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Nh|zrugv= pl{lqj/ frpsuhvvleoh �rz/ Qdylhu0Vwrnhv htxdwlrqv

Lq wklv sdshu qxphulfdo uhvxowv frqfhuqlqj wkh �rz sdwwhuqv iru wkh fodvvlfdo dqg d qhz frpsuhvvleoh

dssurdfk zloo eh suhvhqwhg1 Wkh qxphulfdo phwkrg lv dq h{whqvlrq +wr lqfoxgh wkh h�hfwv ri xqvwhdglqhvv

dqg frpsuhvvlelolw|, ri wkh frqwuro yroxph phwkrg1 Wr dfklhyh wklv sxusrvh wkh sureohp wr vroyh zdv

fkrvhq lq vxfk d zd| wkdw wkh fodvvlfdo dssurdfk grhv qrw uhtxluh wr wdnh lqwr dffrxqw dq| frqyhfwlyh

whupv1

Wkh prgho sureohp dqg sk|vlfdo frqvlghudwlrq1 Wkh �rz dqg wkh frqfhqwudwlrq glvwulexwlrq

ri pl{wxuh lqvlgh d forvhg f|olqghu zloo eh lqyhvwljdwhg1 Wkh pl{wxuh frqvlvwv ri zdwhu dqg jo|fhulq/

zklfk duh plvfleoh lq dq| sursruwlrq dqg zkrvh ghqvlw| reh|v wkh %vlpsoh0pl{wxuh% irupxod

� +�, @ �Z�. �J +4��, +4, zklwlq 4( huuru iru wkh zkroh udqjh +� 5 ^3> 4`, ri wkh zdwhu0yroxph

iudfwlrq +wkh jo|fhulq lv vxssrvhg wr �oo wkh orzhu kdoi ri wkh f|olqghu,1

Lw lv vxssrvhg wkh f|olqghu lv hqwluho| �oohg dw wkh lqlwldo wlph dqg zloo uhpdlq frpsohwho| �oohg

gxulqj wkh surfhvv/ doorzlqj wr dyrlg wkh sureohp ri d iuhh0vxuidfh erxqgdu| frqglwlrq rq wkh wrs ri wkh

pl{wxuh1 Lqvwhdg/ d vlpsoh zdoo0erxqgdu| frqglwlrq iru wkh wrs ri wkh f|olqghu fdq eh hqirufhg1

Ehfdxvh wkh gl�xvlrq surfhvv lv d yhu| vorz rqh dqg wkh whpshudwxuh lq wkh oderudwru| lv sudfwlfdoo|

frqvwdqw lw iroorzv/ iurp d wkhuprg|qdplfdoo| srlqw ri ylhz/ wkdw wkh f|olqghu pxvw eh frqvlghuhg dq

rshq v|vwhp dqg wkh zkroh surfhvv dv dq lvrwhuplf rqh1

Reylrxvo|/ dq lwhudwlyh iuhh0vxuidfh erxqgdu| frqglwlrq lv qrw wrr gl�fxow wr lpsohphqw lqwr d qxphu0

lfdo phwkrg1 Rq wkh rwkhu kdqg/ dq| rwkhu dojheudlf uhodwlrq jlylqj wkh pl{wxuh ghqvlw| dv d ixqfwlrq ri

frpsrqhqwv ghqvlw| zloo jlyh wkh rssruwxqlw| wr forvh wkh sureohp irupxodwlrq zlwkrxw xvlqj dq hqhuj|

dv orqj dv wkh gl�xvlrq lv vorz hqrxjk wkdw wkh k|srwkhvlv ri dq lvrwkhupdo surfhvv krogv +dqg xvxdoo|

wkdw lv wkh fdvh iru wkh gl�xvlrq ri wzr oltxlgv,1

Wkh pdwkhpdwlfdo prgho1 Ehfdxvh wkh dvvxpswlrq glyx @ 3 frxog eh idovh lq fhuwdlq frqglwlrq

lw zdv fohdu wkdw dq xqvwhdg| dqg frpsuhvvleoh Qdylhu0Vwrnhv prgho lv qhfhvvdu| lq rughu wr vroyh wkh

sureohp1

Gxh wr wkh v|pphwu| zlwk uhvshfw wr R[0d{lv / wklv sureohp fdq eh wuhdwhg dv dq d{lv|pphwulf rqh1
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dqg gly +tZ . tJ, @ 3= +tZ lv wkh �x{ ri zdwhu dfurvv erxqgdu| CY ri wkh frqwuro yroxph,1

Lq rughu wr kdyh d frpsuhvvleoh frqvhuydwlyh odz/ Ht1 +6, uhtxluhv dqrwkhu vpdoo fkdqjh wr=
C +�!,

Cw
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zkhuh d fkdqjh ri wkh ghshqghqw yduldeoh wr ! @ �@� zdv qhfhvvdu| dqg wkh qrqglphqvlrqdo ghqvlw|
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Wkh lqlwldo frqglwlrq iru wkh sureohp frxog eh=
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4>;{ 5 +3> O@5,

3>;{ 5 +O@5> O,
> exw dq| lqlwldo glvwulexwlrq �3+{, ri wkh

frqfhqwudwlrq fdq eh xvhg1

Wkh erxqgdu| frqglwlrqv iru wkh yhorflw| uhtxluh qr vols frqglwlrqv dw wkh zdoov x+{> w,
��
{5C
qfhqwhuolqh @ 3

dqg dw wkh fhqwhuolqh +u @ 3,> wkh qrupdo ghulydwlyh ri wkh d{ldo yhorflw| x +dorqj R{ d{lv, dqg wkh udgldo

yhorflw| y +dorqj ru d{lv, pxvw ydqlvk Cx+{> w,@Cq mfhqwhuolqh @ y+{> w, mfhqwhuolqh @ 3 = Iru wkh frqfhqwud0

wlrq wkh erxqgdu| frqglwlrq lv C!@Cq mC
 @ 31

Lq frqfoxvlrq wkh pdwkhpdwlfdo irupxodwlrq ri wkh sureohp lv=

%Vroyh htv1 +5,/ +7,/ dqg +6*, vxemhfwhg wr wkh frqvwudlqw +9,/ zlwk deryh0phqwlrqhg wzr lqlwldo

frqglwlrqv dv zhoo dv wkuhh erxqgdu| frqglwlrqv%1

Li wkh yhorflw| �hog x lv qrw vrohqrlgdo dq| pruh/ lw fdq eh hdvlo| suryhg wkh h{lvwhqfh ri dqrwkhu

vrohqrlgdo �hog1

Wkhuh lv qrwklqj vshfldo lq wkh qrq glphqvlrqdo irup ri wkh htxdwlrqv lqyroyhg lqwr wkh frpsuhvvleoh

prgho e| xvlqj= V @ W3@+X3O, +Vwurxkdo qxpehu,/ Sh @ X3O@G +Shfohw qxpehu,/ Uh @ �JX3O@�J

+Uh|qrogv qxpehu, dqg I @ X5
3
@+jO, +Iurxgh qxpehu,

Li wkh ohqjwk +khljkw ri f|olqghu,/ gl�xvlrq frh�flhqw +gl�xvlrq frh�flhqw ri wkh pl{wxuh ,/ ghqvlw|

+jo|fhulq ghqvlw|,/ ylvfrvlw| +jo|fhulq ylvfrvlw|, dqg dffhohudwlrq +dffhohudwlrq ri judylw|, wkh vfdoh duh

reylrxv/ qrw wkh vdph fdq eh vwdwhg derxw wkh vfdoh ri wlph dqg yhorflw|1

Uhvxowv dqg glvfxvvlrq1 Dv wkh pdlq sxusrvh ri wklv zrun lv wr orrn iru gl�huhqfhv ehwzhhq

fodvvlfdo +sxuh gl�xvlrq, dqg d qhz +frpsuhvvleoh Qdylhu0Vwrnhv, dssurdfkhv wr wkh sureohp ri pl{lqj

zdwhu dqg jo|fhulq lw zdv yhu| lpsruwdqw wr fkhfn wkh frqyhujhqfh ri wkh qxphulfdo surfhgxuh1

Wkuhh sureohp kdyh ehhq frqvlghuhg wr eh vroyhg=

+l, wkh �uvw sureohp lv d txdvl 4G sureohp1 Lw frqvlvwv ri d 5G sureohp/ exw zlwk shulrglfdo erxqgdu|

frqglwlrqv iru yhorflw| dorqj wkh yhuwlfdo erxqgdulhv +zklfk duh shushqglfxodu, wr wkh glvfrqwlqxlw| lq
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frqfhqwudwlrq,/ l1h1 Cx@C{
�
�
i{@3>{@4j @ Cy@C{

�
�
i{@3>{@4j @ 3=

+ll, Wkh vhfrqg sureohp zdv d sxuh 5G sureohp1 Iru wklv sureohp wkh erxqgdu| frqglwlrqv dorqj wkh

uljkw +{ @ 4,> iru wkh yhorflw| lv x
�
�
i{@4j @ y

�
�
i>{@4j @ 3= Dorqj wkh olqh { @ 3 wkh erxqgdu| frqglwlrq

ri sureohp +l, lv dssolhg/ vr wkdw wkh dfwxdo grpdlq iru wkh frpsxwdwlrq lv wzlfh dv zlgh1

+lll, Wkh wklug sureohp lv wkh rqh ri lqwhuhvw +d svhxgr 6G sureohp/ zlwk d{lv0v|pphwulf �rz,1

Wkh vhfrqg rqh zdv frqvlghuhg lq rughu wr plqlpl}h wkh fkdqjhv gxh wr wkh lqwurgxfwlrq ri d zdoo1

Wkh wklug sureohp lv zkdw lv dfwxdoo| zdqwhg wr eh vroyhg1

Dv wkh sureohp lv xqvwhdg|/ lw zdv dovr qhfhvvdu| wr suhvhuyh wkh vdph Frxudqw qxpehu FQ @

f7w@7{ zkhq wkh glphqvlrq ri wkh julg lv kdoyhg1

Vhyhudo sureohpv dsshdu gxulqj wkh frpsxwdwlrq ri wkh vroxwlrq iru wkhvh sureohpv1

Wkh frqvhuydwlrq ri pdvv lv ri juhdw lpsruwdqfh lq wkhvh sureohpv1 Xvxdoo| d frqwuro yroxph dssurdfk

kdv yhu| jrrg surshuwlhv lq wklv uhvshfw1 Exw iru wkhvh sureohpv wkh frqvhuydwlrq ri pdvv lv kdug wr

dfklhyh1

Lq rughu wr xqghuvwdqg wkh h�hfw ri wkh vkdus judglhqwv rq wkh zurqj vljq ri wkh yhorflw| qhdu wkh

wrs dqg erwwrp erxqgdulhv vrph rwkhu lqlwldo frqglwlrqv iru wkh glvwulexwlrq ri wkh frqfhqwudwlrq kdg

ehhq wdnhq lqwr dffrxqw1

Wkh dvshfw udwlrq ri wkh frqwuro yroxph vkrxog eh nhsw dv forvh wr xqlw| dv srvvleoh1 Dfwxdoo|/ xvlqj

dvshfw udwlrq odujhu wkdq 8 fdq lqfuhdvh gudpdwlfdoo| wkh qxpehu ri lwhudwlrqv1

Wkh gl�xvlrq frh�flhqw G @ 43�9 p5@v zklfk jlyhv dq dffhswdeoh wlph ri derxw <519 gd|v wr uhdfk

wkh vwhdg| vwdwh zlwklq 314(1

Vrph uhvxowv kdyh ehhq rewdlqhg iru wkh �rz lqvlgh wkh f|olqghu/ xvlqj d qxphulfdo vlpxodwlrq ri

wkh xqvwhdg| frpsuhvvleoh Qdylhu0Vwrnhv htxdwlrqv1 Iru 7w @ 43�7v dqg 7{plq @ 4=8� 43�6p +lq wkh

phvk/ qhdu wkh lqwhuidfh ehwzhhq jo|fhulq dqg zdwhu, d pd{lpxp yhorflw| ri Xpd{ @ 4=8 � 43�6p@v

zdv irxqg1 Wr nhhs d edodqfh ehwzhhq wkh xqvwhdg| whupv C � @Cw dqg wkh frqyhfwlyh whupv Vwurxkdo

qxpehu V @ O3@+X3W3, pxvw eh forvh wr 4/ jlylqj O3 @ 4=8� 43�9p1 Wklv vkrzv wkdw iru wkh htxdwlrqv

zh vroyhg +Qdylhu0Vwrnhv dqg gl�xvlrq, wkh frqyhfwlyh whup lv derxw 4333 wlphv vpdoohu dqg fdq eh

qhjohfwhg1

Vlqfh wkh frqwulexwlrq ri wkh frqyhfwlyh whupv lv ohvv wkdq 4( wklv h{sodlq zk| wkhuh lv qr gl�huhqfh

ehwzhhq 4G dqg 5G vroxwlrq1

Frqfoxvlrq1 Iurp rewdlqhg qxphulfdo uhvxowv lw lv vkrzq wkdw wkhuh lv qr gl�huhqfh ehwzhhq fodvvlfdo

uhvxow +xvlqj wkh sxuh gl�xvlrq htxdwlrq, dqg wkh qhz dssurdfk +xvlqj dq xqvwhdg| frpsuhvvleoh Qdylhu0

Vwrnhv prgho,1

Hyhq li wkhuh lv d �rz gulyhq e| dq h{whuqdo suhvvxuh judglhqw/ wkdw fdq pdnh wkh frqyhfwlyh whup

vljql�fdqw/ rqh fdq h{shfw qr gl�huhqfh ehwzhhq wkh fodvvlfdo dssurdfk +xvlqj d frqyhfwlyh xqvwhdg|

gl�xvlrq htxdwlrq, zkhq frpsduhg wr wkh qhz dssurdfk1

Vr wkh frqfoxvlrq lv wkdw xvlqj wkh xqvwhdg| frpsuhvvleoh Qdylhu0Vwrnhv htxdwlrq lv xvhohvv +dqg rqo|

wlph frqvxplqj, lq wkh vwxg| ri vxfk skhqrphqd1
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