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Devwudfw

Wklv sdshu suhvhqwv dq xqvxshuylvhg lpdjh vhjphqwd0

wlrq phwkrg edvhg rq Pdunry fkdlqv1 Lw lv dssolhg wr

pxowlvshfwudo VSRW vdwhoolwh lpdjhv wr uhfryhu qdxwl0

fdo vsdfh fkduwv1 Wkhvh lpdjhv lqyroyh wkuhh vshfwudo

edqgv1 Wkh frqglwlrqdo glvwulexwlrq iru hdfk vhjphq0

wdwlrq fodvv lv vxssrvhg wr eh Jdxvvldq1 Wkh sursrvhg

phwkrg wdnhv lqwr dffrxqw wkh fruuhodwlrq ehwzhhq wkh

wkuhh vshfwudo edqgv/ dqg dguhvvhv wkh ghwhuplqdwlrq ri

wkh qxpehu ri fodvvhv1 Fodvvl�fdwlrq uhvxowv rq v|qwkhwlf

dqg uhdo h{dpsohv ghprqvwudwh wkh h!flhqf| ri wkh sur0

srvhg phwkrg1

Nh|zrugv = Pdunry fkdlq/ pxowlvshfwudo lpdjh vhj0

phqwdwlrq/ vshfwudo fruuhodwlrq/ hvwlpdwlrq ri sdudph0

whuv1

4 Lqwurgxfwlrq

Wklv sdshu lv frqfhuqhg zlwk wkh vhjphqwdwlrq ri pxo0

wlvshfwudo vdwhoolwh lpdjhv lq dq xqvxshuylvhg zd|1 Frq0

vlghuhg gdwd duh vxssolhg e| VSRW vdwhoolwh zklfk re0

vhuyhv wkh hduwk lq wkuhh vshfwudo edqgv = [V4 fkdqqho

fryhulqj 3183 wr 318< �p +juhhq,/ [V5 fkdqqho fryhulqj
3194 wr 319; �p +uhg, dqg [V6 fkdqqho fryhulqj 31:< wr
31;< �p +qhdu lqiuduhg,1
E| frpelqlqj wkhvh fkdqqhov/ frorxu frpsrvlwh lpdjhv

fdq eh surgxfhg1 Lq wkh vhtxho/ wkh wkuhh frqvlghuhg
fkdqqhov zloo eh ghqrwhg U/J/E vwdqglqj iru uhg/ juhhq
dqg eoxh1 Vdwhoolwh vhqvruv phdvxuh wkh udglrphwu|/ l1h1/
wkh lqwhqvlw| ri wkh udgldwlrqv uh hfwhg e| wkh jurxqg ru
e| wkh vhd wkurxjk wkh zdwhu od|huv1 Vsdwldo uhvroxwlrq
lv 53 e| 53 phwhuv1
Lpdjhv zh duh lqwhuhvwhg lq fryhu Sdfl�f dwroov1 Wkh

jrdo ri wkh vhjphqwdwlrq vwhs lv wr dvvljq wr hdfk sl{ho
d fodvv odeho1 Lq rxu dssolfdwlrq/ wkhvh odehov fruuhvsrqg
wr= forxg ru forxg vkdgrz/ vhd/ jurxqg1 Wkhq/ lq d
ixwxuh zrun/ vhd duhdv zloo kdyh wr eh vhjphqwhg df0
fruglqj wr wkh zdwhu ghswk/ iru surgxfwlrq ri qdxwlfdo
fkduwv^9`^<`1 Wkh prwlydwlrq ri gluhfwo| h{sorlwlqj wkhvh
lpdjhv lv wr uhgxfh wkh frvw lq frpsdulvrq zlwk h{shq0
vlyh k|gurjudsklf fdpsdljqv lq Sdfl�f Rfhdq1 Ixuwkhu0

pruh/ wkh dffxudf| dqg xsgdwlqj ri qdxwlfdo fkduwv duh
hvshfldoo| lpsruwdqw iru qdyljdwlrq1
Wklv sdshu lv vwuxfwxuhg dv iroorzv1 Vhfwlrq 5 gh0

vfulehv wkh prqrvshfwudo vhjphqwdwlrq phwkrg edvhg rq
Pdunry fkdlqv1 Vhfwlrq 6 ghdov zlwk wkh pxowlvshfwudo
dqdo|vlv1 Uhvxowv rewdlqhg rq v|qwkhwlf dqg uhdo lpdjhv
duh uhsruwhg lq vhfwlrq 71 Vhfwlrq 8 frqwdlqv frqfoxglqj1

5 Prqrvshfwudo vhjphqwdwlrq

edvhg rq Pdunry fkdlqv

Wkh lqwhuhvw ri Pdunry fkdlq phwkrgv^6`^7` iru lp0
djh vhjphqwdwlrq frpsduhg wr 5G Pdunry �hog
prghov^5`^8`^:` lv wkdw/ ehlqj edvhg rq 4G prgholqj/ wkh|
uhvxow lq orzhu frpsxwlqj frvw1 Wr dsso| vxfk d phwkrg/
zh qhhg wr wudqvirup d wzr glphqvlrqdo vhw ri sl{hov lqwr
d rqh glphqvlrqdo vhw V1 Wklv wudqvirupdwlrq lv uhdol}hg
e| d Kloehuw0Shdqr vfdq^;`1 Wkh shuiruphg vhjphqwd0
wlrq wkhq uhvxowv lq d 4G pds/ zklfk lv wudqviruphg lqwr
d 5G lpdjh xvlqj dq lqyhuvh Kloehuw0Shdqr vfdq1

514 Qrwdwlrqv

Zh frqvlghu wzr vhwv ri udqgrp yduldeohv=[ @ +[q,q5V /

wkh odehov dqg \ @ +\
q
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/ wkh revhuyhg gdwd1 [
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wdnhv lwv ydoxh lq d �qlwh vhw ri  @ i$4> ===> $Nj fruuh0

vsrqglqj wr N fodvvhv1 q uhsuhvhqwv wkh srvlwlrq dorqj

wkh fkdlq = q @ 4> ===>Q 1 Zh dvvxph wkh qrlvh lq hdfk
vshfwudo edqg wr eh Jdxvvldq +Q ,1 Zh vxssrvh wkdw wkh
[ lv d �uvw rughu Pdunry fkdlq/ l1h1 =
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Wkhvh suredelolwlhv fdq eh fdofxodwhg e| edfnzdug dqg
iruzdug uhfxuvlrqv^4`1 Zh kdyh wkh uhodwlrq=
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Zh fdq �qg lq wkh olwhudwxuh dqrwkhu gh�qlwlrq ri wkh
edfnzdug dqg iruzdug suredelolwhv^4`/ exw lw vx�huv iurp
xqghu rz sureohp1
Wkh d srvwhulrul mrlqw suredelolw| kdv dovr wr eh frq0

vlghuhg=
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Wkhvh suredelolwlhv doorz xv wr xsgdwh lqlwldo glvwule0
xwlrqv/ dqg wudqvlwlrq pdwul{^7` xvlqj dq HP surfhgxuh1
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Gl�huhqwv phwkrgv frxog eh h{sorlwhg wr shuirup wkh
vhjphqwdwlrq vwhs edvhg rq wklv prgholqj1 Zh zloo gh0
vfuleh rxu dsurdfk1

515 Ghvfulswlrq ri wkh dojrulwkp

Zh xvh wkh LFH Jdxvv dojrulwkp^7`/ edvhg rq Lwhu0
dwlyh Frqglwlrqdo Hvwlpdwlrq1 Dw wkh ehjlqqlqj/ dq
hvwlpdwlrq ri wkh iroorzlqj sdudphwhuv lv uhtxluhg=
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Wkh gl�huhqw vxevwhsv ri lwhudwlrq ^t` duh jlyhq ehorz=
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61 Xsgdwh dlm dqg �l xvlqj �q+l> m, +htxdwlrq +8,,1

71 Jhqhudwh { d uhdol}dwlrq ri [m\ @ | xvlqj wkh d

srvwhulrul wudqvlwlrq pdwul{ +fi sdudjudsk 516,1
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l hw �l zlwk phdq dqg yduldqfh hvwlpd0
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Diwhu d suhghwhuplqhg qxpehu ri lwhudwlrqv/ wkh vhj0
phqwdwlrq lv shuiruphg e| pd{lpl}lqj orfdo srvwhulru

pdujlqdov +PSP hvwlpdwlrq,=
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516 Vlpxodwlrq ri fmt ' +

Lq rughu wr gudz vdpsohv iurp S +[m\ @ |, lq d uhfxu0

vlyh zd|/ zh uho| rq srvwhulru wudqvlwlrq suredelolwlhv
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517 Qxpehu ri fodvvhv

Wr shuirup dq xqvxshuylvhg vhjphqwdwlrq/ zh qhhg wr

ghwhuplqh wkh qxpehu ri fodvvhv1 Zh sursrvhg wr vwduw

zlwk dq xsshu erxqg iru wklv qxpehu dqg wr uhgxfh lw

diwhuzdugv e| phujlqj fodvvhv zkrvh glvwulexwlrqv duh

wrr forvh1

Zh kdyh frqvlghuhg wkh iroorzlqj fulwhulrq wr phujh

fodvvhv l dqg m=
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zkhuh �l dqg �l vwdqg/ uhvshfwlyho|/ iru wkh phdq dqg wkh

vwdqgdug ghyldwlrq ri fodvv l1 Wkuhvkrog W lv hpslulfdoo|

vhw1

Zh kdyh ghvfulehg wkh LFH Jdxvv dojrulwkp lq wkh

prqrvshfwudo fdvh1 Qrz/ zh lqwurgxfh dq h{whqvlrq ri

wklv phwkrg wr pxowlvshfwudo lpdjhv1

6 Pxowlvshfwudo vhjphqwdwlrq

edvhg rq Pdunry fkdlqv

Wkh revhuyhg lpdjh lv vwloo uhsuhvhqwhg e| wkh udqgrp
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Rqh ri wkh frqwulexwlrqv ri wkh sursrvhg pxowlvshf0

wudo phwkrg uhvlghv lq wkh idfw wkdw iru hdfk fodvv/ lqwhu0

fkdqqho fruuhodwlrqv duh hvwlpdwhg1

Wkxv/ lq wkh �iwk vwhs ri wkh dojrulwkp/ wkh fruuhodwlrq

frh!flhqwv duh xsghg dv iroorz=
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zkhuh ql lv wkh qxpehu ri sl{hov lq fodvv l/ dqg Vl lv wkh

vhw ri vxfk sl{hov1 +F4>F5, uhsuhvhqwv d sdlu ri fkdqqhov1

Pruhryhu/ lq wkh irxuwk vwhs ri wkh dojrulwkp/ wkh odeho

lv vhohfwhg lq d suredelolvwlf zd| zlwk uhvshfw wr wkh

d srvwhulrul wudqvlwlrq pdwul{/ xvlqj wkh wulglphqvlrqdo

Jdxvvldq odz1

7 Uhvxowv

714 V|qwkhwlf lpdjhv

Wklv xqvxshuylvhg pxowlvshfwudo lpdjh vhjphqwdwlrq kdv
ehhq �uvw shuiruphg rq v|qwkhwlf lpdjhv +Iljxuh 4,/
zkhuh wkh jurxqg wuxwk lv nqrzq,/ lq rughu wr ydolgdwh
wkh phwkrg1
Wkh fodvvl�fdwlrq dojrulwkp surylghv d shuihfw vhj0

phqwhg pds/ dqg wkh hvwlpdwlrq ri sdudphwhuv +lqfoxg0
lqj wkh fruuhodwlrq frh!flhqwv, lv dffxudwh +Wdeoh 4,1
Wkh vl}h ri wkh ruljlqdo lpdjh lv 97 e| 97 sl{hov1 Zh

vwduw wkh dojrulwkp zlwk 43 fodvvhv/ dqg wkh �qdo uh0
vxow lqyrolqj 8 fodvvhv lv rewdlqhg diwhu dssur{lpdwho|
48 vhfrqgv ri frpsxwlqj wlph +Zrunvwdwlrq 76S LEP
453Pk},1 Wkuhvkrog W zdv vhw wr 51

d e

f g

h i

Iljxuh 4= d, Ruljlqdo froru lpdjh> e, Fkdqqho U ri lpdjh
4d> f, Fkdqqho J ri lpdjh 4d> g, Fkdqqho E ri lpdjh
4d> h, Vhjphqwhg lpdjh i, Jurxqg wuxwk
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Wdeoh 4= Hvwlpdwhg +�uvw olqh, dqg wuxh sdudphwhuv +vhf0
rqg olqh, ri wkh v|qwkhwlf lpdjh

Lq Iljxuh 4/ zh fdq qrwh wkdw / li rqo| rqh vlqjoh edqg
lv frqvlghuhg/ lw lv gl!fxow wr glvwlqjxlvk wkh �yh fodvvhv1

Wklv ghprqvwudwhv wkh lqwhuhvw ri wdnlqj lqwr dffrxqw
vlpxowdqhrxvo| wkh lqirupdwlrq iurp wkh wkuhh edqgv/
zklfk uhvxowv lq d shuihfw fodvvl�fdwlrq1
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715 VSRW vdwhoolwh lpdjhv

Zh kdyh dssolhg rxu phwkrg wr VSRW lpdjhv/ lq wkh
frqwh{w ri d qdxwlfdo vsdfh fkduw dssolfdwlrq1 Wkh iro0
orzlqj h{shulphqwdo uhvxowv +Iljxuh 5, kdyh ehhq re0
wdlqhg zlwk d pxowlvshfwudo VSRW lpdjh ri 589 e| 589
sl{hov1 Zh fdq qrwlfh wkdw lq wkh ruljlqdo lpdjh +Iljxuh
5d, zdyhv glvwxue wkh udglrphwu|1 Wkh lqlwldo qxpehu ri
fodvvhv zdv vhw wr ;/ dqg wkh �qdo qxpehu lv 91

Wkh pxowlvshfwudo dojrulwkp doorzv xv wr h{sorlw lq dq
dssursuldwh zd| wkh zkroh dydlodeoh lqirupdwlrq zlwklq
wkh vdph vhjphqwdwlrq surfhvv1
Lq wkh prqrvshfwudo fdvh/ lw lv hdv| wr lqlwldol}h wkh

frqglwlrqdo odzv1Zh fdq/ iru h{dpsoh/ fkrrvh iru hdfk
fodvv wkh vwdqgdug ghyldwlrq � ri wkh zkroh lpdjh1 Wkhq/
zh frpsxwh wkh phdq � ri wkh zkroh lpdjh1 Wkh phdqv
ri hdfk fodvv duh=

�
l @ �	n

�

5
n @ 4�

N

5
> ===>

N

5
+n lv vxssrvhg wr eh hyhq,

Lq wkh pxowlvshfwudo fdvh/ zh kdyh wr gh�qh wkuhh lql0
wldo phdqv iru hdfk fodvv1 Lq rxu phwkrg/ wkh| duh fkrvhq
udqgrpo|/ wkhuhiruh wkh lqlwldo qxpehu ri fodvvhv kdv wr
eh kljk1 Wkh lqlwldo fruuhodwlrq frh!flhqwv duh vxssrvhg
wr eh htxdo wr }hur +l1h1 wkh wkuhh Jdxvvldq odzv ri d fodvv
duh lqghshqghqw,/ dqg wkh lqlwldo ydoxhv ri vwdqgdug gh0
yldwlrqv duh vwloo vhw juhdw hqrxjk1
Wkh gudzedfn ri d Pdunry fkdlq prgho lv wr uhgxfh

wkh qhljkerxukrrg vl}h ri d sl{ho wr wzr qhljkerxuv1
Qhyhuwkhohvv/ h{shulphqwdo uhvxowv rewdlqhg suryh wkdw
wkh wudghr� ehwzhhq vshhg dqg dffxudf| lv ehwwhu zlwk
wklv phwkrg +Wdeoh 4,1

8 Frqfoxvlrq

Wklv sdshu kdv dgguhvvhg wkh sureohp ri xqvxshuylvhg
pxowlvshfwudo lpdjh vhjphqwdwlrq xvlqj d Pdunry fkdlq
prgho1 Wkh uhvxowv rewdlqhg erwk rq v|qwkhwlf dqg uhdo
lpdjhv duh txlwh surplvlqj1
Wklv prgholqj dssurdfk edvhg rq 4G pxowlvshfwudo

Pdunry fkdlq ohdgv wr orz frpsxwdwlrqdo wlph lq frp0
sdulvrq zlwk xvxdo phwkrgv edvhg rq 5G Pdunry �hogv
uhtxlulqj vlpxodwlrq e| Jleev vdpsohu/ dqg wr dq h!0
flhqw vroxwlrq iru prgho sdudphwhuv1 Wkh frqwulexwlrqv
ri wklv zrun fdq eh vxppdul}hg dv iroorzv=

� zh kdyh lqwurgxfh d phdq wr hydoxdwh wkh
qxpehu ri fodvvhv1 Wkh xqvxshuylvhg lpdjh
vhjphqwdwlrq rqo| uhtxluh dq d sulrul xsshu
erxqg iru wklv qxpehu1

� wkh phwkrg lv dgdswhg wr pxowlvhqvru lpdjhv1
Wkh sursrvhg dojrulwkp wdnhv lqwr dffrxqw
wkh fruuhodwlrq frh!flhqwv ehwzhhq wkh gl�hu0
hqw fkdqqhov zlwklq hdfk fodvv/ zklfk duh hvwl0
pdwhg lq dq lwhudwlyh zd|1

d

e

f

Iljxuh 5= d, Ruljlqdo VSRW lpdjh e, Vhjphqwhg lpdjh
+froru, f, Vhjphqwhg lpdjh +juh| ohyho,
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Wkh dffxudf| ri wklv phwkrg kdv ehhq ghprqvwudwhg
rq v|qwkhwlf lpdjhv +Iljxuh 4 dqg Wdeoh 4,/ dqg frq0
ylqflqj h{shulphqwv rq uhdo lpdjhv kdyh ehhq fduulhg
rxw +Iljxuh 5,1

Uhihuhqfhv

^4` S1 Ghylmyhu1 Klgghq Pdunry phvk udqgrp �hog prg0
hov lq lpdjh dqdo|vlv1 Dgydqfhv lq Dssolhg Vwd0
wlvwlfv/ Vwdwlvwlfv dqg Lpdjhv=4/ Fduid{ Sxeolvklqj
Frpsdq|/ sdjhv 4;:�55:/ 4<<61

^5` V1 Jhpdq dqg G1 Jhpdq1 Vwrfkdvwlf uhod{dwlrq/
jleev glvwulexwlrqv dqg wkh ed|hvldq uhvwrudwlrq ri
lpdjhv1 LHHH wudqvdfwlrqv rq Sdwwhuq Dqdo|vlv dqg
Pdfklqh Lqwhooljhqfh/ 9=:54�:74/ 4<;71

^6` Q1 Jlrugdqd dqg Z1 Slhf}|qvnl1 Xqvxshuylvhg vhj0
phqwdwlrq ri pxowlvhqvru lpdjhv xvlqj jhqhudol}hg
klgghq Pdunry fkdlqv1 Surf1 Lqw1 Frqi1 rq Lpdjh
Surfhvvlqj +LFLS*<9,/ Odxvdqqh/ Vhswhpehu 4<<91

^7` Q1 Jlrugdqd dqg Z1 Slhf}|qvnl1 Hvwlpdwlrq ri
jhqhudol}hg pxowlvhqvru klgghq Pdunry fkdlqv dqg
xqvxshuylvhg lpdjh vhjphqwdwlrq1 LHHH Wudqvdf0
wlrqv rq Sdwwhuq Dqdo|vlv dqg Pdfklqh Lqwhooljhqfh/
4<+8,=798�7:8/ 4<<:1

^8` M1 Odihuwì/ S1 Sìuh}/ dqg I1 Khlw}1 Glvfuhwh Pdunry
lpdjh prgholqj dqg lqihuhqfh rq wkh txdg0wuhh1 LQ0
ULD Uhvhdufk Uhsruw/ +44<;,/ Mxo| 4<<;1

^9` O1 Orxehuvdf/ S1 Exuedq/ R1 Ohpdluh/ K1 Yduhw/ dqg
I1 Fkhqrq1 Lqwhjudwhg vwxg| ri Dlwxwdnl*v odjrrq
+frrn lvodqgv, xvlqj Vsrw vdwhoolwh gdwd lq vlwx phd0
vxuhphqwv= edwk|phwulf prghoolqj1 Jhrfduwr Lqwhu0
qdwlrqdo +5,/ sdjhv 64�6:/ 4<<41

^:` P1 Pljqrwwh/ F1 Froohw/ S1 Sìuh}/ dqg S1 Erxwkhp|1
Xqvxshuylvhg Klhudufklfdo Pdunryldq vhjphqwdwlrq
ri vrqdu lpdjhv1 Lq Surf1 LFLS/ Vdqwd Eduedud/ Fdo0
liruqlh/ XVD/ Rfwrehu 4<<:1

^;` M1 Surylqh dqg U1 Udqjd||dq1 Orvvohvv frpsuhv0
vlrq ri Shdqr vfdqqhg lpdjhv1 Mrxuqdo ri Hohfwurqlf
Lpdjlqj/ 6+5,=4:9�4;4/ 4<<71

^<` V1 \x/ P1 Ehuwkrg/ dqg J1 Jludxgrq1 Wrzdugv ur0
exvw dqdo|vlv ri vdwhoolwh lpdjhv xvlqj pds lqirupd0
wlrq 0 dssolfdwlrq wr xuedq duhd ghwhfwlrq1 Whfkqlfdo
Uhsruw 65<6/ LQULD/ 4<<:1
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