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Rswlfdo odwwlfhv�duud|v ri plfurvfrslf srwhqwldov lq0
gxfhg e| wkh DF Vwdun h�hfw ri lqwhuihulqj odvhu ehdpv~
fdq eh xvhg wr frq�qh frog dwrpv ^4~:`1 Wkh txdq0
wl}hg prwlrq ri vxfk dwrpv lv ghvfulehg e| wkh yleud0
wlrqdo prwlrq zlwklq dq lqglylgxdo zhoo dqg wkh wxqqho0
lqj ehwzhhq qhljkerxulqj zhoov/ ohdglqj wr d vshfwuxp
ghvfuledeoh dv d edqg vwuxfwxuh ^6`1 Qhdu0uhvrqdqw rs0
wlfdo odwwlfhv/ zkhuh glvvlsdwlrq dvvrfldwhg zlwk rswlfdo
sxpslqj surgxfhv frrolqj/ kdyh jlyhq �oolqj idfwruv ri
derxw 4 dwrp shu 43 odwwlfh vlwhv ^4/9`1 Kljkhu �oolqj idf0
wruv zloo uhtxluh orzhu whpshudwxuhv/ dqg khqfh zloo dovr
uhtxluh plqlpl}dwlrq ri wkh rswlfdo glvvlsdwlrq1 Wklv fdq
eh dfklhyhg lq d idu0ghwxqhg rswlfdo odwwlfh +hvshfldoo|
zlwk eoxh ghwxqlqj,/ zkhuh skrwrq vfdwwhulqj wlphv ri
pdq| plqxwhv kdyh ehhq ghprqvwudwhg ^5`1 Wkxv wkh
odwwlfh wkhq ehkdyhv dv d frqvhuydwlyh srwhqwldo/ zklfk
frxog eh ordghg zlwk d Ervh frqghqvhg dwrplf ydsru
^;/<`/ iru zklfk suhvhqw ghqvlwlhv zrxog fruuhvsrqg wr whqv
ri dwrpv shu odwwlfh vlwh1
Lq wklv Ohwwhu zh zloo vwxg| wkh g|qdplfv ri xowudfrog

ervrqlf dwrpv ordghg lq dq rswlfdo odwwlfh1 Zh zloo vkrz
wkdw wkh g|qdplfv ri wkh ervrqlf dwrpv rq wkh rswlfdo odw0
wlfhv uhdol}hv d Ervh0Kxeedug prgho +EKP, ^43~49`/ gh0
vfulelqj wkh krsslqj ri ervrqlf dwrpv ehwzhhq wkh orzhvw
yleudwlrqdo vwdwhv ri wkh rswlfdo odwwlfh vlwhv/ wkh xqltxh
ihdwxuh ehlqj wkh ixoo frqwuro ri wkh v|vwhp*v sdudphwhuv
e| wkh odvhu sdudphwhuv dqg frq�jxudwlrqv1
Wkh EKP suhglfwv skdvh wudqvlwlrq iurp d vxshu�xlg

+VI, skdvh wr d Prww lqvxodwru +PL, dw orz whpshudwxuhv
dqg zlwk lqfuhdvlqj udwlr ri wkh rqvlwh lqwhudfwlrq X +gxh
wr uhsxovlrq ri dwrpv, wr wkh wxqqholqj pdwul{ hohphqw
M ^43`1 Lq wkh fdvh ri rswlfdo odwwlfhv wklv udwlr fdq eh
ydulhg e| fkdqjlqj wkh odvhu lqwhqvlw|= zlwk lqfuhdvlqj

ghswk ri wkh rswlfdo srwhqwldo wkh dwrplf zdyh ixqfwlrq
ehfrphv pruh dqg pruh orfdol}hg dqg wkh rqvlwh lqwhu0
dfwlrq lqfuhdvhv/ zkloh dw wkh vdph wlph wkh wxqqholqj
pdwul{ hohphqw lv uhgxfhg1 Lq wkh PL skdvh wkh ghq0
vlw| +rffxsdwlrq qxpehu shu vlwh, lv slqqhg dw lqwhjhu
q @ 4> 5> = = = fruuhvsrqglqj wr d frpphqvxudwh �oolqj ri
wkh odwwlfh/ dqg wkxv uhsuhvhqwv dq rswlfdo fu|vwdo zlwk
gldjrqdo orqj udqjh rughu zlwk shulrg lpsrvhg e| wkh
odvhu oljkw1 Wkh qdwxuh ri wkh PL skdvh lv uh�hfwhg lq wkh
h{lvwhqfh ri d �qlwh jds X lq wkh h{flwdwlrq vshfwuxp1

U

V0

J

x

10
-3

10
-2

5 15 25
100

101

-1
1010

2

V /E0 R

J/E R

U a

E aSR

ε

a) b)

6WB� �� @� +i@*�3@|�L? Lu |�i �O� �? @? LT|�U@* *@||�Ui Etii
|i |�� A�i Lgti| Lu |�i ML||L4t Lu |�i �i**t �?_�U@|it @ |h@T�
T�?} TL|i?|�@* T

A

� M� �*L| Lu tU@*i_ L?t�|i �?|ih@U|�L? L*.
-

4�*|�T*�i_ M) @*@
r

Eq �� EtL*�_ *�?i( @ �t L? *iu|��@?_ t�_i Lu
}h@T�� @?_ a*.

-

E_@t�i_ *�?ic ��|� @ �t L? h�}�|��@?_ t�_i
Lu }h@T�� @t @ u�?U|�L? Lu Tf*.-


 T
%c+c5f*.-

E�# *@||�Ui��

Rxu vwduwlqj srlqw lv wkh Kdplowrq rshudwru iru ervrqlf
dwrpv lq dq h{whuqdo wudsslqj srwhqwldo

K @

]
g6{#|+{,

�
� �k5

5p
u5 . Y

3
+{, . Y

W

+{,

�
#+{,

.
4

5

7�d
v

�k5

p

]
g6{#|+{,#|+{,#+{,#+{, +4,

zlwk # +{, d ervrq �hog rshudwru iru dwrpv lq d jlyhq
lqwhuqdo dwrplf vwdwh/ Y
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+{, lv wkh rswlfdo odwwlfh srwhq0
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+{, ghvfulehv dq dgglwlrqdo +vorzo| ydu|lqj,
h{whuqdo wudsslqj srwhqwldo/ h1j1 d pdjqhwlf wuds +vhh
Ilj1 4d,1 Lq wkh vlpsohvw fdvh/ wkh rswlfdo odwwlfh sr0
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sursruwlrqdo wr wkh g|qdplf dwrplf srodul}delolw| wlphv
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ri wkh dwrpv1 Iru vlqjoh dwrpv wkh hqhuj| hljhqvwdwhv
duh Eorfk zdyh ixqfwlrqv/ dqg dq dssursuldwh vxshusr0
vlwlrq ri Eorfk vwdwhv |lhogv d vhw ri Zdqqlhu ixqfwlrqv
zklfk duh zhoo orfdol}hg rq wkh lqglylgxdo odwwlfh vlwhv1
Zh dvvxph wkh hqhujlhv lqyroyhg lq wkh v|vwhp g|qdp0
lfv wr eh vpdoo frpsduhg wr h{flwdwlrq hqhujlhv wr wkh
vhfrqg edqg1 H{sdqglqj wkh �hog rshudwruv lq wkh Zdq0
qlhu edvlv dqg nhhslqj rqo| wkh orzhvw yleudwlrqdo vwdwhv/
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Iru d jlyhq rswlfdo srwhqwldo M dqg X duh uhdglo|

hydoxdwhg qxphulfdoo|1 Iru wkh rswlfdo srwhqwldo jlyhq
deryh wkh Zdqqlhu ixqfwlrqv fdq eh zulwwhq dv surgxfwv
z+{, @ z+{,z+|,z+}, zklfk fdq eh ghwhuplqhg iurp
d rqh0glphqvlrqdo edqgvwuxfwxuh fdofxodwlrq1 Iljxuh 4e
vkrzv X dqg M dv d ixqfwlrq ri Y
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dpsolwxghv dqg wkh qhduhvw0qhljkeru uhsxovlrq duh w|sl0
fdoo| wzr rughuv ri pdjqlwxgh vpdoohu dqg fdq wkxv eh qh0
johfwhg1 Txdolwdwlyh lqvljkw lqwr wkh ghshqghqfh ri wkhvh
sdudphwhuv lv rewdlqhg lq d kduprqlf dssur{lpdwlrq h{0
sdqglqj durxqg wkh plqlpd ri wkh srwhqwldo zhoov1 Wkh
rvfloodwlrq iuhtxhqflhv lq wkh zhoov duh �
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Wkh �uvw vhw ri lqhtxdolwlhv iroorzv iurp wkh svhxgrsr0
whqwldo dssur{lpdwlrq/ dqg rxu uhtxluhphqw ri d +odujh,
hqhuj| vhsdudwlrq iurp wkh �uvw h{flwhg edqg1 Wkh vhf0
rqg lqhtxdolw| h{suhvvhv wkh uhtxluhphqw wkdw wkh rqvlwh
lqwhudfwlrq dvvrfldwhg zlwk wkh suhvhqfh ri q

l

sduwlfohv dw
vlwh l/ zklfk lq rxu prgho lv fdofxodwhg lq shuwxuedwlrq
wkhru|/ pxvw eh pxfk vpdoohu wkdq wkh h{flwdwlrq hqhuj|
wr wkh qh{w edqg1 Wkhvh lqhtxdolwlhv duh uhdglo| vdwlv�hg
lq sudfwlfh1
Dffruglqj wr phdq0�hog wkhru| +PIW, lq wkh krprjh0

qhrxv fdvh ^43/44` +vhh dovr ^47`, wkh fulwlfdo ydoxh ri wkh
PL 0 VI wudqvlwlrq iru wkh skdvh q @ 4 lv dw wkh fulwlfdo
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wldo zhoov zloo eh ri rughu 4@d6
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pxvw glvfxvv wkh uroh ri froolvlrqv ehwzhhq jurxqg vwdwh
dwrpv +lq wkh suhvhqfh ri d odvhu �hog, dv d orvv dqg ghfr0
khuhqfh phfkdqlvp ^4:`1 Wklv txhvwlrq lv gluhfwo| uhodwhg
wr wkh sureohp ri froolvlrqdo orvv ri Ervh0Hlqvwhlq frq0
ghqvdwhv lq rswlfdo wudsv dv vwxglhg lq ^<`1 Zh hpskdvl}h
wkdw lq wkh Prww skdvh zlwk d vlqjoh sduwlfoh shu vlwh
+q @ 4, wzr dqg pruh sduwlfoh orvv fkdqqhov duh devhqw1
Iru d PL skdvh zlwk q @ 5 wkhuh zloo eh wzr sduwlfoh
orvvhv= li zh wdnh dv dq rughu ri pdjqlwxgh wkh qxpehuv
sxeolvkhg lq Uhi1 ^4;` zh hvwlpdwh wkh fruuhvsrqglj olih
wlph wr eh A 43 v1 Iru q @ 6 wkh olih wlph gxh wr wkuhh
dwrp orvvhv ^4;` zloo eh ri wkh rughu 4@43 v1

Zh kdyh shuiruphg phdq0�hog fdofxodwlrqv iru 4G dqg
5G frq�jxudwlrqv/ dv zhoo dv dq h{dfw gldjrqdol}dwlrq
ri wkh EK Kdplowrqldq lq 4G wr looxvwudwh wkh irupd0
wlrq ri wkh Prww lqvxodwru skdvh lq rswlfdo odwwlfhv/ lq
sduwlfxodu iru wkh lqkrprjhqhrxv fdvh1 Rxu phdq �hog
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ri d vhulhv ri orehv ^43`1 Lqvlgh wkh orehv +l1h1 iru M vpdoo
lq frpsdulvrq zlwk wkh rqvlwh uhsxovlrq hqhuj| X, wkh
v|vwhp lv d Prww skdvh> rxwvlgh lw lv vxshu�xlg1
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Lq Ilj1 5d zh sorw wkh ghqvlw| �+{> |, dqg wkh vxshu�xlg
frpsrqhqw m!+{> |,m5 lq dq rswlfdo odwwlfh zlwk d vxshulp0
srvhg lvrwurslf kduprqlf srwhqwldo dw wkh odwwlfh srlqwv
+{@d> |@d, @ +l> m, +l> m @ 3>	4> = = =,1 Ilj1 5d vkrzv d
PL skdvh zlwk wzr dwrpv shu vlwh dw wkh fhqwhu ri wkh
wuds +� @ 5, vxuurxqghg e| d Prww skdvh zlwk d vlq0
joh dwrp +� @ 4,/ dqg vxshu�xlg ulqjv ehwzhhq wkh PL
skdvhv1 Iru vpdoohu ydoxhv ri wkh fkhplfdo srwhqwldo rqo|
d vlqjoh Prww skdvh zrxog h{lvw dw wkh wuds fhqwhu1 Txdo0
lwdwlyho|/ wklv ehkdylru lv uhdglo| xqghuvwrrg rq wkh edvlv
ri wkh skdvh gldjudp lq wkh krprjhqhrxv fdvh ^43` li zh
qrwh wkdw wkh r�vhw �
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E| xvh ri lqwhuihulqj odvhu ehdpv dw gl�huhqw dqjohv ^7`/

rqh fdq surgxfh d vxshuodwwlfh/ lq zklfk wkh r�vhw ri wkh
rswlfdo srwhqwldo lv prgxodwhg shulrglfdoo| lq vsdfh rq
d vfdoh odujhu wkdq wkh odwwlfh shulrg1 Ilj1 5e/5f/ vkrz
wkh ghqvlw| �+{> |, dqg wkh vfdohg ghqvlw| �xfwxdwlrqv
�+{> |, ri Prww vwuxfwxuhv iruphg lq d vxshuodwwlfh1 Zlwk
lqfuhdvlqj � zh �uvw �qg d Prww vwuxfwxuh dw wkh erwwrp
ri wkh vxshuodwwlfh srwhqwldo/ xqwlo wkh dwrpv duh qr orqjhu

frq�qhg wr d sduwlfxodu zhoo ri wkh vxshuodwwlfh exw irup
eulgjhv frqqhfwlqj wkh vxshuodwwlfh zhoov1
Lq jhqhudo/ vshfl�f Prww vwuxfwxuhv fdq eh ghvljqhg

e| dq dssursuldwh fkrlfh ri wkh odvhu frq�jxudwlrqv1 Dq
h{shulphqwdo vljqdwxuh wr ghwhfw wkh Prww vwdwh lv revhu0
ydwlrq ri uhgxfhg ghqvlw|0ghqvlw| �xfwxdwlrqv +vhh �+{> |,
lq Ilj1 5,1 Wklv fdq eh prqlwruhg gluhfwo| lq oljkw vfdw0
whulqj1 Dowhuqdwlyho|/ wkh PL skdvh fdq eh ghwhfwhg vshf0
wurvfrslfdoo| e| revhuylqj wkh jdsshg sduwlfoh0kroh h{fl0
wdwlrqv1
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Lq 4G dqg iru v|vwhpv zlwk ihz dwrpv shu vxshuodw0
wlfh zhoo zh h{shfw �xfwxdwlrqv wr eh lpsruwdqw/ dqg wkh
dssolfdwlrq ri PIW ehfrphv txhvwlrqdeoh1 Rq wkh rwkhu
kdqg/ lq wklv olplw lw lv vwudljkwiruzdug wr gldjrqdol}h
wkh Ervh Kxeedug Kdplowrqldq h{dfwo|1 Ilj1 6 lv d sorw
ri wkh ghqvlw| dqg wkh qxpehu �xfwxdwlrqv iru wkh h{0
dfw jurxqg vwdwh iru Q @ 8 dwrpv dv d ixqfwlrq ri Y

{3
1

Zlwk lqfuhdvlqj Y
{3

wkh ghqvlw| vkrzv d fohdu wudqvlwlrq
wr wkh PL skdvh � @ 4/ hyhq iru wklv yhu| vpdoo vdp0
soh1 Wkh qxpehu �xfwxdwlrqv duh vxssuhvvhg lq wkh PL
skdvh/ exw uhpdlq �qlwh1 Wkh skdvh wudqvlwlrq +zklfk df0
fruglqj wr PIW lq wkh krprjhqhrxv olplw lv h{shfwhg iru
Y
3
@ :=7H

U

, lv vphduhg rxw/ dqg �xfwxdwlrqv duh vwurqjo|
vxssuhvvhg rqo| iru odujhu ydoxhv ri Y

{3
1 Txdolwdwlyho|/

wkh phdq �hog wkhru| iru wkh lqkrprjhqhrxv fdvh djuhhv
zhoo zlwk wkh h{dfw fdofxodwlrqv/ hyhq iru wkhvh vpdoo v|v0
whpv1 Ilj1 6 fdq eh ylhzhg dv dq dgldedwlf wudqvihu lqwr
wkh PL skdvh dv wkh odvhu lqwhqvlw| lv ydulhg vorzo| dv d
ixqfwlrq ri wlph1
Wkh dwrplf ohyho vfkhph ri Ilj1 4 doorzv rqo| rqh dg0

mxvwdeoh sdudphwhu/ wkh ghswk ri wkh rswlfdo srwhqwldo Y
3
1

Wr dgmxvw wkh wxqqholqj pdwul{ hohphqw M lqghshqghqwo|
ri wkh rqvlwh lqwhudfwlrq X zh fdq hpsor| dwrplf frq�jx0
udwlrqv zlwk wzr lqwhuqdo jurxqg vwdwh ohyhov mj

4
l dqg mj

5
l/

zklfk duh frqqhfwhg e| dq r�0uhvrqdqw Udpdq wudqvlwlrq
+Ilj1 7d,1
Zh dvvxph wkdw wkh wzr lqwhuqdo vwdwhv pryh lq rs0

wlfdo srwhqwldov zklfk duh vkliwhg uhodwlyh wr hdfk rwkhu
e| �@7/ dv lv wkh fdvh zkhq wkh| kdyh srodul}delolwlhv
ri rssrvlwh vljq1 H{sdqglqj wkh ervrqlf �hog rshudwruv
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zlwk d
l

dqg e
l

ervrqlf ghvwuxfwlrq rshudwruv uhihuulqj wr
dwrpv lq wkh lqwhuqdo vwdwhv mj

4
l/ dqg mj

5
l/ uhvshfwlyho|1

Wkh �uvw whup lq wkh Kdplowrqldq ghvfulehv wkh Udpdq
lqgxfhg krsslqj ehwzhhq dgmdfhqw fhoov zlwk frxsolqj
M @ 4

5

U
g6{z

d

+{,�

h�
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e

+{� �@7,/ zkhuh 

h�

lv wkh
h�hfwlyh wzr0skrwrq Udel iuhtxhqf| +lqfoxglqj d srvvl0
eoh skdvh,1 Gluhfw wxqqholqj kdv ehhq qhjohfwhg1 Wkh
vhfrqg dqg wklug whup frqwdlq r�vhwv gxh wr d wudsslqj
srwhqwldo/ dqg lq dgglwlrq d Udpdq ghwxqlqj whup ��
iru dwrpv lq vwdwh mj
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l1 Wkh vhfrqg olqh frqwdlqv rqvlwh

lqwhudfwlrqv ri dwrpv d dqg e ghvfulehg e| X
dd

dqg X
ee

/
dqg d qhduhvw0qhljkeru lqwhudfwlrq X

de

zkrvh ydoxh gh0
shqgv rq wkh ryhuods ri wkh Zdqqlhu ixqfwlrqv ehwzhhq
d dqg e1 D Udpdq ghwxqlqj � vkliwv wkh fkhplfdo srwhq0
wldo ri vshflhv e uhodwlyh wr d1 Zh fdq dgmxvw wkh ydoxh
ri wklv ghwxqlqj wr jhqhudwh fkhfnhuerdug sdwwhuqv/ h1j1
d PL skdvh ri vshflhv d dqg d Prww skdvh ri vshflhv e
fdq frh{lvw zlwk gl�huhqw vlwh rffxsdwlrq qxpehuv1 Dv
dq h{dpsoh/ Ilj1 7e sorwv wkh ghqvlw| �+{> |, iru d vsh0
fl�f 5G krprjhqhrxv vlwxdwlrq zkhuh d PL skdvh mj
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Zkloh wkh suhvhqw glvfxvvlrq kdv hpskdvl}hg shulrglf
+rughuhg, Ervh v|vwhpv/ dgglqj d ixuwkhu rswlfdo srwhq0
wldo zlwk lqfrpphqvxudwh odwwlfh vsdflqj doorzv wkh uh0
dol}dwlrq ri d +svhxgr,udqgrp srwhqwldo ^8` zklfk ohdgv
wr wkh vwxg| ri glvrughuhg Ervh v|vwhpv dqg dsshdudqfh
ri d Ervh jodvv skdvh ^43/48`1 D vwxg| ri wkh jurzwk
dqg �xfwxdwlrqv ri wkh PL skdvh gxh wr frxsolqj wr d
�qlwh whpshudwxuh sduwlfoh uhvhuyrlu edvhg rq d pdvwhu
htxdwlrq wuhdwphqw ^4<` zloo eh suhvhqwhg hovhzkhuh1 Wkh
delolw| wr pdqlsxodwh erwk wkh odwwlfh dqg wkh v|vwhp
sdudphwhuv lq rxu uhdol}dwlrq ri d Ervh0Kxeedug prgho

eulqjv d qhz dvshfw wr frqghqvhg pdwwhu sk|vlfv= prg0
hov dqg vlpsoli|lqj dvvxpswlrqv pd| eh v|vwhpdwlfdoo|
lqyhvwljdwhg xvlqj wkh h{shulphqwdo whfkqltxhv ri txdq0
wxp rswlfv1
Wkh dxwkruv wkdqn wkh phpehuv ri wkh EHF<; surjudp

dw LWS XFVE iru glvfxvvlrqv1 Zrun vxssruwhg lq sduw
e| wkh QVI/ wkh Dxvwuldq Vflhqfh Irxqgdwlrq/ HX WPU
qhwzrunv dqg wkh Pduvghq frqwudfw SYW09361
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