DEBEris

= 21-46-07-01 The Journal of Korean Institute of Communications and Information Sciences *21-07 Vol.46 No.07
https://doi.org/10.7840/kics.2021.46.7.1097

R AAE SRS S Ad 2dF o
o

o] W o] &

A Survey of LEO Satellite Networks for 5G and Beyond:
Channel Modeling, Research Trends, and Open Challenges

Byungju Lee’, Namyoon Lee”, Jae-Hyun Kim"™, Wonjae Shin’

0]

oF
=l

2 5671 AH83kEa 6G AldlE ERIB] 1% 2AA) At Agel wEl AT Aol 2w e
AMIE AT 5 e AAEEA 7ol s AT7E sivk FAl 258} DA(3GPP) = 78] AEe 7
vl Au)se] AWE]R] 2 98] 5G New Radio(NR) 7|8l B]Z]A} W] E$]=(Non-Terrestrial Network, NTN) <1
75 AABIIEE NTIN> 5G Adwe] A4E%] e AEeA], siof 5 Al 49 A Hox fH]FE]~ 56 A
Bl Al 02 o) olF $l8i4E= 56 NR Al mef=x] ok 9149 71 A9} x]jd A)zh 2
=F &9 2 9 ANER S5 IEEA AR okl $4 7ls side] zlelE oo} gt & l"‘%‘ﬂ]’q%
AAAE A4 dv] J& AgA]d BEAAS 7= AAE IAdEA Aldell 248 250 3GPP NR 7]&H A9

A 9o Mf&u}. e,
=

e ml

A, el A AlaE & Eske wA UESEE S A iy 2 =
71es A 2dE SAE 7Rke R A= S Alxgle] g AT Rk Y olgpEell el =3k

FIUE : ANEL, BRI HEYD, HMAS, MY DY, AN 0SS A2

Key Words : Satellite communication, Non-terrestrial network, Low Earth orbit, Channel modeling,
Next-generation communication systems

ABSTRACT

With the recent commercialization of 5G and initiation of 6G research, satellite communication technology
that can provide high-speed Internet services all around the Earth is actively being studied. The 3rd Generation
Partnership Project (3GPP) has initiated 5G New Radio (NR) based non-terrestrial network (NTN) research to
extend traditional cellular network-based service coverage. NTN is expected to provide ubiquitous services to
areas such as mountains and oceans where 5G terrestrial networks cannot be covered. Toward this end, the
satellite communication technology should be developed with the consideration of the long propagation delay,

large Doppler effect, and large satellite beam coverage, which are not typically considered in 5G NR terrestrial
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networks. In this paper, we summarize and analyze the channel modeling and features for NTN including

satellites, unmanned aerial systems of the 3GPP NR technical report, focusing on low Earth orbit (LEO)

satellite communication channels with lower delay characteristics compared to geostationary (GEO) satellites.

Furthermore, we discuss new research trends and open challenges of LEO satellite communication systems

based on the described channel characterization and modeling.

5G gAle] 83k o]F 91454l 7S Akt

A, M FF Al A S5 al ]
5G o] whe S| QlEYl 4| aE Algste] 4
B HAE gl 5 Qlvke AellA] oS F5ar gick
129143841 Afn]2 & A
H} 5 aeEake] odAe] oA, A5t At AdEtel]
el gk 74, M2M(Machine-to-Machine)/
IoT(Internet of Things) 7]7]& oitf= 124 3
So] el v8e], 6G7} A4 203037 o= ¢
B4 7o) sEshelo] A7 Aelelx] @7 glo]
254 Qo] Age] AP Aoz dpEe

AEAl A 2~Ele %] e} A E(Low Earth
Orbit, LEO) %A, =AXMedium Earth Orbit,
MEO) $14, %] 7 =(Geostationary Orbit, GEO) <]
Hom TR 4 ek B A%e F2 AR
£ Qg9 FAo2 wlo] Ho] gheh. A
1o B S S Al s )
A A W2 Al Bk 288 Ao slell ] ol
oz uelh % AAAE F9E BH1) 24
o] L ol wrelwt A% FF5ale] e o
s} wrsstek AR S SR 5 4ele
A2t 4 glo] A o) SO RE AT A A
& AT 4 sl Aol glext AT EelA of
35,786km ol Qlef 5 #]ed AZKRound Trip
Time, RTT)®] 2} 544msol] E3ic}. vlzpa] B4l x]ad
A7kE LTES} WIseqh 4] oF 4~ 25ms 2 &4 7
= AAE YAEA A|xdHoe] HT Bo] ¢S 2zt
S ¥k gtk

A= AL Al B= A] w2 SR T
Frol|A] 600km =o] A] 7.56km/s)E ©]53}H o]
o1 4riets wirh eE of Wbk o)y 4
2|4
—

Du JE

A%, &7 4] 1A} HISL A] 2 d(600km L
% 715 %7 1,000km 1S 14 el P4
ek webd, AT A A4S As] 9lade o
S2] 14e] Bzt 914 )7k 2yske 3 b}
g 714k 507 Ado]axXe] sElE]m ZRAE

1098

ofebe] Flols) EeAE FoAq 54
olpel lEHe Badt ALS whEstw ek
$1} o] 24 ANE $148% Fasie] AAE 9]
R Al 2 QB 75 Alsle] 245}
359V 7 FE A, T 4 BA 52 8
Aok T, 9178 74 B A wie] PEAS]

As|FC)l S Al AE Y TEs o
A 2R olek R S 2 2l=E Bealel
B A V5w T ok T 2 F
AT AAe) A Foe wak wle] ekt
& 24 o] o] FolAlo} deh WEYL 4 g3)e] A
A= SEAS] EEE Folr] s A% 9]
#5} Aol ol Pl 7k A% A9 male gek]
sletalof s}, olelat AW walelg s]ko F4l

A w4 8 Az=El AfAde] o] Fo] o} gt

A %3} wA(3rd  Generation  Partnership
Project, 3GPP)+= 7|&2] AEe} % 7|4k Mu]2e] A
wW2]%] 248 918 5G New Radio(NR) 7]4F H]%]Ak
) E 9] = (Non-Terrestrial Network, NTN) &AG-5 4]
z2kslodck NTN %553} o195 Release 159] Study
Item o2 ]l BAZ o7 ZIF=c). o]
Study Itemoﬂ/ﬁh NTN94 Ad s °4:TL3}°:] =]
AL, w7 M A 9J3ar 5G NRel| vlx]+= 7
A edeke *—lﬂés}‘;it‘r. 3 =2 A= e B
#](Technical Report, TR) 38.811¢]] BIedE]o] 7]<%H
o] ol NIN =Z2EeFs} e 74 olfe
Release 16 Study Item .2 <<l=]o} TR 38.8219]
A= Grfs 5T S0, NINS Release 172
Work Itemo& $elE 9, AAAE 94, AA=
$14, NTN 718k AF=2lEldoT) AlYR]E v
AT,

. =olA+ Beyond 5G 7]& ¥ d
W gle AR AL Al ié% gh3o]
3GPP NR 7]&H242] $JA, F-al gk AlxE] 52
E3E BRI U EHZE 93 A wdE] 2 &
AS SoF 2 AL A, dabe R §
iHL‘] p=R=ll dla)

oA sl 9 8AES AR,

XMIE"VJ A 5A4S Aw ) =3, S8

www.dbpia.co.kr



/A AAE S AT A 2d= 2 F2 Ve 5

“_,

dowelE] 5L Bl A 948 AlaE
o] AEf A7 L N o]FEE =it

£ ] A S v ATk I el
el ks BlA vIES A Sl Al
MR T Aellx= AAE 185A iH” s
CIGES- . =g AR A A
2 wellsh A= SIEA A walg vl %ﬁfﬂu}
IV A= AAE YAAEA A28 o E3k8- Al
Wy Al 7 e 2 olrEel el ek, v
2o V Aol ie] ARE x|ow vhieldick

12 o rfz

II. Beyond 5GOIM2] NTN S41 A|AR

H|Ag v E %i(NTN) Al Al=w2 w2, A
Sl T AHoE o]Fdhe ofF FTYFl B
s /‘]*Q“X]"—"ﬂﬂl-‘i 5G Au|2 Alg-E 7FsstAl g
t}. o]2lgh An]az MR VB T o mas A4
I vl 53 U|E=E9 =(Space-Terrestrial
Integrated Network, STIN)E 3l #l3~2 4= qich
o[ Aol A= 3GPPellA =2]=|aL 9li= GEO ¢4
Non-GEO ¢4, F<¢l 3 A]2®l(Unmanned
Aircraft System, UAS) =& A5H Al %
(High Altitude Platform Station, HAPS) =] A|v
L5 4 AR, BAS v)a #4130 HAPSY
= 7], delFE, =2 5ol xg=EIth FAHal
Ade e ® 19 2

E 1. NTN wix] A2l [5]
Table 1. NTN deployment scenarios [5]

Platform . Archit
X Carrier Beam
orbit and frequen attern ecture
altitude equency P options
GEO .
D1 | (3578 | Ka band g‘;ds A3
km)
GEO .
D2 | (35786 S band f;:;ds Al
km)
Non-GEO Movin
D3 | (down to | S band b;’:m Sg A2
600km)
Non-GEO Fixed
D4 (down to Ka band beams A4
600km) ca
UAS Below
between and Fixed
D 8km and above 6 beams A2
50km GHz

3GPP TR 38.811¢l4+= 57}<] NTN wlj#] A]u}e]
25 avhslsdch 94, olF EUE A= H ake|
w2} v = 9lvk GEO $1A- A1 o2 E
35,786 km ™H°4 Stk Non-GEO $]4<]
MEO-<= 7,000 kmell#4] 25,000 km, LEOX 300 kmol|
A1 1,500 km "ol glek T o] 0 =2 Ka W
= 31kl 19.7~21.2 GHz, A8k =el4
29.5~30.0 GHz7} 7257, S W= 318k =0 A]
2170~2200 MHz, 3 =ol|4 1980~2010 MHz
7} zef=ic) wl el s A W(Fixed beam)
Ql 7ol $14e] A A Ao Au|aE
A7) 213l RER 7]sS A-&sljof gt o]F W
(Moving beam)3] 73-F<ll= $lA4do] o] &3tel wabA

217k2] Rl A R] Ao A|7tef| w2} nlH A Fok
$143-& =7 Transparent $]43} Regenerative $]
Ao B2 4 oIt Transparent $]A42 w3t
A3 A= glo] Fub HElH, W3t 4 % 7%
W Y ¢ 9le Zle® A=glr) Transparent
$14d-& gNB(next Generation Node B)ZHE] 4413}
£ do]|2=E UE(User Equipment)® ZA3}
Transparent $143-2- AF3h= 749l $1A AMEA]
el gNBS} UEZ} g2l EAlshof aiA sk gt
A= A2t Brbsd A e] slch

HhHell, Regenerative $]/d-> Transparent $]/3°]
o] Wiz Bz FY )z
9, 2914, =eE 5 lsE g 5 gk
Regenerative $143-> gNB®| AA = A 7158
A e -°r]/‘§ 7} ¥ A(Inter-Satellite Link, ISL)S A
Azle} o] 739, 14004 ISLE A3 $ls) L
o] x& 7 ‘53 388 4= ¢l+= OBP(On Board
Processor) ko] H 83}r}. Regenerative 142 Af
43 Al 94 7 AP A ol E SlAE
g 5 RS T2 E AAYL FHojok gtk

Regenerative $]/d°l4 A|<1 7153k ISLe] &4l 7]
% ISL& AA3IaL fAlehs el 011:]— T 24
o] Z}7+ t}E 94 Aol Exfish= A HH 72
7)o} wgko] A &aA] WsHA| ==, olu & 914
o] t}2& 9Ads A3 EIHsofF gk ?ﬂZHV]—X]
ISL 33+ F2 FA41 33-8Al(Free Space Optics,
FSO) WA o2 o177} A= el FSo+= 743 ]
AAS 7HA] AL glo] $=me) 7bo)] 7] 34 walr) A
2 3tellAi= FSO7} 1&g 52kst 4= il sA)al,
FSO&= 914 7k qtelvt ¥l 219 ofj2]7} iaysfe] =
217 gRot =2 o AlFA Qs B4l HEE Y
Asl7] &} 22 5o, FS02] ¥ %3lE o2&

1099

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences '21-07 Vol.46 No.07

Bk 7]t oz} dejvleial 7k 914 1 5
Al AZRE QTH T P

NIN 72 $452 29 13} 3o] o] 71215 vet
Wlel®, 9kx] A3l Transparent 91442 A13} A3
T39] 24l skl Regenerative $14-S A29}
A4 T22] 9ol alidgicl 2|3 A1 A2 =9
94 UEE AH) 28k A39) A4 7290 A
glo] k=g Au|2gith o7]A, flAde] An]she
NTN E"|'d 2+ 3GPP UER %75+ Handheld ©]
L IoT 5h = 914 Aladl 24 vhiy] Sol 9k
NTN A{H]22] -4 Z7]oll= A AR $14S &
b oA kg Afnlzel] AFE ek AR A= $1434]
2 %2 Q3] 7] RTTE F53l7] 3 =2 ez
Z, 94 = 384 2] el 5o T8 U)E
Fatolodck #HT 5o, NINS A%, AAx $14,
Sy A\ ~El A= EA E%EEJ]],;(] 37_345],04
Z4:0] ]l Au| A8} XAk 34 Als}
7] 91 HH 02, 5G NR Air oLr—:M]o]ig: 95}
o] AREz}of|7l] eMBB(enhanced Mobile Broadband)
Al2g AgshaAt dek 6GHz o4k $14 U 3
F Aol R o jeleld W 21 Al
uk g3v)e) e o)Al Tl AEE 4 9l
VSAT(Very Small Aperture Terminal)S g3l 33t
ol /qu]/\?— A3}, sfake =64 24 50 Mbps2]
dloJe] g S} o ) Mbps(-r]/‘q) = 414
o] ) 2 Gbps(F) 2l Hlole] A% $E5 HE=
gkt

NINSZ JoT AH|2E Al $siAe
NB-IoT(Narrow Band-IoT), LTE-M(LTE-Machine
Type Communication)S 2]-83kc} B]=U| 2~ Ao~

r°"

f

“

-

>~

o}

O
2

P
<

J

Transparent Satellite

Al: D@: 4 -M-—’.'

UE Gateway RAN Core network  Data network

Regenerative Satellite
(On Board Processor)

A2 Q - NGc & NGu 4 - .'

Gateway Core network Data network

Transparent Satellite

o b ) E@D"iw-in

Relay Gateway  RAI Core network  Data network
Node

Regenerative Satellite
(On Board Processor)

Al — } -NGc&NGu4 - .’

E Relay Gateway Core network  Data network
Node

2 1. NIN 72 845
Fig. 1. NTN architecture options

1100

2, dhite FE W ZaAEQ] oybRs
(International Cooperation for Animal Research
Using Space, ICARUS) A{H]27} gt} Uizl o2 6
GHz o]5}9] §14) = 3 An|zel) Tl )5
Hhefel fele] Al ag Algd shpaeld 1
T 2 Mbps "l dole] SRS Exe At

SEA Amelld] A =S A e
A gez solReg A4shs Fr] =) =(Feeder
Link), $14d 2k ®=a8SL), #1442 A% AH8AF 2k
82~ =(Service Link)7} $le}. 7|2l GEO |
9 mdle) FHo® AT} AlaEe] o), Az
LEO $142] =93}, $14 A4 97} b4 2 oheg 4
W] £9), LEO ¥4 $14 $-8 5O LEO $14e]
Beyond 5G % 6G Al 7|2 Zhkg vk glo]
LEO A wele) sjofahz Ao] k). el o
% AIE LEO Ad 2dge FHo2 Ad wd
© 2

A g eAolrk
Il. MA= MSMT 7|8 xd Zg2

3.1 91M 3ot XA mElo| At

N34 A mddox s F B F e
|22 AEe] A3} t}2A] LoS(Line-of-Sight, 7}
| Al ARo] 75 o]F= Aotk 91484l AL
o) %= NLoS(Non-Line-of-Sight, B|7}A] A=]) A
o] Ak 3 A eA vepd 4= 9l o]+ vk
F AR A} A Eeld 2 AolleEel s @
A7 wtell e FAle] A weda) v fAb
she}. 1yl 26014 AAdFke} wiAAk) 7F Ae) 2ol &
AR, FR2(6GHz ©]/de] tj9)e} b3 A|Atal=

2

Dominant LoS environment

> N

2

| Dominant NLoS environment ‘

J8 2. S5 A H=9 A 3 vla
Fig. 2. Comparison between terrestrial link and satellite
link channel environment

www.dbpia.co.kr



= A A AR TS F A =AY 4 e e 5

A5 o= Q3 ekt ARE A Ha AE 52
2 Q18 AR £Ao] 9lS = olvk vb, vl
A A= Arler) solglel wet & SER
LoS §HellA] 214 Elnde)| RlErsle] 415 o]
7Fsslct

LoS &2 A4t Bl #1743t 1% Zhwdl uje}
deizint 7|E 1w 4EE 10° 7FE22 10°~90°
e Wl vieldich $143 A4k Evd =9
LoS & 3 29 1A 7k 715 a=zbellA] 7}
A2l ddlE Bol, S8 A Bl "= e
zto] 12.5°%) 7ol 10°9] LoS &ES wErla
7Wgke}t. 18]z TA DA (Dense Urban), FA!
(Urban), 2.2] ¥ A]Z(Suburban and Rural) *]<el|
w2} LoS &Ee] vhaA vehdch 71, awezte]
10°%] 73-- =4l =3 Aot Al Aol 4= LoS
Ego] 20% W= A viehbs e 19 mis A
Z A FellME LoS 8ol 782% 2 &7 vehdrl
LoS A+ #Holl M= AEe] $AleM 18k 84
= 9ol v], 5 AsteR Qg 34, 94 =&
AlzE 55 mHdof gt =3k AAxE $A442 A
Aol = Al W2 L2 2 o]53)r] uliel AR
= 94 o] 2 =2 FuE 2 gick ol A

¥ 2. LoS &E [5]
Table 2. LoS probability [5]

Elevation Dense Urban Suburban

angle urban and Rural
10° 28.2% 24.6% 78.2%
20° 33.1% 38.6% 86.9%
30° 39.8% 49.3% 91.9%
40° 46.8% 61.3% 92.9%
50 ° 53.7% 72.6% 93.5%
60 ° 612% 80.5% 94.0%
70° 73.8% 91.9% 94.9%
80° 82.0% 96.8% 95.2%
90° 98.1% 99.2% 99.8%

[ ]
! 1
! 1
i :
¥ $

| | _delay attenuation| ! model

< !
! 1
! " 1
E Satellite ;a;s:)‘;;er Scintillation, i Terrestrial Pat.h loss
! orbit shift Rain & Cloud ' & Shadowing

'

32l 3. 914 9as) A wde) A
Fig. 3. Combined satellite and terrestrial channel models

A= LoS & 9lelle A= A, shadow fading
B SIAEEAl Ad mdE)ox] dnbdoR sEs|of
e 8 A4ES Al

AEA AzEle] Ad melal 3GPP 38.9019)
7]% BIA(TR) A4 2ell'le]] 23] 33} 7o) $]4
oA IR sl she ¢4 A%, A, =F
2 AZE, di7], A% 5 A mdo] Hrl.

3.2 dz &4 pdl

A3 24 Buid Zke] Als A2 2 7] 2
= A7 =9, A= &4 (Path loss, PL)S t}23 2
| epdct

o

PL =PL,+PL,+PL,+PL, )

7|4, PLE & A2 &4, PL& 7|2 A= &
Al PL.= A% A1) &4, PL & d7] 7k22 <lgh
744, PL e 0] w= o7 Ao g Qg 714

oty & =elxe i IErHES dB ©EE

o] AellM= At 33 A3}, M=% (Shadowing),
A2 A 2dS WA

= A=k
1 2=A) 1:}]7] 7]./\ =1 /g_;g,_oi cﬂ

PL,=FSPL(d.f.) +SF+CL(a.f.) )

o371, FSPL(d.f.)& 712] d7} wlE(m)2=AYL
ol foF 7I7HIEX(GHz)2AIY we] dBFlelar
th&3} zro] vepdt)

FSPL(d.f.) = 32.45+20log,,(f.) +20log,o(d) (3)
A2l Sl Hvlda) 1] A de 29 49

Zro] $)44/HAPS % hyot 327t o, A4S

Ry 2g3)e] AXRE 5 glek

d =/ RZsin’a+h2+2h Ry— Rysina @)

SF+ Shadow dFo|der =21 AF E¥
SF ~ N(0,0%) 5 weck CL(a,f)-& clutter £4
2 AT 2] EAo &3 Al 7k

1101

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences '21-07 Vol.46 No.07

Terminal

Sl 4. A eIt Sl Al A
Fig. 4. Methodology to compute the dlstance between the
terrestrial terminal and satellite

2

P

\j\:l 2"7_}7 Eiﬁa,i@%ﬂfﬁfcg:—%
e} o2 ghe Zhc) mkek 2|4} UE7} LoS 7

e 79+ clutter =42 FASE & A2 2
m= 0 dBE AAs ok 233 40 7 9
4= tedo] Ka W=, S W= wf, A4 W] 2|9 A
Jele) oo} CL e thehiglch A4 UBS] og.oh
CLel g %o A1 7Pk 71% szl 1A
2t} g, & 304 LoS #7337} NLoS #7304 1
I 7}o]| u}-E Shadowing %333 AE|3|dc) o] 24
Z ¢h3 LoS 317 |4+ Shadowingell 93 7=
T E)A] =t} A9 LoS oA = who] %
2 ZA e gle] AR EL ks 2ol Bl
o Ao 2 kg LoS S R3] 35
uoll -2 k2] Shadowingo] viepdct

2

o

L

E 3. Dense urban AYE]L Ka wWlEoMe] Axd
(Shadowing)} clutter <21 [5]
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¥ 6. GEO, LEO, HAPSelA9] 22| #3 depielE [5]
Table 6. Doppler related parameters for LEO, GEO, and
HAPS [5]
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Table 7. Summary of Doppler shift and shift variatior
for different altitude [5]
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