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Analysis and Research on the Probabilistic Delay Constraint
and Resource Reservation for URLLC Traffic

GAO Yue-hong, LI Lan, ZHANG Xin, YANG Hong-wen

(School of Information and Communication Engineering, Beijing University of Posts and Telecommunications, Beijing 100876, China)

Abstract: The delay guarantee of ultra-reliable and low-latency communication (URLLC) traffic under
resource reservation policy was analyzed when both URLLC traffic and enhanced mobile broadband (eM-
BB) traffic co-exist in the fifth generation of mobile communications system (5G) system. The impact on
eMBB traffic’ s quality of service was also analyzed. Based on the stochastic network calculus theory, the
needed resource reservation ratio for URLLC traffic with probabilistic delay constraint requirement was in-
vestigated. Specifically, a minimum threshold, meeting this delay requirement for URLLC traffic, was
derived. In addition, the delay performance of eMBB traffic was also analyzed. The results showed that,
when the system resource was fixed, the delay distribution of eMBB traffic would be influenced by the a-
mount of resource reserved for URLLC traffic, and the deteriorate level greatly depended on the reserva-
tion ratio.

Key words: the fifth generation of mobile communications system; ultra-reliable low latency; resource

reservation; probabilistic delay constraint

555 B 8hiEE RSE(5G, the fifth generation of ISR AR 0 M 2. AR B3 H SR T Y £
mobile communications system ) ¥ 15 17 B A > A 1 1) J£,56 RGHmTE LT 3 Kigs  SEsR R sl e
BT, AR 2 BRI 5 BALEE 15 AL IR S Y (eMBB, enhanced mobile broadband) R AT FE AR A ZE
it R, AT SG AR v AL R DL K G R R 15 (URLLC, ultra-reliable and low-latency commu-

WFs EHA: 2018-07-13
BE&WH . HEFHE KL T H (2018ZX03001024-006)
EERA: mAL(1981—), &, flZE%, Wi+4 Sl E-mail; yhgao@ bupt. edu. cn.



55

15 A 4145 . URLLC Mb 554 3R Bisf SiE 24 510 % % U5 T B8 A9 40 M S5 9T 99

nication ) FIHF EALEF IS, X 3 KIGFEATHY
RN G AT ML 55 RSN R % 56 4542
AR TR WAR. 2 H0l 5576 56 W24 kA7
B, Al Al 55 22 () EA 798U 43 Be A A, 1 TG 2
B 55 EARFE bR, SRR 5G X 2% Wb 751 fiff DR 114 56
Bz —. Hd eMBB I 455 URLLC Ml 55 i3t
165G H] (HI 2021—2022 4F) & JR s, R, &
X eMBB F1 URLLC 1) 52 FHH AR A5 S I 28 47 1 F
. eMBB ML 45 2ROk 5G 4% i SE Rl 55
o7 A AR SR K X AR R Y
SRR E. M Z T, URLLC Mk 55 0980 A2, 488 /N, %
o JE RS R R I ERARAR ™ 4% . R #EC 7 eMBB
AP 55 B RTEE T, W] IR T A B, R I e
PRUE URLLC b5 114 i 55 Joi 2 3R 2 — AN iR A figf e
{14 (] 1.

H T E A SR LR 2 A5 T An et
FERFARMETE. bR e IR R e LA
5 K URLLC/eMBB Wiz #4531 [ URLLC 5
eMBB I 55 & FHMLHEI >0 (B SR B % R YL
PUAHSC AP ZE 0o B 2 45 Y T T oAl i S5 A {5 L
GEILIOS) 2 RAFSE LR SCROTE S | T U2
Yy s 0 2R B3k S8 ok I 0 e, T 3 P A )
B TR URLLC b 45 il 42 4 v Fn ml S
IESH A B T3 R B B AR K
58 J Mk URLLC A i 18 M 55 6 0 1 v 2 bt 0 47
AR S 3 N TR R B A RS s A
A B FE s/ — et B AL, R B4 X URLLC Ak,
55 I IERAPE AT IR AR, ST, B H IKFTRE
HLI 263 5 208, 357 4§38 URLLC Al 55 Fll eM-
BB M55 5 FH 55 it FHABE AR | 3 30 43 B A R e 428 3
AL, NEES 3 HIE URLLC b 55 i JEZEK (1)
YEUR TR T T, A AR G T Bk e A Ak 4R I B IS
KA.

EHMGE T BE WA URLLC Ak 55 Fil
eMBB V45 A0 PR 43 TE o5 Bb , 38 3 E SCI E A7 R A
ks URLLC Ml 55 i B SE R4S DR HETHR S 5 8.
TR FH S5 /N AR 5 ) 246 i B 43 B 1 4 0 R —
TEMERI IELA AT, RG2S URLLC k557
BRI T A, R 4387 55 U5 750 BA ol eMBB Al 554
R

1 RigpHEs
MNP 1R B 3 5 R GG, eMBB L 55 A

URLLC M55 A8 1 78 i 7 sk 2 R B, Herp
FUEA 4 URLLC Mk 55 i %86 5 Lol », Tl B 45 eMBB
WS %EE S R 1 — . eMBB ML 451 URLLC Ml
55 B AL KR YA A S R B8 R 4, Bk 58 B 4y
B A, R BRI RN L, FL,.

K
URLLCAV % -
BN BV
URLLC+eMBB
>
MBB [
_MBB 5 | HAVR

K1 REH

SCH T B B S R SR IS A A S B
A AE AR B 22, S8 A28 Dy i i S K T
AR BRI RE BT 2 B 5 5. R
P4, TR I &, BV — A R . BAR
SR FR G 42 W 0 R R A B A 2 B i Y
R, WAL THE 8 SR 4 R SO AR I R I |
AR (BRSO T R A IR R N TR
B AR R . e B FEml I, 2 AR 4k 24
TSI Bof 2 FIAS R I 25 1R

EX 1 HEREHEATR, 2505 i 5 2 05k
FRRN &, HAR A m] 25 2 0 e R A28 J, 0080
LRI SEPRIES D(¢) , IREARI S e S

PID(t) >d} <e (1)

24 URLLC /%555 eMBB M 55 LA 5 791 22 48 =X
SRR, R GEUR 7 L o B, WX URLLC Mk 5519
JIR 55 BB AR B g | {EL 2 X eMBB b 55 (19 52 i .
K. P, BE R T BE B 5 o () AR AR TR A2 4K 3 0
ANRTGEIRTIUEA 4 L m , FEORUE URLLC b 55 A HE R i}
FELJ AL T, 00T e MBB Ml 55 Y59 0 [ 3 5% /).
4D, (1) d, Ml &, 73537~ URLLC %04 0 /Y 52 PR
f E P25 2 14 B R s SEE R AT 75 2 ) e R e 3, D)
el SN eSS AL GNPV e

min 7 (2)
s.t. P{D, (1) >d, | <e,

2 BEHLM S EE A

TESI AT 55 7] LAARAT ) e 55 o PR U 2Z i,
P s TEGE O 55 et LUK I 2465 Il 55 RE 1 i) B0 4
. BT R/ NI RIS R AL 9 2% 75 50 B
JsE SCRYBEATLE 3K it 2 R BEALIR 55 T 2k, 58 WUIT 75



100 db 50HE K % % IR o 41 %

M55 P AL 6953 4 S(t) ~(B,g) ,MVi=0 FMVYx=0,7E ¢ B 2= £

45 A B T M R 2% R i AR — i RAAYISSE D (1) =inf {720:A4(1) <A™ (1 +7) |
Rkl H 1991 AR UK TR 2 A5 B IRT

SC L PR A5 R BE AL S AT
P B 2 BEATL IR i ) T2k 19 265 Tm) el , MK HE AL I
2RI B AT

BEHL I 25 0 RGBS AN 2 s, fL 4 B
PLEEHIZE A (0) ~ (o, f) BEPLIR ST 2 S (1) ~
(B,g) AR BRI A™ (1) 3 R4y, TEFRTSBE
PN M 2 FnBEHLIR 55 1h 2k i) B 7 Fl A i S Ak
L BT S R R R

K2 BEHLI 2R R SRR

A0)

BEAILEN I Hh 2 o SCFE SRRV A e S At 1 11—
AN [ 1 R BSORT— 1> OC T 50 12 19 340 5 oR 2K
4 B

EX 2 KHLREIAINL. 2 A(s, 1) Tl 55
A FERFIRIBE (5,0 ] P BBELA RGBT, 47 Vi =
0 FY x=0, PREL a(t) FIRREL £ (x) W 2

P{Oi%Q[{A(s,t) —a(t-s)! >x} <f(x) (3)

WIFR PR oo () FBRER £(x) AL 553 A BIBEHL R
Mk, ich A(e) ~ Ca, /), i A(r) =A(0,1),
sup |« | Fn LA

EFREAILE 35 ih 2 O HE A 2L, B HLIR 55 #h 2% iR
— 2 TR AR 55 B8 T 1 sR BV AR, o LA

EX 3 BEPLRS Lk, 4 A" (1) FRRAERTA]
BL(O, 0] N BB RS 28 S OB i, 47 Y e =0 A
Vx=0, pRECB(r) FEREL g (x) i 2

PIARB(1) =A" (1) >} <g(x) (4)

MFRPREL B (1) FIPREL g (x) FHRSS 45 S BIREMLAR 55
Bk, i N S (1) ~(B,g), P A®B (1) =
[A(s) +B(1=s) | ,inf {-| A FHIF
TEE ALY 55 300 B 38 R R RN 55 25 04 B 55 e
PIRTHE T, A fe /NI AR BCHLS 1T DL AR A5 B 42E (19 8
RO B N I E R A A8 R4 A e B 1
T PR A S S 0L SR [ 18 1.

EE 1 WEEA EA. ZIEIRS 28 S MR
T A SRAEIRE. 20 AR A RREPLE] X il
LIEAC) ~(a,f), R55a S MREALAR 55 ih 282

inf
0ss<t

PiD(t) Zh(a+x,B) | Sf®g(x) (5)
Hot h(a+x,B) Fm BB a(1) +x SEREB(1)Z
(8] ) e KK PR vl LA — 225 Oy
h(a+x,B) =st1>15){inf {720:a(t) +x<B(t+7)}}

(6)
3 URLLC W HEREMB RO

RN 1 R RS S 5 RS, R o A%
3 Xk IO A BERIL I 268 T S AR 5 IS A 3 BT,

URLLCAPSS  RER(EHS~(B0), gl)
A~(a, /) ) :
B VRIS, ~(B,0). 2,()
eMBBAl55 | URRLC+eMBB

A@ ) | BARIES ~(B.0), g.0))

K3 ARG 2% 5 A

WA DAL G sl 00 R, W R 50
(IBEALAR 5 B ZE T AR R N S ~ (B(1) =Ri,g(x) =
0). HZEWIRTIE 5, URLLC 55 fil eMBB I 55 1]
PLECIE AR 1 IR 55 68 T 43 500y

S, ~(B,(t) =nmRt,g,(x) =0) (7)
S, ~{B.(t) =(1 -m)Re,g.(x) =0)  (8)

TARA SRR FH TR 55 SR R i — b LR
HA FEEAE RGBT . AR R
L2 AN B A 33k 2R G0 A R TR] (] B S22 B HE B0 A
i ) 1) B O AT AEE A 1/, B BALASE s i) P 30 3K R B 110
BRI A FRRIEFE. URLLC k5%
F1 eMBB k55 ¥4 ] LURTARA B8 1 B AL, A
TARAEI IR T R A BB ML S A 2 a0 R

EX 4 FREIELRAREILE] R ML Bl
55T T B K L AR, I B s AR
PAMm I FEEIR R G, BN AL X TR - >
AL, BEALEN K HHZERT LA R A

a(t) =rt

fx) =1-(1 -a) i) [Lﬁ =LA ]

il
9)
HrAa=AL/r k= x/L7.
A, ~ (e, ,f.) F5 URLLC .55 I BEHL S5 it
%o, (1) = ro, ARG 2 BE 1, AT UGS URLLC Ak
%5 IS A



%5 M 15 A 4145 . URLLC Mb 554 3R Bisf SiE 24 510 % % U5 T B8 A9 40 M S5 9T 101
P{Du(t) Bi} </ (x) (10) ﬁéﬁ%. ME 4 EPﬂL‘Jﬁ&,Bﬁ%%??JE?ﬁ%FK@JE‘J
nR W, URLLC M 55 B AE 38 iof Z0E £ 5 i . >4 9% YR

# URLLC B4l v 25 2 i) e KEFAE SR d, ok
55 AT B R KRB e, WA
PiD, (1) =d,| <f,(nRd,) = ¢, (11)
M RGOS AR 4 E I, fRIE URLLC k55
MR AT 249 SR fre /N R T R o B R

S Ce))
M in = Rd

4 eMBB & 4EREIR KT

MARG A G HE eMBB Ol 55 FH I 4K
P B 1 W] 1 eMBB s 0 A IR HE 3 A7 5y

P{n.(=% =0 (13)

(12)

I
P{D. (1) =d, | <f.(Rd,) (14)
{15 eMBB BHE LA B L, , DIAAS I B BA | o
A, BERLRIAIIEZ A, ~ (a, f.) o, (1) =71
MRS URLLC M55 190 84 B2 JR BT, eMBB Ml 55
(A SE R AT FEUR R EOR 9 R 4808CA (1 - ) R, AL,
MR HE 53 A 1) 284
PiD.(1)=d } <f.((1-7)Rd,) (15)

5 HETEERRSN

7% 56 MR ELE R e R
FIER 73 1Y JC 4 A% i 7 Y9 3 32 0 20 Mbit/s. 454
URLLC M55 11 eMBB MV 45 AY4FAE" 2 i %8 URLLC
Al S BHRAT K BE R 32 B, WA SEZ9 3 A (1 ms,
1077) ,eMBB Ml 55 (9 EUH K 220 0.5 MB, Bl 1
FIRFEN 2 pkt/s.

K4 251 T [ URLLC 45 BE a2k % A,
Sk 100 pkt/s B, AS[R] B8 P8 T ER L BT 14 AE 238 B 4B 4

10°

—a—p=0.01
——n=0.02
107+ ——1=0.03
N —a—p=0.037
iy
= 102t
£
R
& 107
=
j==1
10—4 -
] 075 L 1 1 1
0 1 2 3 4 5 6

I 4 /ms
El 4 URLLC k55 AT 4E 245

B AR 5 3. 7% B, URLLC Ml 45 55 9 4 I %iE 8 ot
1 ms BHEFA L 1077, 3 2 A R i 28 2 5, /)
FEMLELE N, RGO LB A /NF 3. 7% .

K5 g5 T Bl & ASTR] ) 5% 5 5 BY L B3]
X} eMBB I 55 B AR ] SiE 73 A1 (1) 5% 0. AR 5 AT
DI B2 58 U530 B EL A5 A9 35 0, e MBB Al 55 1) Bisf
FESARR. AHJEH T eMBB L 55 B A B K,
MGEUR TR LU AT AR X /N, eMBB Al 55 114 B 428 ST
FHAB . 24 URLLC M55 () 215k 5838 KR, /)
BEURTEA L S M. #1441 T URLLC
v S5 AN TR B IR 2 AL E T, BRI T A EL A3

10°

—s— 7]:0.0]
——n=0.02
——1=0.03
—a—n=0.037

BS 10

P

3

&

<

=107

10—'5 1 1 1 L
0 200 400 600 800 1000 1200

[} 4iE/ms
K5 eMBB M55 SR 1) 38 43 A

Bifi 5 0 B4 265 URLLC Ml 55 1% %% U5 1 38 i, eMBB
Al 55 ATl FH R BE IR D | Y A ] L A
RESI I L. B 6 4 T 1 a8 IR Ll
XiF I Y eMBB 55 ML SR I ZE 3 A . A& 6 HhaT )
i, Yy, BUNEE E GRS g,
12. 7% B4 K3 19% DL K 32. 5% I, BEZR I} 3 4345 iy
LWEARK. I, 4 g, N 12.7% B}, eMBB .55
B AL FE 8 3 1 000 ms BYHER AR KT 107224
Noin N 32. 5% B, eMBB i 55 %408 45 B 4E 2 1 000
ms AUHEZREER 107,

x1 HEMBTH

A/ (pktes™) Min” %
100 3.7
200 4.25
1000 6.4
5000 12.7
10 000 19
20 000 32.5




102 db & WR HBOK % % R

%4k

10°
—=—1,.=0.0370
——1,.=0.0425
——1,.=0.0640
B 101k —e—n_,=0.1270
2 ——17,.=0.1900
NS —1,,=03250
R
5
=107
1073 . v v
0 500 1000 1500 2 000 2 500
I %iE/ms

6 21 XA eMBB Ml 55 AU HE R i 4iE 531

6 ZERIE

eMBB Ml %5 5 URLLC k55 78 & 48 A7 2 R
K56 HfE ARG MR S BT PR 55 9 A B
FEPEARTR] R 55 0T dt B RN [R] ALk I 45 114 iR 554
PEERH TP, BEUR R AR S — PP oy %2, Ho
JIT 0 B i e YR TR LU 49 T b AT A B B, A e
T b OR B R 280 55 I IR 55 o i R 2. S TR
B2 B 4087, FI 2 T eMBB 5 URLLC Ml 4552 1
)38 AR Y #5136 2 URLLC b 55 HIE 3R i 48 24 o
P GEIRTIEA LB 3, o B T SR IR TS R eM-
BB &k gt RE . BRI 4s R W, 24 URLLC
Al 55 HECE A 2 B B R TR AR, eMBB AL 55
I IEVERE 2 B E00Ak. BFoT 4 o RS B
Ty Eo AR AL T B AKHE , TR TIURA T AR E , RBAS
FETH & URLLC Mk 45 IR 55 ot i SR UE R SR AT HE T 4%
X eMBB b 5514 i 1) 451 2K [ 2 fefIX.

B 3K

[1] R&rHg, #RZamk, X3, 5G URLLC ARl Sef AR K
Mg BB [ 1], Bahidfs, 2017 (17): 28-33.
Zhu Hongmei, Lin Yilin, Liu Jie. Research on URLLC
standard, key technique and network architecture for 5G
[J]. Mobile Communications, 2017(17) ; 28-33.

[2] M. 5G 23R URLLC i 55 (50 52 i 144
HR[T]. RLEHFHL, 2018(10) : 20-22.

Wen Pingping. Data duplication technique supporting
URLLC service in 5G network [ J]. Wireless Internet
Technology, 2018(10) ; 20-22.

[3] 3GPP R1-167127. Frame structure considerations for
URLLC[R]. [S.L ]: Intel Corporation, 2016.

[4] 3GPP R1-1608957. URLLC and eMBB frame structure
and multiplexing[ R]. [S. L. ]: ZTE Microelectronics,
2016.

[5] 3GPP R1-1611222. DL URLLC multiplexing considera-
tions[ R]. [S.L ]: Huawei HiSilicon, 2016.

(6]

(7]

(8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]
[19]

[20]

3GPP R1-1704215. On pre-emption indication for DL
multiplexing of URLLC and eMBB[ R]. [S.1. ] : Huawei
HiSilicon, 2017.
3GPP RI1-166398.
assumptions [ R ].
2016.
3GPP R1-1609057. Evaluation results of eMBB with
HARQ retransmission in case of multiplexing eMBB and
URLLC[R]. [S.1.]: Samsung, 2016.

Abreu R, Berardinelli G, Jacobsen T, et al. A blind
retransmission scheme for rltra-reliable and low latency
communications| C] /2018 IEEE 87" Vehicular Technol-
ogy Conference. Porto: IEEE, 2018. 1-5.

Singh B, Tirkkonen O, Li Z, et al. Interference coordi-

URLLC
[S. 1.]: Qualcomm Incorporated,

system level simulation

nation in rltra-reliable and low latency communication
networks| C ] //2018 European Conference on Networks
and Communications. Slovenia; IEEE,
2018 ; 251-255.

Jehad M, Hamamereh, Ertugrul Basar, et al. OFDM-
subcarrier index selection for enhancing security and
reliability of 5G URLLC services [ J]. TEEE Access,
2017(5) : 25863-25875.

Jacobsen Thomas, Abreu Renato, Berardinelli Gilberto,

Ljubljana,

et al. System level analysis of uplink grant-free transmis-
sion for URLLC [ C ] // 2017 IEEE Globecom Work-
shops. Singapore: IEEE, 2017 1-6.

Pocovi G, Pedersen K I, Mogensen P. Joint link adap-
tation and scheduling for 5G ultra-reliable low-latency
communications[ J|. IEEE Access, 2018 (6): 28912-
28922.

Zhang Yan, Jiang Yuming. Performance of data trans-
mission over a Gaussian channel with dispersion[ C ] //
2012 International Symposium on Wireless Communica-
tion Systems. Paris, France: IEEE, 2012, 721-725.
Fu Songwei, Zhang Yan, Ceriotti Matteo, et al. Model-
ing packet loss rate of IEEE 802. 15. 4 links in diverse
environmental conditions [ C ] // 2018 TEEE Wireless
Communications and Networking Conference. Barcelo-
na, Spain: IEEE, 2018 1-6.

Cruz R L. A calculus for network delay: part I: network
elements in isolation and part II; network analysis [ J].
IEEE Transactions on Information Theory, 1991, 37
(1) 114-141.

Boudec J-Y Le, Thiran P. Network calculus; atheory of
deterministic queuing systems for the internet[ M]. Ber-
lin Heidelberg: Springer, 2001 1-274.

Jiang Y, Liu Y. Stochastic network calculus[ M]. Lon-
don: Springer-Verlag, 2008 1-207.

3GPP R1-1611222. DL URLLC multiplexing considera-
tions[ R]. [S.1. ]: Huawei HiSilicon, 2016.

3GPP R1-167127. Frame structure considerations for
URLLC[R]. [S.1. ]: Intel Corporation, 2016.



