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standard (3GPP R17-18), and less attention is paid to the anti-interference strategy of URLLC-OFDM multicarrier
transmission due to its operation in the licensed frequency band. In the future, unlicensed frequency bands will host
most heterogeneous multi-QoS services for IIoT, resulting in complex wireless communication links. The stringent re-
quirements of high reliability and low latency for IIoT information transmission can not be fully met by the existing
URLLC-OFDM waveforms. Firstly, the more robust Sub-FH technique was applied to OFDMA based on subcarrier-
configurable OFDMA (i.e., Sub-FH/OFDMA) to improve the signal transmission reliability. Additionally, the Sub-FH/
OFDMA waveforms were incorporated into a scheduling strategy with mini-slots as the basic unit. Hamming coding
+ mini-slot hopping HARQ were utilized by this scheduling strategy to effectively reduce the amount of retransmis-
sions, which aim to enhance the real-time transmission among IIoT nodes. The theoretical relationship between BER/
BLER and transmission delay was derived and compromises were made. Simulation results demonstrate that the
scheme can ensure stable transmission quality of I[loT nodes despite external electromagnetic interference and internal
multi-user interference, achieving a transmission delay of milliseconds when the target BLER is 10™. A feasible solu-

tion for the future practical application of BSG/6G communication in complex IIoT scenarios is provided through the

BERS 2024 4% 10 8

cross-layer design of waveform design and MAC slot scheduling in this paper.

Key words: B5G/6G, IIoT, URLLC, mini-slot, Sub-FH/OFDMA, HARQ
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URLLC 1E ¥ 5G/B5G BRI R BERFAEZ —
B AE A I ZE . P RE I R R SR A Rk Hh
AT, w2 T B M (industrial Internet of
things, IloT) FRALSEKHIE(E CHF, fH1S1E 0T
Yy N S Gt SR £ ELE L B A e R Re s
i, BEHESD Tk A = A B s fe
b U, Bt SR SR T B R v g R
2% . ZR4% B & (quality of service, QoS)
LR T2 28, e A T T S 4R AT 2K AT
T, IoT 845 4H M H A & PR AT AME UL A
Wrim s, £ 57 26 B U3 RIIE ToT URLLC (1)
HZIbR AR 2 B URLLC I B AR Bb 2 — .

Hl, %% IloT #1 URLLCE@/E I it &
fift 7 RERFA, KRBT M #rmigs M it
Y ARSI BT R WG KNS
VIR SRR . STHR[S-7] 10 17 22 A0 IR 25 ot 2
3K, SRR TIRFE 5 2 W 25 U1 550 53 T SR
NI 288 J2 £ R A6 280 5 UL S H0U% X 8% ) i ] A
s SCHRISTER AT A AR EEAZIE, KAV
P Z 4% (multi-connectivity, MC) AR XA

jilll

fREK: (finite block length, FBL) &% 2 H
W AR AR, AR A A BT A
FRACAL ;s SCHBRIOTET X To /N IX R HAR 22 i N\ 2 fi H
(cell-free massive MIMO)  F AR H {1 Tl g i 77 5
St — S AU SRR RO NS, DASEIE
P R g KA SR L3 R 2 ) BT B B — 4
ARBEFT, R AR e 1] e B gt T A4k, #H
Ko BRBREREG AT REAE N4, &
RO RIEHICSS T AN L 37 AL 5% 5 5K
R T I SR R A5 1O,

AR T 58 URLLC 5 5 S i gs M e &
weit, SRAF TSI AT EE AR SE R R B A
JRIZTT 5, HR1%T7 ot BN ATI B B kAT T
Ak, BEA 2 1 G B 2 A AL 61 T B 2 ) it )
2 PIRSCHRR K, AR TR B A TR B Y
MoT KLIEE Y R, WA fER M iit. LT
I B 2 A AL A1) 55 5 25 B A i 7 R
i, SOk A 5G URLLC @S 4k, B 7L
HoT 5 2% TN 19 w2 A F vy P SR AR A2 3815

IEXE 52 H (orthogonal frequency-division
multiplexing, OFDM) PV 5G ¥ 3 2 3 A (5 5
A TT 58 o ZBORTE ol B AR 0 RN, RE
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ORI 55 i ) A 1% ) FH 232 ML 1) 40 2 12 e
FESLPR HoT 5t T, 444t 5G OFDMA 1£ i 77 %
W A ARSI B 22 W B M i 2 s TR 2
TSN R LG4, 2 BGH 20 € URLLC .
% (W) BERIERA, BRAELGT
OFDMA 1% 77 2 EEAT ik, LPLIR & LoT il
5t T he A Ay S, B (frequency
hopping, FH) 7 A i AL 4% 645 5 1 4 it 1
PES, SCBLRR KBt Re, EEFHAR
FH 3@ (5 A A i m T Rk, AR R
HoT 5 &, AT 5G #5 #E 7] i & OFDMA i
ik, 42 ¥ FH it & 2] OFDMA 1 # %
(Sub-FH/OFDMA), {EANXAE 5G R il 7 $2 T 42
T+ B5G 1oT 3815 W 45 (1 4% fa vl 5E 14 .

FECA I FH/OFDM REEHTE 5, AXH &AL
THAMER RIS R IET:, R & ZHA 5 B
FEAR R Rl G, DL IR RA R HI AL . &%
URLLC ¥ 5t K, 36 = AREEE TR (3rd
Generation Partnership Project, 3GPP ) Release
15 4% A 32 B0 B (minisslot) 45 #9185
4G-LTE g #E v DL -7~ il oy JE A B2 5 70 1 7
Mt 45 9 AH L, 5G NR BLUKE 5 /N (1) 3 B B A
URLLC V. 5% (1) 5 A< U B2 5 o, Al oK PR FEE 4 4
i3 T T [
TTD . T 7E HoT AL 15 BEE &/, R
R R DB, {8 H mini-slot i 25 14 1%
i T B 4 MO I % 2R B0 R S, SCHR 18] 7E
Sub-FH/OFDMA 15 ‘5 2 fifi I, 1% i1 mini-slot M
it g ARG B3 EAATE R (hybrid automatic
repeat request, HARQ) ML, DL SZHL & X0} £ 8
5 R AT SEVE I AR A R . N T R
%0 i b5 AT A6 20 B, SCHR[18JHARQ AL i 3K
FH A 4 B A 22 ) S 4 S A O 2, (AR
g 1% 77 2 AN A% 7 SR RE3E A T A PR H I i
JERIF TR R, ARSCNBE T B A B R R
JE ¥ 2 M1 FE 44 7 Sub-FH/OFDMA 3% JF . mini-

(transmission time interval,

slot Z2 14 1 HARQ HL| (1 %5, B 7 5 4 Tt
HoT B fy 1] FE 14 1) 75 3K T $2 ALK B B e 15

LR, AXFEMHANFENT. ¥k,
£ 5G A B B OFDMA % JE 14 8 755 5 2% 11 Sub-
FH/OFDMA &4t AL, % HoAs 5 ab 3 5 FE 3k AT
HET o 25, R AR T 0T BRFN I B 4 A 1) =
fEHLH], I 5 Sub-FH/OFDMA 3 T filt & & Jik —
5 2 URLLC A4 77 %8, TRUER AT 90T 1oT
WG R E ST MR, RTEBENE
SR P B HE S DR R BRI HARQ AL
45, R LR B R T A R R AR, 15 3
R AT S (BRI R TN %) 5 HAL RH (FE A%
R Z M X R. mEHES LY,
M T 1548 5G OFDMA #4675, AL
URLLC 5 £ B HBEREMWPLTIEE S, HRIEY
W IO 25 9 m 3 M — B AR o s o T B
[E1) o Gl B B b A 5 ) RVEIC S, Wl R 2
PO 25 i i 4E 75 3R o B8 BT $E PHY&MAC 5 )2
W ALH T RAE R Z HoT 750 T A Bk

1 REGHRE

1.1 Sub-FH/OFDMA {5 S {&#it&EH!

FE T (1) TG 20d A5 1, K Fl OFDM
S ENEANE S R E. OFDM it K
e R 50 B2 A T 8 I RIS A, T
AL v P S £ i T RS e 1) A 3 VR
o BRTM, HoT KT KIEANE 2 QoS 41
SR IR R, TSN OFDM {5 5 Y &5
ATHB, BERIRHAR R S EI M. i
SR A % TP A DX B 85 r A e ) R E M, AR
¥ 715 FHE R 5 OFDM £ AR fib &, K Sub-
FH/OFDMA 15 S AE A2 B AAE 5 6] 5 %,
Sub-FH/OFDMA #4t8anE 1 Fos. N T,
KHES ) i3t hIAHFE 442 (binary phase shift key-
ing, BPSK) HIFFSHR LA R IME ST S (addi-
tive white Gaussian noise, AWGN) {5i&.
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L% e g 23 AWGN 538 5, EEeE, N, /NP
= N ‘\ .
o ) \msm([) BB 5T RR A
2 Ll BPSK %) X X N, N, Nf_ 1
0 0=YsP00=33
: e r(t)= s+ v(t) =
4Q4 : xgy?ﬁﬁgﬁ k=1 k=177 i=0
|| BN 1 V2P AP T o GT ) ey (2D
() Rkupmin Horp, v mE AR, XL IR TN
gj‘éﬁé#fﬂy% No/2. VWH P 1HE i =00 2 W s dE = %,
o(0) =N Sy X S SN Ly =
BT 15V 2 U P AR A5 P P 1 RS R B,
o | A SRS 2 oL ARG 28 m S T AR 1 5 0y
? () () —j2n(f, +C([)Ofd)t
: _ﬁ@}yh%g] qm HN=r(t)e mtCm, —
A | :
qy ()
® N N ; ® e L (D
T (p) _Jzn(.fm+cm.0.fd)t _Jzn(./‘m+cm,0./‘d)t
T ; IZO V2Pd"e +u(t)e
N -

(b) R
K1 Sub-FH/OFDMA R it

BRZRGEA NATRE, KT
{EEH N, MR R, B TSR RN, A
Rt R Ao 1 TR . H RIS A A
BT o) FEm, KR p 7 A B e o AT EEAAR
GO RN IEAT T, Soob (o)) R T
A LR IR 9 P p (058 I B8 b R 1
PRI B AN T 25 BPSK i 5 15 51
WA (2P}, Hebal) -1 1y 2R & T IR
RS RA, TR S p (SRR E 5

Nl . _
sP 0= > Vap e py ity
i 1=0

(D
Holt, fi= INGRFEINTREENE A TR
W TR, TR, V2P AfE 5T
Ee, {diP )R} 4 30 9 e 55 i I 16D ) B
8 p PSS I TS bR % 0 LR 5
FH T B0 O B WL 510, AU A 91 { o) o
e {1,2, -+, Ny} BXEFASF B Lip B[R] 53 A
Pr () AR X ] [0, T — AN Bt 1 21

(3
ZJa s RS T qu(n) 8L AH 5 4% )5 15
RS T Z, -

X

1 TS /T’L
Zy= | quodi=dYV2P +
Ts 0
11

% dP\/ 2P fTs Gl o=l g
Ts 0

dr +

p=2

le
. I
J27T(C55)0—C(m).o)fdt

;fz W)
Heh, X, xS HR, F5%=0 1 214 %
SRR E S LA P AR LS S 1, W3R R
LTRSSy, RERESEm A TEEE
NAAHPFRID ZH; v, Fr RAEIE R0,
739 NN, /T, 10 i 07 11 e 75

B (4) T F0550 m AR R 5 B Z,=
X, t,tv,, BV LRSS 82y 2 ik
BB S M RS A L . E ToT 35t FAFEZ AN
PRI RAE SRR, 2 P R S BT A
VERRAGH E R 2 —, Hl A TS
TSN e o DRI O TR, AT T .

(D HHEANAPEEp AT L m A
TAEE ERR AR, B Dz, M1
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. 1
Ts JZTE(C(JZ)O - an),o)fdt
€
0

de=0, Bl 7P =0 (5)

) FHP1ISTHMHP pEEm A T(E1E
R SR, B P =cD,, M

1P=4dP\/2p (6)

S TR, BT RS XHR

A EENLR BRI A, BEAS T A Bk A S

HAEE H P 80065 1 RIE $5 R 26 AT 2 BTN pric = 1N »

AN 2 2B lE 58 PR MR S5 A pronic = 1-1/Ny,» X T 47

7€ N,/ H /7 #] Sub-FH/OFDMA £ ¥ 2 %5, 145

ASFHT L T T I R AR R T R RN

1 N,-1

i Ja R A QRS S Z, 38 N KR AR
BPSK {5 5 HJH R LIy -
I, Re{Z,}>0
0, Re{Z,}<0

1.2 BT HAIBRIEE R mLEH

FELTE ™, [HE 7 #IK ARG A 15 kHz, —A
T Min] 732 10ANF-It, - ELAEASF il P [ £
14~ OFDM 75, E — AW A 74 18024
IR FERLESH T, U R I A 1 ms, HEDL
i /& URLLC MV 2% [P B 2E 75 3K o

BRIk, 2Ry o R it 45 4] ) B 48 ) @ SG NR 5
AN T —FFR N B (mini-slot) ) 58 % i (548
4 S HRF B R (1)1 8% (A1 K% (subcarrier space,

YD)

0_

m

(8

I B A B AT a e{1,2, -, 7} N OFDM £ 5, M
INf AL W) B4k AR RRE, RN SCSBK,
OFDM 5 RF LIS (]8R /)N, RIS [RDR B8RS, 45
NEPFEICER (resource element, RE) 7E G [ i
FEGEHN, BA AR A, A5 T 0 I &
LS5, K mini-slot t./F 24 5G URLLC Mk 55
R A 1 B A7 200, 5GNR N 5 S I 45
W 2 firas, BN B OR A FE 25 1> OFDM
FF 5 2L RGBS /AR S RO AT R FE TR Ik B s
PLE AT N B 40 2R H] SCS=30 kHz H.a =2
I, SEAS U B e RR SIS 14N 0.036 ms, iz /)
T URLLC ML X B AE 2 SR TR 3K

[, SGNRIINTEAE Gself-contained '
IR BT, RIEE 2 ot 25 44 o ) — A st R i 5
# (Cycle) W, ATLARINELE BAT. FATRASR
T LTS o T OSBRI AR A B 3 P,
LI BRBCE A W% B N 2 AN B, B 6 5t AT
HARALS IR B Cuplink mini-slot) A9 5% R 47
Mk B (downlink mini-slot) o 2% F& T MV 5k 4
HOEAS SR N, ARSCRAR 70 0T (time di-
vision duplexing, TDD) ¥ 2% 4 Bff 5t & T~ fl vt
FRICHEE SR o B3 o fE — > EAT IS AR
RAK i £E 55 n A IS G B S b R I8 R R &
e U S A [R]— A I B G R S [l 4% ACKY
NACK 5t # K ik um e s ACK, AT —4
Cycle TZZIRIEEIRH b+ 2 H5 RIS v 3
NACK, HPFE R — Cycle H i I A% i £ 4 B k&,
HEZEE, BIRFPERE ACKAE 5 HE L

scs) ", B 2x15kHz u=0,1,2,3,4. — N WHCE IR N. ARECLTE dhfE e 28 Oigs s,
A
i
B T4 i
§ KRR i
I
SCS=30 kHz #1 2| | ow | ows | oae | owr || Rl s | w0
111
| | | | | | 1 1 | 1 >
0 1 2 3 4 5 6 7 3 9 10 pipzg|

K2 5G NR RG-S Rl KR 25 4
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I B R B2 S AW M A R O BC L, TS
BUSE PR B RSO N, B A B R L
o NITERIR, NP N AT URLLC 4467
SRR 3 iR IS B 45 4 o

<—Cycle Cycle n+1—l>| <+Cycle n+2

| e

Le |& |'jr‘ 3
22 %§ 22 SZTg o STg ] et
Q;é S S Qé <2 8% 22 Di{ﬁé‘v
S0 F T E T e

K3 BTN B LR

2 FRW

2.1 ETHETBEAY Sub-FH/OFDMARE &% it

REE M. LB 1R TE, Sub-
FH/OFDMA {5 & 4t 1 NAS TAEE X LT Ny
ANAREZEFH, BN S N AR
& ESR AR £ 15 B 47 Cycle n NI A3 5E
WA p s, HP p B 518 & P 7T
FoRA:

= {cl,cz,---,c,yf.} D)

cl: [ CEI;), %)+I’C§€)+27 :l (10)

Hob, R p AETARTE T BB 51 ;
) FRAE TR, P p AE TS IE 1L BT
B, XFARREM Lip, ) HIT AL FLAE[0, Nj-1]
WIEISIF I3 Ao 1B 3 FRARRAS TR I8 19 T BB,
S H I BY 51 ¢, AT RS, TR TE

i T R N AR B £ TR, T
M K BT R URLLC & 5o g [ g6 g iy B PH 8 Ny AU DR £ 1 80, WIAE 1 10 21
- M2 \ ‘ ERL DHF 52 B ot s
Sub-FH/OFDMA [{145 2, A5 M5 77 22 [ F P p £ B8 1 B0 R ) S s AR - 8080
BN S
WA TR . TR0 B FIUOFDMA % 1
iy P _ (p) _
GiIE AR S A I B 4 T, e e B A = ti= (INy+c)) fa=fi+ A (an
21 FH/IOFDMA %5, A7/ FAT MBI AR 3k, fi=IN, fuom 5 I TR E — A T80
R L i+1 th
4 #4% le—— FH/OFDMA ——»] - R
puae prafet o FEBETRIE g v
f ' e
€, ), g
/i
s e, ), o g
0. =
fr—» &
%&g
-fv—l
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c® c® c({,‘,‘ o |
NyLitl N2 ,x/4\|‘_1+3 NyLivt
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Sn Ao Bt L A4 N

4 FEF M BRI Sub-FH/OFDMA [# s 351 %% U5 23 A
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TAEMIER, Af=cl) fu 3mSR S o) ¥ i
A . X TARM P p, BT HIEE F T
B AN A A A 3 AR R A ST HL S A T 43
o NITHERR, AIE L “HIEHR” H—M
I R N AR AL s, SR 2R m T LA .

SR FH IS B2 1 B2 45 44 5 FH/OFDMA 15 5 1)
CPBeA B, @MY B S EM, WHEN T
NI T s O H B N AR Bk
B, 92 F P DA B 2 2 Tl R 5
TS, A RERTHE M RG] S, @il
I R BE 2 AL, SIS B A R A S A b R AT
L R, B B R AR I AL, N R G AE
M.
22 ETFXNRARBEMHMKRAESREEER
BE

EE R T T, TLRIBAS SO 5 = AL L
il 52 0T H A I B ALy vl SE R 0 A OB, [
gh, ARATTESE 20 WM B, Wb — R EF

mini-slot M B mIS R S EA T R. BEH
B AL 1 SR AL B T AT 4l 4% (FEC) Al H
B E AL R (ARQ) 454 I B 3 42 11l L 22,
HARQ F= AKX T/ i U5 42 1] (medium access
control, MAC) ZWri, Bt 5] N b5 Fl & £
SN, I g B A R SRR U6 AN 2 AL B, £E
R AR R R I S I A, AT 4R s
gl S

B b Ak I A A LS o, AR
7.5 mini-slot [F 7R £ H A& AL o 1) 24 65 A A%
ML, Sub-FH/OFDMA {55 T % T mini-slot f17X
A 4w ) HARQ ML S5 AE  ( HATHR AL W
KISHTR. AT a8, ASCR A S (n,
k) R4 45 5 ARQ 19 HARQP o 36 i b K 445 37t
IS (n, k) DA S CELS o RL(n, k)=(7,4) 41D
&, B OFDM 54 8 n A b Re % 24 208
¥, I 24 OFDM 5 (a =2 MRIERD 4k
Kl P Data KHHAT FATA6H, Hob, Fakgie

S BB ()
A bita bit Sub-FH/OFDMA %7,—
— |
SR N
[,
N NNNNNN §§§ ) E—
et
Lﬁﬁﬁ%%%ﬁ%ﬂK&/iffJ}/”/// NANAN
4iE
| | —— |
% 5] el
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b AR IS H K NN
4 bit—7 bit 17 Q\\QQ\\Q ::\\ ::\\\
~ NANNAN %
NN NN o 5 R A
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K5  Sub-FH/OFDMA {555 N 3&F mini-slot f17 B 4 5 (1 HARQ ML 5 A2 (AT Bdi L4
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AR TR SEBR D EAT S AR . 2 BRI AR
326 iy T A B AR FE R AE, #EYu  # Data K
Ja . SeHAT IR LRSS, AR R, TITE
[ — AN B Y ) D-mini-slot 7N NACK, %3k
Kok EAL s MREmICEINACK 5, WTE R —
MBS BR A U-mini-slot 7 55 37 /& 1% Data i, & 1%
AR, B RKEu S ACKAE 5 BUE A& I EL
EE| LR N,

3 IRRR-BRFEMEERRIT

1A% (bit error rate, BER) & — M &1l
(YD EE 2 W] SE I 1) B B8R, AT R AL 77
W K MAC JZ 1 B2 U B SN BRI, R FH AR
B (block error rate, BLER) 1F N1Z &R G fE
AT SETEAE AR B R SWOZ R G A AT SE
AR R B 2 T SE o i 7 %8, WL Z
L TR oz R G R AE R g 2, @i i
AR U G B DL S AR U7 AAHE T MAC B AT SE 4R

ATEEMERIR R

EFX @~ ®, ELSEHRD T
WA 45 1 HY Sub-FH/OFDMA 1% i 5 %8 75 Wit
BREE A R B R AR SR I 2 B Py, o F R
Pl 3 F L 5 Pl 7 (R G BT &8 g o Ik 950 10 2 0
FEHLE], A B — > mini-slot i a €{1,2,---, 7} 1
OFDM 5 ¥ e,  H— 5 & LR 8 3 (n, k) 1L
B 4 09 05, n BURE B0 G T AR/ OE AR R N
OFDM JAT I NS FAEIE R (N2n), N—N4L
PN AFTE a(n-k)Ar FERERZ I A7, T2 4040 R
DAL IR

Py :{:(1 _Pbmini—s]ot )n+k(1 _Pbminifslot )n_lpbminislot:|

a2
A GHHEIALEE nyg ARSI, FMERON -
Ny -1
P”th:(l_PSUC) Psuc (13)

Forr, — /N e g A& mT AR S SEE ak LURR
H % H FH/OFDM £ 5 N AT 4 IE— {7 #51% . I

b BLER. < J5 MR ¥ & K o vF EAL 5 1% AR R E N IR EAL T, Z A AL Ty i Th R
HRPECR, @ EAANZE (EARED S5%&4H ik
N N n n-1 a "
Py=> P,=1-(1-Py) =1- l—[O—P%MIJ +kO—P%MﬂJ P%MWJ (14)
m—1

WRZ B GAE N IREALSF AT NIRRT IR -

PpLgr=1-Py (15

i BE S D 2 oy H s (A S 4

FR), JUETHE URLLC J7 S0 i i S AL 0] AR
A

N=log(, . (1-P))| (16)

Horp, [ 3R T HUCEE
XT3 BRI A IR A #4, — 1> mini-slot [
TTUA Tini-siorr  ABIE N IR EAL 5 AL RN SE «
Tn=2NT wini - slot a7n
HH, Toini-sor B SCS 1 BC & A1 mini-slot P
OFDM 5 Mk €, a3 1.2 5 prid

B (17) RIAT, AR 4E b A 5 4.
PERR, RICASCR B AL RBUE N Z R G
e AEFE AR, FEHR IR PR 1% RS R
AR AR . 2 EEd X (5 f e, Wl
FENLASCHTHE URLLC J7 R Rl etk (i
) HEMARE (EERED Wb R,

4 {nESH

41 HEGRE5SHEE

N T SR L AR B AR SC TR URLLC 5 R
RARH, A0 ZN R 55 S 80 B ik
T B ® OFDM 75 SCS M 120 kHz. A AT
A FE SR SR FH A4 52 U 9 OFDM 775 4 L a =2
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HNB, HEIR — A mini-slot 45 ¥ 5 a =2
OFDM 5, HLIN Bt il 52 Ja S 15 B o 2 /Mt Bt
Bl —> D-mini-slot f1 —“ U-mini-slot. [F®, ¥
P A% G2 7 ot 25 ¥ N B A B BT il SR a =7 %
7o HARQ HEME R (n, k)=(7,4) A 4 i 15 2545 X
ARQ HEAE o N T /R i RGBT S vl
FH LB, URLLC W 48 40 ¥ B — MEF
b (signal-jamming ratio, SJR) A0 FIFUIR T4
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