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ABSTRACT

Recently, cooperative intelligent transport systems (C-ITS) testbeds have been deployed in great
numbers, and advanced autonomous driving research using V2X communication technology has been
conducted actively worldwide. In particular, the broadcasting services in their beginning days, giving
warning messages, basic safety messages, traffic information, etc., gradually developed into advanced
network services, such as platooning, remote driving, and sensor sharing, that need to perform
real-time. In addition, technologies improving these advanced network services’ throughput and
latency are being developed on many fronts to support these services. Notably, this research analyzed
the network latency requirements of the advanced network services to develop a remote driving

Received 15 April 2022 service for the droid type low-speed robot based on the 3GPP C-V2X communication technology.
Revised 11 May 2022 Subsequently, this remote driving service’s performance was evaluated using system modeling (that
Accepted 23 May 2022 included the operator behavior) and simulation. This evaluation showed that a respective core and

access network latency of less than 30 ms was required to meet more than 90 % of the remote
(© 2022. The Korea Institute of ~ driving service’s performance requirements under the given test conditions.
Intelligent Transport Systems. All
rights reserved. Key words : V2X, C-ITS, Remote driving, Network, Latency
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V2X(Vehicle-to-Everything) $417]1%&& 83+ 194 CITS(Cooperative Intelligent Transportation System) Al
-2 RSU(Road Side Unit) 52 a5 Q1zets &8st T AEE AoA 3t w8 HE A 33t
A, AGEE 2 3P FRHRE Tt 5 ANAE T T Be % Anlzd did EHEE
sl astar FAo EAAAA AA A4 He| Mu|~E AFS F Je MEL 2T AH2 AZ-E N st
+ A717} = A th(Papadimitratos et al., 2009). 194l 71&2] £ 100ms o] AAAZHE 4] Mbps &
o] A WAL AFE FRE ot /PRE o BHEE FA8S A7 2] AP
Th(Song and Choi, 2017). F3h C-ITS 7]&2] 2G4 ke 3l 2AAA 1415 7|5ke] va2X 7|&s 83
THFY, AAZLE AR T, A 5o AGEAAMH L Hokr fAlo]l2Tt EuiE L ATH3EGPP
TR 22.886, 2018). < A-&FH7]|&2 WE TH oz A5F Ao Q14 A} FHFRE I 5 I3} &
A Foll AT Yo Z VaX 7leHe] 82 3 4 Aed I 84S MskeE A 5
HES QA ThButt et al, 2022). AFF AlA 2 V2X BA1S SRSt FH wEHAE S AXEkE Ve FE A
A Hepo] Thsaith B3| ASFH A 1xstE Sl S 3oy ﬂ% P A 1Y HAsE
fall back MRC (Minimal Risk Condition) 7]5°] 4 QA4S 2 A A H I 2 Z V2N(Vehicle-to-Network) 7]
=g 83sto] EAT 3t AFY AHIAE AFete etk A2 F shE Z8o] Thedtth 79l
Hoh dAA 09} 22 CITS 294 §-8&AHI 2 AlEe AsiHs e EﬂOIHE AN 7R Aol 7t
T UES A 71e7hdo]l B2 o]thChen et al., 2020).

AAFY &2 dAolEA AAE SalAe FET HES A9 HA o] w9 T8t HT VESA
7|9k dAA o] g MH| =S A7 UES S EA £43 ADoR QA3 A 43t A7) AT s
7lEso] AREUT. 187 e JPHZ 02 YESA A o] WS 2o UES A AHoE I
A 43tE S5 el AFe Y-S S Aol FAEE G4 ZHUS WP AT
AR e olHAA ATz AR Hes A /HA8ATHDavis et al, 2010; Liu et al,
2017). o]E3 AFES T2 o] 5A Y dAA ] B5 BAES fal VEST E4ES B3 AEgold &
© AU A RC A5kt 22 BYPAES d8she FHE TP ATh 2WeE ofje} AAH 3
o Ao s BEHE 3 Uit TR A G VEYIE 83 A7 AT T TEHUT. (Neumeier et al.,
2019)= LTE(Long Term Evolution), EDGE(Enhanced Data Rates for GSM Evolution), HSPA(High Speed Packet
Access), UMTS(Universal Mobile Telecommunication System) &< TF¥gt FAH&7€S &83190H A
SAA B2 A UEAY AANZE AEEE T g tolEE EA45ta M A A o

L odo Mo

- [

ABlzE s nEAe] YEND QMG HEste] LGS WS AdBAT. 53 )71 vE
92 7ke) Eon Sy A P FAS A% 95 BAE S5 8 55 UEND ¢ Ame
J

o

o A-E A|ostHth (Kanavos et al., 2021)= ©]%F X}l tfsh FAEA Au] 2~ A 32 93] 3GPPolA %
o2 AYH LTE-V2X % 5G-NR-V2X FAl7|&ol tha] HA2= VEL A Qe H o 2o g AFLHE9}
AN 5 EAAT FANSE ALt AAES vlg o E (3GPP, 2018)°A AAE AAIZE 14
7IF A-gFP A z0] gk SFARY T GRS EASIAT 2y AFE CV2X BAVES 8 A
HES T AAAZ ] tidt 54 utEe dAA 0] AEHolH 2 4% B4 A7 disiAe AAEA &
Fie=g

kA B =R s A dAIZte] BAEHE C-V2X UEY D $70A o)5A dAAo A5HdEn YE
A3 a7AE BAS ) o 2o HECE ATE AFSIATE 23l e C-V2X Z1H 9AA o] A
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2015)0l 4 Fad F3Y A7 AZgS 7o FPH o IubAQd AeFY ko] AHl2 gl
7B A&O R olFdhe ERo|E FE o HE 2 A APt = 5 Utk 4FedAM = 25
ole], MM, HESA 30|, WA= HESS 5 o] A AN 247] BAsh= ADAE Al=E 2dF
of tgste] AEHoldE T e B4 e AAsATh 579 AEM AAA ] A5 £HE T 2

AnE BN YEYT AAAZk) e PGS AU

. C-V2X 7|4t 98A)e] VEY A 2] AA7F 4

oSHolEs} 9AT Al AzdD QA0 oA 7 HolE $44 AAL Yo EH 24
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<Fig. 1> Latency at each layer for remote driving service

<Fig. 1>9l4= FAA ] Mulz Alg Al BA 330l = ¥ olE oA Ao o] sAl7kA] A sH= Al
L ADS A SHAR TSt ARtk 94 eFgolH e 9 29 RUHE F8 4¥e JABE
staL AAl whga 71744 T, A QAT BT AWM ol s AForiE FAE G st
ol 2271714 T, AQAIRE] ARG A7) F AR Ade HE AL 2o B A= HE
AN = A T, Toe AQARE] S g 0= Hosigith. a2]al A8 4 AAZFY A9
Ao wAAZE A7 A2=RE AR Ao AFooly AQ/A 2AI HF AgAofdl HEHIAA T,
Aol TAsH G2 Aot 1 wrel FAEA AA 3 Auh AAARH (s A5) 5o PR A

& WA A THNIST, 2011). AR ARl 2w et AR IS T3l AR2E AlFde AU LR
ARt o A 2F FAI™H ASL, Side Link)E 538 AHl2 Aue]ee Z3EA Geth dAAo] Aulx
£ el dZAo] o] FA 7t RSUSE A2 V2t dd o s FARE o] Y& olF54l 7|A=He] V2N
< 383 3GPP 7|99 LTE-V2X$} 5G-NR-V2X U EY A AMES AA|3H T
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1. LTE-V2X HIESIT X|AA|Zt

B Ao A& WA C-V2X 7|E€E 3GPP Release 14 ¥ 7|8k LTE-V2X & A Y E A Aol A3 X
AAIZEE BEASHAT HolE S #d WEY I AAANTEE AvoA At BARZAEA A =2 &8
ANZEo ' oM AE SE&AM(T,), o WEHA(ro) B HA2= WMEHAT)E BF T3 HA =
HWEY I AFPAUL, Uplink) AAAZHE o]5A FEAAA(UE, User Equipment)ol Al 7]X|=(eNB,
evolved Node B)7H#| #jzlo] ©@dte AZto @i 2A|Ed W wet Zebi) shakgd =9 739 ALt
(fAolFAhE 2= Aol HEHo| AFHOZ MBMSMultimedia Broadcast and Multicast Service)”7} obd
Unicast MIANAZ ASE A Ad 2AED W2 2 sepv|Egle] wet 320 VESZE 233
E2E(End-to-End) U EH I A AAITHS <Table 1> ZTH3GPP TR 36.885, 2016).

u

<Table 1> E2E network latency for LTE-V2X

Configuration / Period [ms] Latency(éy) [ms]
Scheduling scheme - Mandatory+optional Only mandatory

DS SPS Mean Max. Mean Max.
1 311.6 472.1 47.6 48.1

BSR -
10 316.1 481.1 52.1 57.1
1 303.6 464.1 39.6 40.1

w/o BSR -
10 308.1 473.1 44.1 49.1
10 299.8 464.8 35.8 40.8
- 40 - 314.8 494.8 50.8 70.8
80 334.8 534.8 70.8 110.8

<Table 1>°ll4] Mandatory= HA| 2~ UER T 4 B sl 3 A QA 0] U ESL A4 9] AAARE
TS 123k 7-%-0]H, Optional & RRC(Radio Resource Control)] *4E]7} IDLE®]| 4] CONNECTEDE 7 o]+
AZrZ eNBEFE UEZ} Paging WIAAE FAlshE HIZ7HA] A8AFS BF 28S 4 9otk AHeAr o
(UE)°| 4353 dlole AES #3l 71A=(eNB)olAl A9¥<S 2A(SR, Scheduling Request)st= F 7FA W
2lo] A%t} UEZF 28 Al 433 AYE 7|80 2 2435 DS(Dynamic Scheduling) )3} eNBOI|
A UEOAl F718 0.2 A4S a5 SPS(Semi-Persistent Scheduling) 4] 0] AR&-®t} olu] DS 129
= oo Wy Ae RS 74 &8F= BSR(Buffer Status Report) AH&-0] 7Hsdtm 3712191 2| A4 7to]
A3t DS W48 UE7 RS 83 sts Z2EFo] 37180 24 SPS(10) Bt A A A7) Atk AL
& 4 Aok =S SR 9 SPSO| AU LA TV AZTE HH 7| AR SR AAAREe] § FTFEHA
Ht} eNBE 7% SGW(Serving Gateway)/PGW(PDN Gateway)S £3] & Au7}A] SE3l=d L85 = o
Zof| Ao AAAZHE 20msE 7HA S TH3GPP TR 36.885, 2016).

2. 5G-NR HIE®{3 X|AA|2t

B doA= C-V2X 7]EE 3GPP 5G-NR &8 A UES T gt A AAANRME EA5H4Th 3GPP
5G-NR EZNAE 2A4AA A HAES 931 SCS(Subcarrier Spacing), OFDM(Orthogonal Frequency Division
Multiplexing) symbol duration, cyclic prefix &= F<3HA 823t NumerologyE AQHetL 10mse] ZH Y-S
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Ims®] ZolE Zk= 10709 subframe .2 A5t 87]2] AAARe sttt Ao Holy
A& 93] 5G-NR 7]5F o] Y EY A9} dA A YEYIE 53 UE/HA AEAA Ao o3t 287
I 2AEL EFEAE EUE Fu B $441(FDD, Frequency Division Duplex) ®2], UE capability 2
a8 A w3 B A 2304 dA|29f o] YESL Aol tigk AAAE =F8ATH3GPP TR 37.910,
2019). o} WEYA A AT 71X =H(gNB)I EPC(Evolved Packet Core) Z12]1 3§ AWE A 4E3}
=d W= 18ms] AAAIZE 7FH3IATHSGAA, 2019).

AEtolHE Bxste o Zad gHd 2 459 Aol we}l Resource Mapping B} ASH Bt BE
25w oy el da3g OS(OFDM symbol)®] <, 27| g & 9 SCSo| we} User Planeol| Al 48
He AAAIZES <Table 2>9F 2ok 12 do|H d$-E& 93] Control Plane®l4= RACH(Random Access
Channel) WA A S &3 RRC INACTIVE|A CONNECTEDE “4E] o7} 8751 20ms A= F714
%l A Aol HAYFTHIGPP TR 37.910, 2019). SCS7F AAA| =H €53 CP(Cyclic Prefix)®] 2|7} ZrobA| Al
Ho] A AATe] ZasAl "ok B8, 7] AF dlg] GE#kp)T AHESe 0S8 e AAARE vl

¢ 4 Aok

<Table 2> E2E network latency for 5G-NR user plane

Resource mapping type A Latency(6y) [ms] / SCS
oS Initial error prob. 15kHz 30kHz 60kHz
p=0 20.2 19.2 18.77
! p=0.1 20.51 19.4 18.88
p=0 20.42 19.31 18.82
! p=0.1 20.75 19.51 18.93
” p=0 21.6 19.88 19.12
p=0.1 22.0 20.1 19.26

M. WEZ 7]u AAA o] A2l

& AollM= V2N VI EQAE 83 940154 Ao] Aug] e vz HES A AAARL, 2ol
Bl 22 B ol TA &4 ol MEE AA AxEe mdFsn AxEl aE A QA A
A A 23 e olE te HEARHS), T B AA= WEL A AAARKG) 2L ol 54l
FoHol8 A ARGt & ==oA e ol ArE €83 SEME F Al IhdRh 23k 7)v|vhY
y BElg 7Pgst F712 02 HIFNOF HE(, x)E AAASES st wekM @A AA)= B
3} o] FAHTH

W
=
ZF
o
=

x veost/ f,
(k) = 2 =z2°(k—1)+ VSING S [, | oo s (1)
96 . LU,,./f,.

A7IM 3t e A4 TF B S olF AAE griEt o= AEE 2 A2E FH e olEA
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N2=dl Fovkek AFo)EA Y A LAE AL =55
WA 73S sk Ak ol esjzlolels] 23 Ao

Al AZF AAS AA Hok AA A A A" AXE

1 exE
Hye A%
ALA]
A

.
=
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SEER:
Desired | X*(k+To)
Location
x(k) on | ®k+T) 2*
Current 2 Location & a
Location Projection -
Lateral
x Displacement
Update 1 yP(k+T,)
(X1 %67 Driver Steering
/ w/ Reaction
Delay, 5p
n(k) { utk+50)
Veh. Ctrl N/W Delay Steering
Delay, &, 3y atk) Decision

<Fig. 2> System update loop for teleoperated vehicle

BAA ] 2] L35 A7) s A= AFA] AlZEook ahead time)= HFE S o = o]
= o]F A<}

ol s A ke eaf Axte] Basitt MWFA AME TLE 7HEE o o

5l 94 A4k <Fig. 3>3} o] At

1

|

| Desired
:/ Driving Path

od
Desired yP(k+T,)
Location, /
w(keT)
] Projected
Location,
*xP(k+T)
Current

Location, x(k)

<Fig. 3> Projected location and displacement from the desired location

weba] @A AF AAA AT LR F

Atk
Y vT,costy
f’(k‘+ Ta): xé’ ZEC(k)+ vTasin9k .........................................................
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£33 olF AX = AYFA NS 1HS 4= olF AAE/, NS MY 2A S AZE e 5X AR
do] HE (v, ) FoE =F 6P7l A8 FEYHe AgES 83 24 32 B ALY wek
(OLSUPd)L a5 ALY F3x 3 Wafo] At
—_ P _ P
(z9,29) = (ml,mj)répath min \/(551 T0) (@ = 28) e 3)

o= o]F 9|9} BX oF YA 7+l 3 Wk 2 X}(lateral displacement)E y'(k+T,)etx G| uf 23}
He X k+T)NA K(k+T,) A2 4 Zol7t Hv 4 )5 F3] At

(]41"’ T ) ( 2_$2)C080d_ (517(1]_371)811’19(1 ...................................................................... @

A §lo] AlEE o)A R A A& Fis] -rIBH/“]T‘Z‘ Wk
%’5]1 7'4"%9/] 5—%7—1’% %E HAEZ WS Aojshs 44 U@ao

el-& A|oJE 4= = PD(Proportional Differential) A 17]E E-3| =
31101514 22 A g A A 2" AAARNS S HT =2F SHE u(k+51>)% o&3 o] vehd
T ATH(Nise, 2004).

Pk+ T )—y"(k+ 7T, —1
u(k+5D):prP(k+ Ta)+Kdy ( a) Yy ( a ) ........................................... )

714 K9k K= 27 vlE @) mjEge] tigk o] 5 gt 283 4> ST ARES UERATh dT o5
e AA eHgolEl7l AAAY] S B3 4 AT AA TYS o5 s e WAL

ATh. <Fig. 4>0l| A= (Storms and Tilbury, 2015)7F A &5 F3l g5 2 719 gholl sl Eiby

A AAZEE] W 91(0~750ms) o 41 8] Aof o] 5 g =& <2
2 2]¢ Kinematic @7} 2}5F2] ARA, vl 2 5 REIE 59 $93hs 72¢ Dynamic E2-S $ vlwstSih

%
)
ﬂ).1_11
o
lo

2
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e
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= .
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08F e
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<Fig. 4> Control gain of Kp and Kd according to latency
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AAZ 23 9 uk)S] B 954 GOE ALtE Y AlEgoldd e AUligte] FE @ B0 &
A 13 F2 - 1(FHD S FEHE Aste] A& gets 2F A E AT HF S ak)>
o33 Zo] xdE 4 Uk

CL(k) — szgnum(u(k))+n(k) .................................................................................................... (6)

A7) A signume F-EFFE ulst k)T AA AFA o HalAE 2akE ¥Fsr] Hs F7

HAh FEH (Storms and Tilbury, 2015)9+ 20| k)= [-0.1 0.1] Alo]e] FEEEE zh= FEHS o

2 HAROE aE [L1 L1 Aol BX g 2 Hek
A 2% AAE AR A G a0 2 A2 MEGD ALK 15 P M=
aVN) 2 Ao S FAHQ AAARHG] £8F F 2 AL A5 4 T o] T@AT.

6;;:9271+a(k+61\’+61/)w7"/f7' ............................................................................................. D
A%, 2F7he FoQ GEE(g)sh Az AN ARl e BHe AAsE 2% Ao g
a(k)= Rrgste] AAlE

V. Al &dold As ¥4
B ol Me oA dE ADAZES whgste] ol s Ao] AEHeldE T 3 Ase T4
o ds B4e A% F8 gevy 9 ARge o 2ok
<Table 3> Simulation parameters
Parameter Unit Values Description
bp ms 200 Operator and server delay
v ms 20~530 Core and access network delay
v ms 20 IVN and system delay
a sec 1.25 Look ahead time
u - 0.1 Control threshold
I Hz 40 System running cycle
v m/s 1.0 Mobility speed
w, rad/s 0.2 Turn rate

T2 FAANARE @A AR F B by (ke EY FF ASAEE HY3HATE @A Al
A 7 2% B FAEES )T A 9A FE e x)E FA Q) st 73 S 9tk dA)
3t yi(k)E T4 @E FE3A (koA 2k AH FA Delg Axtett. wEkA

Al A g
A& o] /\IJ U AN2Ee F AN IAFE kG T W EE FHM FF AT SE e 2
K
S= szlmax(o’l_ |y((k,)|) ................................................................................................ (8)
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Al Z 1009 AEH oS B3 AT #oE B2 FAAM FF %S 248U <Fig. 5>olA= 94F
wAtE Eo A YEL A A Al 22t 20msst 311mse] ke 7HE AWZSBEEE FE Hee
A2 HoZEth UESY T AAAZte] 45 FAR 23 Ao eyt A JeihdS 4A ¢ F Ut

2

107

x,Im]

Teleoperate Driving(d,=311ms)

— — —Teleoperate Dnving(dNZZOms)

102

Target Track

101 |

100 [
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<Fig. 5> Target track following performance for 20ms and 311ms network delay

<Fig. 6>3} <Fig. 7> A& <Table 1>°] &A3lY LTE-V2X A& #2102 DS SR(1)S A& Al BSR
Abg o Bo] w2 HiF AAAZ 2 HY A AT s FREY FF S wuste] HojFE

B
A|AA 7S 218 Al Mandatory(Man)7} Optional(Opt) B 7% AX 283 A AN A4S 13% A
g dee BoFa vk §HE BSRE FFol wEtAE 1% olWe] s AolE HoEr EFL

J

Mandatory®] 749 %2 AN} He) AT ko] A5 Aol A mulsiths Ae & & ATk F
2, & AgdoldeAe] AR 095 AFolEAe] Fu A2l AUER FAMOZRE B 10cm?)
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<Fig. 6> Path following score for mean latency <Fig. 7> Path following score for maximum latency
under LTE-V2X DS SR(1) under LTE-V2X DS SR(1)
<Fig. 8>9l A= LTE-V2X A-L&g Hh4 02 SPS(10)S AHE Al Ho AAAZE D Ho A Akl sl
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7t 27194 Mandatory7} Optional 2.t} 7% T
Mandatory ] 74-$- Hd A AA
1k Optional2] 7% 5% o4 A% 2o/t e AS

5G-NR-V2X& AL&3l= U EY A A4 <Table 2>0] AAE AL

Al AAATEe] HeE X
HolZET 5G-NR-V2X VIESI A A= 22ms9]
E5F HoF3 9t} Control planedl| A A8 %= 17}X4°
21t} Dynamic 2+ =23} Kinematic 22
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