihdwxuhv ghulyhg iurp rxu phdvxuhphqwv/ sduwlfxoduo|

wkh udslg lqfuhdvh lq �edvdo dqg �sulvp deryh d fulwlfdo vxshuvdwxudwlrq/ zhuh irxqg wr eh txlwh

urexvw/ lqvhqvlwlyh wr prgholqj ghwdlov dqg rwkhu srwhqwldo v|vwhpdwlf huuruv1

�� ���
	�����

D �uvw frqfoxvlrq iurp rxu lqyhvwljdwlrq lv wkdw jurzwk phdvxuhphqwv olnh wkrvh ghvfulehg deryh

duh dq h�hfwlyh wrro iru rewdlqlqj txdqwlwdwlyh phdvxuhphqwv ri frqghqvdwlrq frh!flhqwv ghvfulelqj

fu|vwdo jurzwk1 Wkh iuhh0idoo whfkqltxh doorzv wkh jurzwk ri vpdoo/ lvrodwhg/ vlqjoh fu|vwdov/ xqihwwhuhg

e| wkh suhvhqfh ri d vxevwudwh1 E| phdvxulqj wkh xsshu erxqg ri fu|vwdo vl}h dv d ixqfwlrq ri wlph/

rqh juhdwo| uhgxfhv wkh ghohwhulrxv h�hfwv ri frpshwlwlrq ehwzhhq jurzlqj fu|vwdov/ dqg h�hfwv

iurp wkh erxqgdu| zdoov ri wkh jurzwk fkdpehu/ vlqfh wkhvh erwk dfw wr uhgxfh fu|vwdo jurzwk1

Iru lvrodwhg fu|vwdov zh �qg wkdw sduwlfoh dqg khdw wudqvsruw fdq eh dghtxdwho| prghohg xvlqj d

f|olqgulfdoo| v|pphwulf dssur{lpdwlrq/ doorzlqj wkh frqghqvdwlrq frh!flhqwv/ �edvdo dqg �sulvp> wr

eh h{wudfwhg dv d ixqfwlrq ri �vxui > wkh vxshuvdwxudwlrq mxvw deryh wkh jurzlqj vxuidfh1

D vhfrqg frqfoxvlrq iurp rxu lqyhvwljdwlrq lv wkdw phdvxuhphqwv ri jurzwk dv d ixqfwlrq ri

vxuidfh vxshuvdwxudwlrq surylgh dq h{fhoohqw whvw ri wkh Y2T2V prgho1 Rxu phdvxuhg ydoxhv ri wkh

frqghqvdwlrq frh!flhqwv/ �edvdo dqg �sulvp vkrzq lq Iljxuh 7/ fohduo| vkrz d surqrxqfhg lqfuhdvh

iru �vxui z 4 shufhqw/ d uhvxow zklfk suryhg wr eh txlwh lqvhqvlwlyh wr prgholqj xqfhuwdlqwlhv

dqg rwkhu sodxvleoh srwhqwldo v|vwhpdwlf huuruv ^59`1 Zh dwwulexwh wklv wkuhvkrog ehkdylru wr d 5G

qxfohdwlrq eduulhu dw wkh vrolg2TOO lqwhuidfh/ dv zdv sursrvhg lq wkh Y2T2V prgho ri Nxurgd dqg

Odfpdqq ^6`1 Xvlqj wkh pxowlqxfohdwlrq prgho ghvfulehg deryh/ zh h{shfw wkdw wkh frqghqvdwlrq

frh!flhqwv fdq eh ghvfulehg e|

�{ +�vxui , � E{

s
5�pnW

s3
�
�4@9

vxui
h{s

�
��J�5>{@6nW

�

� E{

s
5�pnW

s3
�
�4@9

vxui
h{s

k
���5

vrolg@TOO>{
i3>{@6n

5
W
5
�vxui

l

zkhuh zh kdyh xvhg �vxui � ��@nW= Ilwwlqj wklv ixqfwlrqdo irup wr rxu gdwd |lhogv wkh fxuyhv

�edvdo � 3=4�
�4@9

vxui
h{s+�4@�vxui , dqg �sulvp � 3=36�

�4@9

vxui
h{s+�4=6@�vxui ,> +zkhuh �vxui lv lq shu0

fhqw, dv vkrzq lq Iljxuh 71 Wkh wkuhvkrog ehkdylru lq wkh gdwd lv fohduo| hyhq pruh surqrxqfhg wkdq
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wkh prgho1 Iurp wkh �w zh �qg �vrolg@TOO>edvdo � 4=4�43�45 M2p dqg �vrolg@TOO>sulvp � 4=6�43�45
M2p1 Wkhvh ydoxhv duh rqo| voljkwo| odujhu wkdq wkh ydoxh �vrolg@oltxlg � : � 43�46 M2p gh0

ulyhg iurp phdvxuhphqwv ri lfh jurzwk iurp wkh oltxlg ^6` / dqg duh frqvlghudeo| vpdoohu wkdq

�vrolg@ydsru � 7� 43�44 M2p ^6 1̀ Wklv uhvxow vwurqjo| vxssruwv wkh Y2T2V prgho/ dqg wkdw d TOO

grhv h{lvw rq erwk wkh sulvp dqg edvdo idfhv dw W @ �8=8 F1 Qhyhuwkhohvv/ zh pxvw dfnqrzohgjh

wkdw wkh Y2T2V prgho lv qrw qhfhvvdulo| wkh fruuhfw h{sodqdwlrq ri rxu gdwd/ vlqfh zh gr qrw nqrz

wkh TOO wklfnqhvv dw wklv whpshudwxuh zlwk dq| uhdo dffxudf|1

Dq lqwhuhvwlqj ihdwxuh ri wkh Y2T2V prgho lv wkdw wkh wkuhvkrog vxuidfh vxshuvdwxudwlrq +ehorz

zklfk wkh jurzwk lv vwurqjo| olplwhg e| 5G qxfohdwlrq, lv h{shfwhg wr eh dssur{lpdwho| htxdo iru

wkh edvdo dqg sulvp idfhwv/ vlqfh zh h{shfw �vrolg@TOO wr eh rqo| zhdno| ghshqghqw rq �> wkh TOO

wklfnqhvv ^6`1 Rxu phdvxuhphqwv vxssruw wklv h{shfwdwlrq1 Iurp wkhvh revhuydwlrqv zh vhh wkdw

vxuidfh phowlqj vxevwdqwldoo| uhgxfhv wkh 5G qxfohdwlrq eduulhu +uhodwlyh wr wkdw ri d eduh vrolg2ydsru

lqwhuidfh,/ zklfk lq wxuq hqkdqfhv fu|vwdo jurzwk1 Exw lq frqwudvw wr vxuidfh urxjkhqlqj/ zklfk

frpsohwho| holplqdwhv wkh qxfohdwlrq eduulhu/ iru wkh fdvh ri vxuidfh phowlqj zh vhh wkdw wkh orfdwlrq

ri wkh 5G qxfohdwlrq eduulhu lv pryhg wr wkh vrolg2TOO lqwhuidfh1

Iurp wkh �w ydoxhv ri wkh suhidfwruv E{ zh �qg +�GTOO,edvdo � 5=< � 43�47 p52vhf dqg

+�GTOO,sulvp � 7=7 � 43�48 p52vhf1 Dvvxplqj �{ � 4> zh vhh wkhvh ydoxhv duh frpsdudeoh wr

GTOO � 6 � 43�47 p52vhf rewdlqhg iurp QPU phdvxuhphqwv ri sro|fu|vwdoolqh lfh ^8/ 5:`1 Wklv

dovr frq�upv GTOO � Goltxlg> frqvlvwhqw zlwk wkh uhvxowv rewdlqhg iurp phdvxuhphqwv ri uduh jdv

fu|vwdo jurzwk ^47 1̀ Dffruglqj wr wkh Y2T2V prgho/ wkh gl�huhqw ydoxhv ri �GTOO zh lqihu iru wkh

wzr idfhwv uh hfw wkh gl�huhqw vwuxfwxuhv ri wkh wzr vxuidfhv/ vlqfh GTOO lv h{shfwhg wr eh vwurqjo|

ghshqghqw rq wkh TOO wklfnqhvv1

Wkh txdolwdwlyh dqg txdqwlwdwlyh djuhhphqw ehwzhhq rxu phdvxuhphqwv dqg wkh Y2T2V prgho

lv hqfrxudjlqj/ dowkrxjk fohduo| wkh lfh vxuidfh vwuxfwxuh dqg jurzwk g|qdplfv duh txlwh frpsoh{1

Zh duh fxuuhqwo| xqghuwdnlqj h{shulphqwv wr v|vwhpdwlfdoo| phdvxuh lfh fu|vwdo jurzwk udwhv dv d

ixqfwlrq ri vxshuvdwxudwlrq ryhu d udqjh ri gl�huhqw whpshudwxuhv dqg lq gl�huhqw vroyhqw jdvhv/

zklfk zh eholhyh zloo khos vkhg qhz oljkw rq wkh uhodwlrqvkls ehwzhhq vxuidfh vwuxfwxuh dqg fu|vwdo

jurzwk1

�� �
 ������������

K1 \1 dfnqrzohgjhv �qdqfldo vxssruw iurp wkh Vxpphu Xqghujudgxdwh Uhvhdufk Ihoorzvkls surjudp

ri wkh Fdoliruqld Lqvwlwxwh ri Whfkqrorj|1

������

!� "�#����
��

^4` M1 S1 ydq ghu Hhughq/ M1 Fu|vw1 Jurzwk 45; +4<<6, 951

^5` M1 I1 ydq ghu Yhhq hw do1/ lq Fkhplvwu| dqg Sk|vlfv ri Vrolg Vxuidfhv YLL +U1 Ydqvhorz dqg U1

I1 Krzh/ hgv1, +Vsulqjhu0Yhuodj= Ehuolq, +4<;;, 7881

^6` W1 Nxurgd dqg U1 Odfpdqq/ M1 Fu|vw1 Jurzwk 89 +4<;5, 4;<1

^7` W1 Nxurgd/ M1 Phwhru1 Vrf1 Mdsdq 93 +4<;5, 8531

^8` W1 Nxurgd/ M1 Fu|vw1 Jurzwk << +4<<3, ;61

^9` M1 S1 ydq ghu Hhughq/ Idudgd| Glvfxvv <8 +4<<6, 981

^:` Gl�huhqw h{shulphqwdo vxuidfh surehv/ vxfk dv jodqflqj lqflghqfh [0ud| vfdwwhulqj/ rswlfdo ho0

olsvrphwu|/ dqg surwrq edfnvfdwwhulqj/ gr qrw jlyh frqvlvwhqw uhvxowv iru wkh TOO wklfnqhvv dv

d ixqfwlrq ri whpshudwxuh> wkhvh gdwd duh uhylhzhg e| Y1 I1 Shwuhqnr dqg U1 Z1 Zklwzruwk/

Sk|vlfv ri Lfh +R{irug Xqlyhuvlw| Suhvv= R{irug, +4<<<,/ dqg M1 J1 Gdvk/ K1 Ix/ dqg M1 V1

Zhwwodxihu/ Uhs1 Surj1 Sk|v 8; +4<<8, 4481 Wkhuh lv dovr vrph hylghqfh wkdw wkh TOO wklfnqhvv

ghshqgv rq wkh suhvvxuh dqg frpsrvlwlrq ri wkh edfnjurxqg jdv wr zklfk wkh vxuidfh lv h{srvhg1

:



^;` Lfh fu|vwdo jurzwk iurp ydsru lv uhylhzhg e| W1 Nred|dvkl dqg W1 Nxurgd/ lq Pruskrorj| ri

Fu|vwdov/ Sduw E +L1 Vxqdjdzd/ hg1, +Whuud Vflhqwl�f= Wrn|r, +4<;:,1

^<` L1 Z1 Hdphv/ Q1 M1 Pduu/ dqg K1 Vdelu/ Lqw1 M1 Khdw Pdvv Wudqvihu 73 +4<<:, 5<961
^43` U1 D1 Vkdz dqg G1 Odpe/ M1 Fkhp1 Sk|v1 444 +4<<<, 4398<1
^44` I1 F1 Iudqn/ Frqwhps1 Sk|v1 56 +4<;5, 4> F1 Y1 PfNqljkw dqg M1 Kdoohww/ M1 Fu|vw1 Jurzwk 79

+4<:<, 75:1
^45` L1 Y1 Pdunry/ Fu|vwdo Jurzwk iru Ehjlqqhuv +Zruog Vflhqwl�f= Vlqjdsruh, +4<<8,> \1 Vdlwr/

Vwdwlvwlfdo Sk|vlfv ri Fu|vwdo Jurzwk +Zruog Vflhqwl�f= Vlqjdsruh, +4<<9,1
^46` M1 Z1 Fdkq/ Z1 E1 Kloolj/ dqg J1 Z1 Vhduv/ Dfwd Phw1 45 +4<97, 4754> V1 G1 Shwhyhv dqg U1

Deedvfkldq/ Phw1 Wudqv1 55D +4<<4, 45:41
^47` P1 Pdux|dpd/ M1 Fu|vw1 Jurzwk <7 +4<;<, :8:1
^48` Vhyhudo txdqwlwdwlyh lfh jurzwk phdvxuhphqwv dv d ixqfwlrq ri vxshuvdwxudwlrq kdyh ehhq pdgh

xqghu sxuh zdwhu ydsru frqglwlrqv/ l1h1 lq wkh devhqfh ri d vroyhqw ydsru/ e| jurzlqj fu|vwdov rq
vxevwudwhv ^49�4; 1̀ Vlqfh wkh ydsru gl�xvlrq frqvwdqw lv odujh lq wklv fdvh/ sduwlfoh wudqvsruw hi0
ihfwv gr qrw vljql�fdqwo| klqghu fu|vwdo jurzwk/ dqg wkh jurzwk udwhv duh lq sulqflsdo ghwhuplqhg
pdlqo| e| vxuidfh nlqhwlfv1 Xqiruwxqdwho|/ phdvxuhg jurzwk udwhv zklfk kdyh ehhq uhsruwhg xq0
ghu rvwhqvleo| lghqwlfdo frqglwlrqv gl�hu pdunhgo| iurp rqh dqrwkhu1 Iru h{dpsoh/ wkhvh wkuhh
sdshuv ^49�4;` hdfk ghvfuleh phdvxuhphqwv ri wkh jurzwk udwhv ri lfh edvdo dqg sulvp idfhwv dw 0:
F/ dqg hdfk lqfoxghv gdwd wdnhq dw zdwhu ydsru vxshuvdwxudwlrq ohyhov qhdu 318 shufhqw1 Uhvxowv
ri wkh wkuhh h{shulphqwv ydu| e| ryhu d idfwru ri 43/ dqg wkh ruljlq ri wkh glvfuhsdqflhv lv qrw
fohdu1 Rqh srwhqwldo v|vwhpdwlf huuru zdv revhuyhg e| Ehfnpdqq dqg Odfpdqq/ zkr irxqg wkdw
wkh jurzwk udwhv ri sulvp idfhwv frxog ydu| e| d idfwru ri �yh rq wkh vdph fu|vwdo/ ghshqglqj
rq zkhwkhu wkh idfhw zdv frqwdfwlqj wkh vxevwudwh ru qrw1 Odpe dqg Vfrww dovr uhsruwhg jurzwk
dqrpdolhv iru wkhlu vxevwudwh0jurzq fu|vwdov1

^49` G1 Odpe dqg Z1 G1 Vfrww/ M1 Fu|vw1 Jurzwk 45 +4<:5, 541
^4:` Z1 Ehfnpdqq dqg U1 Odfpdqq/ M1 Fu|vw1 Jurzwk 8; +4<;5, 7661
^4;` W1 Vhl dqg W1 Jrqgd/ M1 Fu|vw1 Jurzwk <7 +4<;<, 9<:1
^4<` N1 J1 Oleeuhfkw/ Sk|v1 Uhy1 H 93 +4<<<, 4<9:1
^53` F1 N1 Fkqj/ K1 \x/ N1 J1 Oleeuhfkw/ Uhy1 Vfl1 Lqvwuxp1 :4 +5333, 5991
^54` D1 \dpdvklwd/ Nlvkr Nhqn|x Qrwr/ Phw1 Vrf1 Mdsdq 456 +4<:7, 7: +lq Mdsdqhvh,> d glvfxvvlrq

ri wkhvh uhvxowv/ lq Hqjolvk/ lv jlyhq lq W1 Nred|dvkl dqg W1 Nxurgd/ lq Pruskrorj| ri Fu|vwdov/

Sduw E +L1 Vxqdjdzd/ hg1, +Whuud Vflhqwl�f= Wrn|r, +4<;:,1
^55` E1 I1 U|dq/ H1 U1 Zlvkduw/ dqg G1 H1 Vkdz/ M1 Dwprv1 Vfl1 66 +4<:9, ;751
^56` W1 Wdndkdvkl/ W1 Hqgrk/ J1 Zdndkdpd/ dqg Q1 Ixnxwd/ M1 Phwhru1 Vrf1 Mdsdq 9< +4<<4, 481
^57` W1 Nxurgd/ M1 Phwhru1 Vrf1 Mdsdq 95 +4<;7, 8851
^58` Txlfn�hog yhuvlrq 714/ e| wkh Whud Dqdo|vlv Frpsdq|/ Vyhqgeruj/ Ghqpdun +4<<;,1
^59` Lw lv qrwhzruwk| wkdw wkh ydoxhv ri �edvdo zh lqihu iurp rxu suhvhqw gdwd duh vxevwdqwldoo| orzhu

wkdq zkdw zh uhsruwhg hduolhu ^4<`/ edvhg rq wkh fu|vwdo jurzwk gdwd e| \dpdvklwd1 Zh irxqg
wkdw wkh ruljlq ri wklv glvfuhsdqf| zdv wkh ghhs kroorzlqj wkdw rffxuv iru odujhu fu|vwdov olnh wkrvh
jurzq e| \dpdvklwd/ dorqj zlwk fu|vwdo khdwlqj h�hfwv1 Rxu hduolhu prgholqj xvhg d idluo| frxuvh
julg rq wkh fu|vwdo vxuidfh +wr hqfrxudjh vwdeoh jurzwk,/ zklfk zh qrz uhdol}h grhv qrw surgxfh
vx!flhqw edvdo kroorzlqj iru odujh fu|vwdov1 Wkxv rxu suhylrxv prgho fu|vwdov/ zlwk lqvx!flhqw
kroorzlqj/ qhhghg d kljk ydoxh ri wkh frqghqvdwlrq frh!flhqw wr uhsurgxfh wkh \dpdvklwd gdwd1
Zlwk pruh uhdolvwlf kroorzlqj zh �qg wkdw d vpdoohu frh!flhqw lv qhhghg1 Lq rxu suhvhqw gdwd
wkh fu|vwdov duh vpdoohu/ zlwk pxfk uhgxfhg edvdo kroorzlqj/ dqg duh wkxv pxfk pruh hdvlo|
prghohg1 Lqihuuhg ydoxhv ri �sulvp iurp wkh suhvhqw gdwd duh urxjko| wkh vdph dv zh uhsruwhg
hduolhu/ vlqfh wkh sulvp idfhwv h{klelw qhjoljleoh kroorzlqj xqghu wkhvh frqglwlrqv1

^5:` \1 Pl}xqr dqg Q1 Kdqdixvd/ lq= Surf1 :wk V|ps1 rq Sk|vlfv dqg Fkhplvwu| ri Lfh/ Juhqreoh/
4<;9 ^M1 Sk|vltxh Froort1 7; +4<;:, F40844`1
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Iljxuh 41 Vfkhpdwlf gldjudp ri wkh fkdpehu xvhg iru jurzlqj lfh fu|vwdov lq iuhh0idoo1 Frrolqj frlov
uhiuljhudwh wkh fkdpehu/ zkloh khdwhg zdwhu vxshuvdwxudwhv wkh dlu1 Pl{lqj yld frqyhfwlrq pdlqwdlqv
d xqlirup dlu whpshudwxuh zlwklq wkh fkdpehu1 D  hfn ri gu| lfh lv gursshg lqwr wkh wrs ri wkh
fkdpehu wr qxfohdwh lfh fu|vwdov1 Wkh fu|vwdov jurz zkloh idoolqj lq wkh fkdpehu/ dqg vrph odqg rq
d zlqgrz zkhuh wkh| fdq eh revhuyhg zlwk d plfurvfrsh1
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Iljxuh 51 Phdvxuhphqwv ri wkh vl}hv ri lqglylgxdo lfh fu|vwdov dv d ixqfwlrq ri wlph diwhu qxfohdwlrq/
wdnhq dw dq dpelhqw vxshuvdwxudwlrq ri 51<8 shufhqw1 Gl�huhqw srlqw v|perov uhsuhvhqw gl�huhqw
jurzwk uxqv1 Rqo| wkh odujhu fu|vwdov zhuh uhfrughg dw d jlyhq wlph/ lq rughu wr phdvxuh wkh xsshu
fxw0r� ri wkh vl}h glvwulexwlrq ixqfwlrq1 Wkh olqhv lqglfdwh wkh dssur{lpdwh pd{lpxp fu|vwdo vl}h
dv d ixqfwlrq ri wlph/ uhsuhvhqwlqj fu|vwdo jurzwk qhdu wkh fhqwhu ri wkh jurzwk fkdpehu1
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Iljxuh 61 Ilw sdudphwhuv ghulyhg iurp jurzwk gdwd wdnhq dw gl�huhqw vxshuvdwxudwlrq ohyhov/ dv
ghvfulehg lq wkh wh{w1 Wkh rshq gldprqgv dqg flufohv vkrz gdwd e| U|dq hw1 do ^55` dqg \dpdvklwd
^54 /̀ uhvshfwlyho|/ wdnhq dw wkh zdwhu vxshuvdwxudwlrq ohyho1
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Iljxuh 71 Lqihuuhg ydoxhv ri wkh frqghqvdwlrq frh!flhqwv ghvfulelqj jurzwk ri wkh edvdo dqg sulvp
idfhv ri lfh/ dv d ixqfwlrq ri vxshuvdwxudwlrq dw wkh fu|vwdo vxuidfh1 Wkh fxuyhv vkrz wzr0sdudphwhu
�wv wr wkh gdwd xvlqj wkh pxowlqxfohdwlrq prgho ghvfulehg lq wkh wh{w1
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