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4 Sureohp
Rqh ri wkh vlpsohvw lghdol}dwlrqv ri d  h{leoh sro|phu fkdlq frqvlvwv ri uhsodflqj

lw e| d udqgrp zdon rq d fxelf odwwlfh lq wkuhh0glphqvlrqdo vsdfh ru rq d vtxduh
odwwlfh lq wzr0glphqvlrqdo vsdfh1 +Wklv zdon lv doorzhg wr vhoi0lqwhuvhfw/ dqg lw kdv
qr %ehqglqj hqhuj|%/ l1h1 hdfk vwhs lv lqghshqghqw ri wkh suhylrxv rqh1 Dvvxph
wkdw rqh hqg ri wkh sro|phu lv wlhg wr d vxuidfh1 Wkh vxuidfh zloo eh frqvlghuhg
dgvruelqj/ l1h1 hyhu| wlph wkh sro|phu +ru wkh udqgrp zdon, wrxfkhv wkh vxuidfh lwv
hqhuj| ghfuhdvhv e| Y1 D yhu| orqj sro|phu zloo eh hlwkhu orfdol}hg qhdu wkh vxuidfh/
ru zloo eh ghorfdol}hg/ ghshqglqj rq wkh whpshudwxuh W1 Ghvfuleh wkh whpshudwxuh0
ghshqghqfh ri wkh %orfdol}dwlrq% ri wkh sro|phu

5 Wkh sduwlwlrq ixqfwlrq
Lq wklv qrwh zh frqfhqwudwh rq wkh fdvh ri 5G sro|phuv1 Edvlfdoo| zh ghdo zlwk d vshfldo fdvh
ri zhljkwhg udqgrp zdon rq wkh odwwlfh ]n�]1 Frqvlghu wkh sduwlwlrq ixqfwlrq iru d fdqrqlfdo
hqvhpeoh ri vxfk zdonv ri d �{hg ohqjwk q

]q @ [

ryhu doo zdonv ri ohqjwk q
hpY

W / +4,

zkhuh p frxqwv wkh wlphv d zdon wrxfkhv wkh zdoo +wkh vwduwlqj srlqw h{fhswhg,1 Ghqrwh Y
We| �1 Wkhq wkh phdq qxpehu ri uhwxuqv wr wkh zdoo

? p AW@ 4
]q

[

ryhu doo zdonv ri ohqjwk q
phpY

W @ g
g� oq]q1 +5,

Lq wkh iroorzlqj zh vkrz wkdw ? p AW pd| eh rewdlqhg dqdo|wlfdoo| iru wkh qxpehu ri vwhsv
q 2 53 +zlwk d olwwoh khos iurp Pdsoh, dqg jrrg dv|pswrwlfv pd| eh rewdlqhg iru q 41

Rqh ri wkh prvw srzhuixo wrrov lq wkh wkhru| ri vlpsoh udqgrp zdon rq ] lv wkh jhqhudwlqj
ixqfwlrq1 Dv d frxqwhusduw lq wklv Sureohp zh lqwurgxfh wkh jhqhudwlqj ixqfwlrq ri sduwlwlrq
ixqfwlrqv +JSI,

J]+w, =@
"
[

l'f
]lwl +6,

+]f =@ 4,/ zklfk lv d srzhu vhulhv lq vrph uhdo w � 3 dqg vxssrvhg wr frqwdlq doo wkh
lqirupdwlrq derxw i]lj1
6 Dq dowhuqdwlyh irupxodwlrq
Wr wdnh ixoo dgydqwdjh ri wkh zhoo0ghyhorshg dssdudwxv ri jhqhudwlqj ixqfwlrqv iru wkh udqgrp
zdon rq wkh olqh/ lw zrxog eh yhu| frqyhqlhqw wr uhgxfh wkh glphqvlrq ri wkh Sureohp wr G @ 414



Zklfk lv lq idfw srvvleoh iru wzr0glphqvlrqdo sro|phuv dqg gxh wr wkh wudqvodwlrqdo lqyduldqfh ri
wkh srwhqwldo dorqj wkh zdoo1 Lw lv hdv| wr revhuyh wkdw wkhuh lv d elmhfwlrq iurp wkh vhw ri doo 5G
udqgrp zdonv ri ohqjwk q uhvwulfwhg wr wkh uljkw0kdqg kdoi0sodqh +udqgrp zdon rq ]n � ], wr
wkh vhw ri doo udqgrp zdonv rq ]n +vlpsoh udqgrp zdon rq ] uhvwulfwhg e| wkh frqglwlrq { � 3,
ri ohqjwk Q @ 5q1 Zh lghqwli| d vwhs lq ]n�], zdon zlwk wzr vwhsv lq ]n zdon dv ghslfwhg lq
wkh iroorzlqj wdeoh=

5G zdon 4G zdon�$ vwhs wr wkh uljkw �$�$ 5 vwhsv wr wkh uljkw#� vwhs wr wkh ohiw #�#� 5 vwhsv wr wkh ohiw% vwhs xszdug �$#0 vwhs wr wkh uljkw wkhq vwhs wr wkh ohiw& vwhs grzqzdug #�/$ vwhs wr wkh ohiw wkhq vwhs wr wkh uljkw1
Zh dovr uhtxluh wkdw li wkh ruljlqdo zdon vwduwv rq wkh zdoo/ vd| dw +3> 3,/ wkhq lwv lpdjh vwduwv

dw { @ 41 Wdnh/ iru h{dpsoh/ wkh zdon lq Iljxuh 41

Iljxuh 4 Iljxuh 5
Wkh fruuhvsrqglqj zdon fdq eh uhsuhvhqwhg e| wkh iroorzlqj vhulhv ri qrq0qhjdwlyh lqwhjhu

qxpehuv=
4> 5> 4> 5> 4> 5> 6> 7> 6> 7> 6> 5> 4> 3> 4> 3> 4> 3> 4> 3> 4> 5> 6> 5> 4> 3> 4> 5> 6> 7> 8

ru dv d ixqfwlrq ri wlph +fxuuhqw vwhs qxpehu, dv lq Iljxuh 51 Qrwh wkdw/ wkrxjk xqghu wklv
uhirupxodwlrq zh orrvh lqirupdwlrq +lq lwv reylrxv irup, derxw wkh srvlwlrq ri wkh sro|phu fkdlqv
dorqj wkh zdoo/ wkh lqirupdwlrq derxw wkh khljkw lv uhwdlqhg/ h1j1 wkh qxpehu ri uhwxuqv wr wkh
zdoo ri dq ruljlqdo zdon p htxdov wr wkh qxpehu ri uhwxuqv ri lwv lpdjh wr { @ 41

Ohw xv qrz h{sodlq wkh whuplqrorj| xvhg lq Iljxuh 51 D pd{lpdo frqqhfwhg sduw ri d zdon
frq�qhg lq wkh vwuls 3 � { � 5 +vkdghg duhd lq Iljxuh 5, lv fdoohg d vdz1 Dq h{fxuvlrq ri d zdon
wr wkh kdoi0sodqh { A 5 ehwzhhq wzr frqvhfxwlyh uhwxuqv wr { @ 5 lv fdoohg d orrs1 D zdon rq ]n
zlwk ruljlq dw { @ 4 vwduwv zlwk d vdz ri dq rgg ohqjwk1 Wkhq iroorzv d vhulhv ri orrsv +qr orrsv
lv dovr srvvleoh,1 Hdfk orrs pd| kdyh ru kdyh qrw d vdz dwwdfkhg wr lw1 Li wkhuh lv qr vdz diwhu d
orrs zh fdq vwloo frqvlghu lw d orrs0vdz frpelqdwlrq zlwk d vdz ri }hur ohqjwk1 Li diwhu wkh odvw
orrs0vdz frpelqdwlrq zh kdyh vrph h{wud ohqjwk wkhq wkhuh lv urrp iru wkh hqglqj/ zklfk lv dq
h{fxuvlrq iurp { @ 5 xszdug zlwk qr uhwxuq wr { @ 51

7 JSI
Lq wkh uhirupxodwhg sureohp +6, fdq eh uhzulwwhq dv

J]+w, @
"
[

l'f
�]2lwl/ +7,

5



zkhuh �]2l lv wkh sduwlwlrq ixqfwlrqv iru zhljkwhg ]n zdonv ri ohqjwk 5l1 Dv iroorzv iurp wkh
glvfxvvlrq deryh/ d zdon lv zhljkwhg eh wkh idfwru hY

W hdfk wlph lw uhwxuqv wr { @ 41 Dffruglqjo|
wr wkh suhvhqwhg ghvfulswlrq ri wkh vwuxfwxuh ri wkh udqgrp zdon rq ]n +zklfk zh zloo dovr fdoo
dv|pphwulf udqgrp zdon lq frqwudvw wr wkh vlpsoh v|pphwulf zdon rq ],/ wkh JSI pd| eh
ghfrpsrvhg zlwk wkh khos ri pxfk vlpsohu JSIv dvvrfldwhg zlwk vdz/ orrs dqg hqglqj w|shv ri
sdwkv1

714 Vdz 0w|sh JSIv
Ohw xv frqvlghu udqgrp zdonv rq wkh lqwhuydo ^3> 5` +lq rwkhu zrugv rq wkh vhw ri wkuhh srlqwvi3> 4> 5j, ri ohqjwk 5o1 Hdfk ri vxfk zdonv uhwxuqv wr wkh srlqw { @ 4 h{dfwo| o wlphv dqg wkhuh
duh 5o3� ri wkhp1 Wkh sduwlwlrq ixqfwlrq/ zklfk lv mxvw d vxp ryhu doo vxfk vdz0w|sh zdonv hdfk
wdnhq zlwk wkh vdph zhljkw ho� / iru dq| o � 4 lv 5o3�ho� 1 Zh qhhg d vdz zlwk o @ 3 wr lqvhuw lw
ehwzhhq wzr frqvhfxwlyh orrsv/ vr �]vdzf @ 41 Wkhq wkh JSI lv

Jvdz+w, @ 4.
"
[

o'�
ho�5o3�wo @ 4

5 . 4
5

"
[

o'f
ho�5owo +8,

@ 4
5
�

4 . 4
4� 5h�w

�

1

Wkh JSI iru wkh vwduwlqj vdz lv txlwh vlplodu h{fhsw iru wkh idfw wkdw lwv ohqjwk 5o�4 +o � 4,
lv rgg dqg dv d uhvxow �]vwduwf @ 31

Jvwduw+w, @
"
[

o'�
hEo3���5o3�wo +9,

@ w
4� 5h�w

715 Orrs0w|sh JSIv
Qrwh wkdw zh kdyh douhdg| lvrodwhg doo wkh zhljkw idfwruv lq Jvdz+w, dqg Jvwduw+w,1 Wklv grqh/
wkh rqo| sureohp zlwk wkh orrs0w|sh JSI lv dv|pphwu|1 Wkh sduwlwlrq ixqfwlrq iru d fdqrqlfdo
hqvhpeoh ri orrsv ri ohqjwk 5o lq wkh v|pphwulf udqgrp zdon lv mxvw wkh zhoo0nqrzq suredelolw|
ri d �uvw uhwxuq wr wkh ruljlq dw wlph 5o +vhh dq| jrrg errn rq Suredelolw| wkhru|, pxowlsolhg e|
52o1 Wkh jhqhudwlqj ixqfwlrq ri wkh odwwhu lv 4�s4� w vr wkh jhqhudwlqj ixqfwlrq ri wkh iruphu
lv 4�s4� 7w1 Rxu orrsv duh dv|pphwulf/ l1h1 rqo| orrsv deryh { @ 3 duh doorzhg/ zklfk jlyhv
d idfwru �2 1 Ilqdoo| uhtxlulqj Jorrs+3, @ 3/ zh kdyh

Jorrs +w, @ 4
5
�4�s4� 7w� 1 +:,

Vlploduo| wkh hqglqj0w|sh JSI lv frqqhfwhg zlwk wkh jhqhudwlqj ixqfwlrq �I�3w ri dqrwkhuzhoo nqrzq fodvv ri vlpsoh zdon suredelolwlhv/ qdpho| wkh suredelolwlhv ri qr uhwxuq wr wkh ruljlq1
Zkdw vkrxog eh wdnhq lqwr frqvlghudwlrq khuh lv wkdw dq hqglqj0w|sh zdon kdv dq rgg ohqjwk
5o . 4 dqg wkdw wkh odvw vwhs +li o � 4/ vhh glvfxvvlrq lq 716, jlyhv d idfwru 5 lqwr wkh sduwlwlrq
ixqfwlrq dqg wkxv frpshqvdwh iru wkh dv|pphwu| idfwru �2 1 Li wkhuh lv qr hqglqj +o @ 3, wkh odvw
vwhs lv vwloo wkhuh dqg zh uhtxluh Jhqg+3, @ 5/ zklfk |lhogv

Jhqg+w, @ 4 . 4s4� 7w 1 +;,
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716 Ghfrpsrvlwlrq
Zh kdyh fkrvhq wkh deryh JSV*v ydoxhv dw w @ 3 wkh zd| wkdw doorzv xv wr ghfrpsrvh J]+w, dv
iroorzv=

J]+w, @ Jvwduw+4 .JorrsJvdz . +JorrsJvdz,2 . +JorrsJvdz,� . � � � ,Jhqg/ +<,
zkhuh 4 lq wkh eudfnhwv dffrxqwv iru doo zdonv zlwkrxw dq| orrs/ JorrsJvdz � iru doo zdonv

zlwk d vlqjoh orrs dqg vr rq1 Xvlqj +9,/ +:,/ +8, dqg +;, zh fdq frpsxwh

J]+w, @ 5w
4� 6h�w.s4� 7w+4� h�w,

�

4 . 4s4� 7w
�

1 +43,
Lw vkrxog eh dgplwwhg wkdw +43, lq d zd| ljqruhv erxqgdu| h�hfwv1 Rqh frxog qrwlfh wkdw

rewdlqlqj +;, zh vxssrvhg wkdw wkh �qdo srvlwlrq ri d zdon olhv rxwvlgh wkh lqwhuydo ^3> 5`/ vlqfh
li lw grhv qrw wkh idfwru ri wkh odvw vwhs lqwr sduwlwlrq ixqfwlrq zloo qrw eh 5 exw udwkhu 4 . h�
ru 5h� ghshqglqj rq zkhwkhu wkh zdon hqgv lq d orrs ru d vdz1 Wkh h{dfw irupxod iru J]+w, lv
vwloo srvvleoh wr frpsxwh dqg zh mxvw vwdwh lw khuh iru wkh vdnh ri frpsohwhqhvv=

J]+w, @ 5h�w
4� 5h�w.

4
4� 6h�w.s4� 7w+4� h�w,

� 4s4� 7w � 4
��

5w.
s4� 7w+h� . 4� 5h�w,

4� 5h�w
�

1
+44,

Exw vlqfh lw jlyhv wkh vdph dv|pswrwlfv dv +43, +iru h{dpsoh/ wkh vlqjxodulw| w @ �
2h� lv dozd|v

iduwkhu iurp 3 wkdq wkh rwkhu vlqjxodulwlhv ri erwk +43, dqg +44, , ehlqj pxfk pruh frpsolfdwhg/
lq wkh iroorzlqj zh xvh +43,1

Dw wklv srlqw zh fdq douhdg| frpsxwh ? p AW iru vrph uhodwlyho| odujh q1 Wkh JSI J]+w,
pd| eh h{sdqghg lq Wd|oru vhulhv/ wkh frh!flhqwv ri zklfk dqg wkh frh!flhqwv ri +6, frlqflgh=

]q @ 4
q$J

Eq�
] +3,1

Wkhq +5, uhdgv dv
? p AW@ g

g� oqJEq�
] +3,1 +45,

Pdsoh fdq dqdo|wlfdoo| frpsxwh ? p AW xvlqj +43, dqg +45, iru xs wr q �@ 53 dqg wkh
fruuhvsrqglqj fxuyhv iru q @ 8> 43 dqg 53 duh ghslfwhg lq Iljxuh 6 zlwk wklq vrolg olqhv1

8 Dv|pswrwlfv
Lw lv txlwh hdv| wr �qg vlqjxodulwlhv ri wkh h{suhvvlrq +43, iru J]+w,1 Iru h� ? e� zh kdyh d vlqjohvlqjxodulw| lq wkh frpsoh{ w0sodqh= w @ wf @ �e ri wkh irup J]+w, � �Iwf3w 1 Iru h� A e� wkhuh lv
wf dqg

w� @ �4 . 4 .sh2� � h�
h� +46,

+zklfk lv dozd|v forvhu wr wkh ruljlq wkdq wf, ri wkh irup J]+w, � �
w�3w 1 Li h� @ e�W / w� dqg wf

frlqflgh exw wkh vlqjxodulw| lv vwloo d sroh J]+w, � �
wf3w 1 Qrwh wkdw J]+w, pd| eh dqdo|wlfdoo|

frqwlqxhg rq Fq ^plq+wf> w�,>4,1 Lw hqdeohv xv wr hpsor| Vlqjxodulw| dqdo|vlv ^S1 Iodmrohw dqg D1
Rgo|}nr1 Vlqjxodulw| dqdo|vlv ri jhqhudwlqj ixqfwlrqv1 VLDP Mrxuqdo rq Glvfuhwh Pdwkhpdwlfv
6/ 5=5490573/ 4<<3` wr ghulyh wkh dv|pswrwlfv ri ]q iru q 4/ zklfk xvlqj +6, |lhogv=
� iru h� ? e� =

]q * 4s�q I +wf,
wqn �

2f
/ +47,

zkhuh I +w, @ J]+w,swf3w> 7



� iru h� A e� =

]q * I +w�,
wqn��

/ +48,
zkhuh I +w, @ J]+w,+w�3w,>
� iru h� @ e� =

]q * I +wf,
wqn�f

/ +49,
zkhuh I +w, @ J]+w,+wf3w,1
� Lq jhqhudo/ Vlqjxodulw| dqdo|vlv jlyhv dv|pswrwlf Wd|oru frh!flhqwv iru ixqfwlrqv ri wkh
irup K+w, @ iEw�

Ewf3w�� / zkhuh i+w, lv vxssrvhg wr eh cjrrg hqrxjk*=

4
q$K

Eq�+3, * q�3�
�+�,

i+wf,
wqn�f

1 +4:,

814 h� A e
�

Lq wklv fdvh I +w�, kdsshqv wr eh txlwh frpsolfdwhg exw oxfnlo| zh fdq gr zlwkrxw lw li zh mxvw
zdqw wr frpsxwh wkh dv|pswrwlf ri ? p AW iru q  41 Xvlqj +5,/+48, dqg +46, dqg nhhslqj
rqo| wkh ohdglqj whup zh kdyh

? p AW* g
g� +oqI +w�,� +q. 4, oq w�, +4;,

* �q g
g� oq w� @ q

5
h3�+5s4� h3� � 4,s4� h3�+h3� .s4� h3� � 4, /

ru iru wkh phdq qxpehu ri uhwxuqv wr wkh zdoo shu vwhs
? p AW

q * 4
5

h3�+5s4� h3� � 4,s4� h3�+h3� .s4� h3� � 4, 1 +4<,

Dv wkh whpshudwxuh +W @ X
� , ghfuhdvhv/ ?pAWq dv|pswrwlfdoo| dssurdfkhv 41+vhh Iljxuh 6,1

Wklv dv|pswrwlf dssduhqwo| grhv qrw zrun dw � @ oq e� exw iru dq| srvlwlyh % lw zrunv iru
� A oq e� . % iru doo q vwduwlqj iurp vrph Q%1

Vlplodu surfhgxuh pd| eh dssolhg wr fdofxodwh wkh khdw fdsdflw|

f @ �2g2 oq]q
g�2 @ �2g ? p AW

g� 1 +53,
Iru wkh khdw fdsdflw| shu vwhs xvlqj +4;, zh kdyh

f
q * ��2g2 oq w�

g�2 1 +54,

8



815 h� ? e
�

Irupxod +47,/ zkhuh

I +wf, @ 4
7� 6h� /

dqg +5, |lhog

? p AW* 6h�
7� 6h� +55,

dqg

f * �2 45h�
+7� 6h�,2 1 +56,

Qrwh wkdw iru Y @ 3 zh kdyh ? p A@ 61

816 h� '
e
�

Wklv fdvh lv djjudydwhg e| wkh idfw wkdw zh fdqqrw frpsxwh wkh ghulydwlyh ri ]q zlwk uhvshfw wr
�1 Qrwh/ lqvwhdg/ wkdw

? p AW@
g
g�]q
]q

@
g
g�JEq�

] +3,
JEq�

] +3, +57,

@ + g
g�J],Eq�+3,
JEq�

] +3,
dqg

f @ �2 g
g�

+ g
g�J],Eq�+3,
JEq�

] +3, @ �2
3

C

+ g2
g�2J],Eq�+3,
JEq�

] +3, � ++ g
g�J],Eq�+3,,2
+JEq�

] +3,,2

4

D +58,

@ �2
3

C

+ g2
g�2J],Eq�+3,
JEq�

] +3, � ? p A2W

4

D 1

Wkh q 4 dv|pswrwlfv +4:, dqg wkh h{suhvvlrq +43, iru J] ohdg wr wkh iroorzlqj uhvxowv=

? p AW* 6
uq

� / +59,

f
q * <+� � 5,

5� +oq 7
6,

21 +5:,
Rqh lqwhuhvwlqj ihdwxuh ri +59, lv wkdw lw gl�huv iurp ? p A iru wkh vlpsoh v|pphwulf 4G

zdon e| d idfwru �2 1 Wklv lv gxh wr wkh idfw wkdw zh gr qrw kdyh wkh v|pphwulf zdon khuh exw
udwkhu wkh ] zdon zhljkwhg dw { @ 4 e| wkh idfwru e� dqg dw { @ 3 e| �2 1

9 Glvfxvvlrq
Ohw xv qrz glvfxvv zkdw kdsshqv dw h� @ e� lq wkh olplw q $ 41 Zh kdyh douhdg| phqwlrqhg
wkdw zh h{shfw rxu wzr dv|pswrwlf eudqfkhv wr zrun yhu| forvh wr h� @ e� iru odujh hqrxjk q1
Wklv phdqv wkdw iru dq| vpdoo srvlwlyh % zh fdq xvh +54, dqg +56, wr fdofxodwh wkh olplwv ri f

qdw � @ +oq e� . %, dqg +oq e� � %, uhvshfwlyho|1 Wkxv zh kdyh9



Iljxuh 4= Wkh phdq qxpehu ri uhwxuqv wr wkh zdoo shu vwhs ?pAWq dv d ixqfwlrq ri �1 Zlwk
srlqwv wkh wzr dv|pswrwlf eudqfkhv +4;, dqg +55, duh ghslfwhg iru q @ 53331 Wkh| vkrxog eh
joxhg wrjhwkhu dw wkh dv|pswrwlf +59, +furvv,1 Wkh wklq olqhv duh Pdsoh jhqhudwhg dqdo|wlfdo
vroxwlrqv iru q @ 8> 43> 53 +wkh forvhvw wr wkh dv|pswrwlf eudqfkhv lv q @ 53 dqg vr rq,1

Iljxuh 5= Wkh khdw fdsdflw| shu vwhs f
q dv d ixqfwlrq ri �1 Zlwk srlqwv wkh wzr dv|pswrwlf

eudqfkhv +54, dqg +56, duh ghslfwhg iru q @ 53331 Wkh wklq olqhv duh Pdsoh jhqhudwhg dqdo|wlfdo
vroxwlrqv iru q @ 8> 43> 53 +wkh forvhvw wr wkh dv|pswrwlf eudqfkhv lv q @ 53 dqg vr rq,1

:



olpq<"
f
q @ 3

iru � @ oq e� � % dqg
olpq<"

f
q � 3=6:5 +5;,

iru � @ oq e� . %1
Dw wkh vdph wlph +5:, jlyhv f

q � 3=468 h{dfwo| dw � @ oq e� 1 Wklv vkrzv wkdw dw � @ oq e� zh
kdyh d wudqvlwlrq ri vhfrqg rughu zlwk wkh mxps ri f

q jlyhq e| +5;,1

;


