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Abstract: The industrial internet of things (IloT) has great potential in achieving automation and intelligent production.
However, existing networks struggle to meet the low-latency and high-reliability communication requirements in indus-
trial control scenarios. Motivated by this fact, the power allocation problem of superimposed pilot (SP) for downlink
short-packet transmission in IloT was studied and a lower bound for achievable transmission rates with imperfect channel
state information and maximum ratio transmission was derived. Furthermore, the downlink weighted sumrate maximiza-
tion problem was formulated and transformed into a geometric programming problem aiming to optimize pilot and data
power allocation via successive convex approximation method. Simulation results demonstrate the superiority of the pro-
posed power optimization scheme of SP in short-packet transmission.

Key words: IIoT, superimposed pilot, short-packet transmission, power allocation

WisHEA: 2023-06-25; fEEIEHH: 2024-06-15

BIE1EE: BV, zhaoht@njupt.edu.cn

BEEWH: HXARFFREREFFEEEIHE (No. 62201285); L34 HITH5 HARFERETT L BB H  (No. BK20212001) 5
e E L E RS EIH  (No. 2022M722669); FF4EAATE2 TR (No. 2022QNRC001)

Foundation Items: The National Natural Science Foundation of China (NSFC) Young Scientists Fund (No. 62201285), The Natural
Science Foundation Frontier Leading Technology Basic Research Project of Jiangsu (No. BK20212001), China Postdoctoral Science
Foundation (No. 2022M722669), Young Elite Scientists Sponsorship Program by CAST (No. 2022QNRC001)



% 23] SOCHSE T 1A TR 7 5t M AT R AR R I AR <17 -

0 515

Tok4.08l R T —RIRGHTEA, &
B e HE R H L 5 TR (10T, industrial in-
ternet of things) £ ME—kD, A% H B gl |
N B A TG RGN, Tk 4.0 ) ToT /] LA
I AT R RIES S H R 40 SEf A
R L] BIPATER . HBhHLEE ARPLEE> . R,
Bae L) R GZEENAE G L, DRt
AL A% R 35 A SR A ) B At Bt A o S 2R T
I B R AR T 1077, 5 B3 ZE /N T 1 mst,
(Rl & m] SR ZE3@ {5 (URLLC, ultra reliable
low latency communication) 1] P X £ Tk 755 Y
R SCRE, DL 2 Tk 4.0 7K.

N T SEBL VBRI b ) URLLC,  BF 52N
e TRk 5. i, SCER[S1E ST T HoT
IR 28 HH {5 T il TR B 6 URLLC P9 5% 4% i 14 6 FN 78
HEVE R . SCER[6]1T 18 T — N3 T URLLC 1)
TATEE R KM Z WA Z 4 H (MIMO, multiple-
input multiple-output) % %t 1) 7% i 43 e v /8,  HEF
7 AR R R AR R R FIEIRAS(EE (CSI, channel
state information) "~ IEHATE A TR . STHR[ 714
FT R BE L] S FF URLLC ) _EAT 08 5 KM A
MIMO Z Gt G5 Be il 7, HEF H T AR fnd A
AE5E 3 CSI MW FHIE AR IR X LLH 508 1
FEZETHEMFTH (RP, regular pilot) 15 1B A
7. WTRT RPIEEM T, SHEE 5%
PEAE— MmN AT S . B T ET
RP 77640, BT SIS I8 il v 10 45 S 3
4l (SP, superimposed pilot) 7%, T SP HIf5E
AT AR AE 3% g [F) B Ak SR 75 515, ARG
FIH e om i 2 E S AT B BT, SP TRk
BRI L AT B, PR B YR A R e

SP JiiAE MIMO R G EE M iHh oy — 1
WEFEI, SCHR[10]HE R 1 5 T SP I A7 B 6 A%
MMM FRIEN, IS RP IRk kAT
TR SCHR[1115 I8 T EAT AR S B A 1 455 %k
KT RGP RSO SCER12]0F 5 1 1 bit 5
B ¥R BRAEBE T SP M) AT R EUEE MIMO R4t 11
RIFHAT St LA ESCHERFEEEOGE FATEERR, BT BAT
ST AT RS TR MAL, R R AT EE R
HSP IR AN . FEX SO, K

1R FI A Be A TSR IFAL . AR SCHR[13]75 18
AT HEEES AR AT RE BRI AE BRGSO
B MIMO H i) RP Al SP#EAT 1 BB 7. SR, =
ATURNEG 4 S AR 5] R A0 I 1% A [ — M TE L
Ko FECRIZ BT, AT FRARAR T8 Al i R
Mo N TRRVGXAN M, 75 2% R & H# A il
ASURNHCHE 2 TR B D 2R, DT e R PR 2 b 4 v 13 T Al
T & .

N T BAREE TP S s, AR T KR
BEMIMO (1) SP TAEH, — A H A TSt 51E &
) Ja R DR i, AR, i B
J )AL ) e 2 TR 1 AT B 1 B AR A,
KRR ZEARATTVEA TR AR . SCHR[15]7E SP AL
R JUA K] (GP, geometric programming) It
7 EAT KL MIMO 2 48 H &4 FH P (19 2 3 41
Bo. SCHR[16]8F 5T 7 Tolk3g e b SP R I 474k %
MAEMARERDZ IS A, FdRSCERA
FE R Tk 5 N 3T T &R SP I # 4 Iid
I 7

R, ASCHESE T HoT 75 AL S &
HSP U E AL . S HE T A% i 2 AE JE 58 35 CSI
g K A& % (MRT, maximum ratio transmission)
THIAEERP IR, SRE5E N AT AU 2 i
KA R, ABCA A SR EAR DI e, [F
W B/ IMERTE R ESR MG RN R LR . T %
Al @A JE N ), AR SORE R ) U AL D GP 1A
A, I HAg AP Tk IE Ik (SCA, suc-
cessive convex approximation) "] IEAR B Ok K
fitt. B U7 EL&5 BARW], FERL AL fdh SP AR AL
TRPE, I HER T I oA 5tk i
)

1| RGHEE SARE

1.1 RGEE

FE NI 5 R, B H KA B R EHAT
FR A — AN MR R 2 g i 2 A SR /N X AT
e RS0, AP s s SR E T R IE (S
HO T A5, PRI AT AR L B T 0 2R 5 25 Uity 3
Mo TEHR Je i B A AT B8 RO E B (AT 88
P AT EAERAS) S5, Hp S ) SR & 1 A
BPAT R, ARYLAAE AT AR N e, RS
HARMEE N e, FHREI W TR, FSEMT



<18 . o W

¥k

H8%

I IR) P9 20 o AT BB R R AT AL, RIS E B
Gitk, K EATEERAR S E AN TS R T AT EE
AL S TR AY o R R SR G P8 (5 A A
I (-2 RPN L, = T,B, H A TR HdE
(FESEINTE], B RN EHR B S 1) 98, 1M L, 7] LA
oK K, kKL =L, +L,, HPL,
M EAT, LyHT T 58N PATRS S T Jefis
W2 MNEIEREELE RN ~N(08.1,) Hop%E
AGECSL 1, RN ERE N M)A B . A2 AT
AR AT B — A FEA R, g b s il 25 1) 56 0 A
PAT I RIE BT 5 R N e, W kAN PAT
WIS 5 R

h=Z§WME;+m (1)

Ko, p R RN n~N(0,0") ZRIMHE R
0y 72090 ML B I IR 75 s w, e CYRRH i
B B L, R E{|w, || = 1. s,
TR AT 160 b R AR T 47 (5 A 2 AT HE 1
1.2 {EEfhit

R AHEY, RAET BT SIS Rk
5 /N4 TR 2 (LMMSE, linear minimum mean square
error) J7VEIMHEST RPBEIAI SPAE R FAfEIE A i
1.2.1 RP#RX

5 AL R AL e K L, HEH L,
(L, e [K,L,]) M5 T S, H4mTFKidm
T, m SR ) B AT BB 2 e K AN KT
L ERSIRF. 4 g, e Co i Uhth defish] %
OYEELE S kNPT B SR, W e, = L, 3 H
@lp, = 0,0 % j, WU H o ) B AL U B A B
Zr e C" Ny

zv=> e80!+ N #)
Jo, g FOR B AT B R SR S R
ThE, N=[my, e m, PRI B 1075 56 1
n~N(0,0°1,), Y e {1, L, .

T HETE g, Fh o i A e B
AT RIS S 29 Febh g,/ [L, W HIEAT ARG B
I 2 e C'

=20 = [glg TN ()

I I

FE AT &5 17 rp S PR ) 45 06 58 BAT SIS 5
Ja R R R e /N T AR E A T TR AT
fEIEMTE, WIEIE g, /N IR ZEM TN

RP
fi= i “
qup
Fork
L
al]:p _ Qk pﬂk - (5)
qupﬁk + o

1.2.2 SPAR

rh s i 2 NPT AR BE AL G K MK N L,
PIIERZ ST H] . 2w, e C o O R4l 248 7
Be 45 28 k DN HAT S S0, W2 wiw, = L, 3 H
wiy, = 0,0/, Wb de g5 i) 4% b #6021 115 5
Z¥ e C il

Z“=i/Z&W+ENZ&f+N (6)
e, g, fllp, 4 BT AT SR B 5 B A
T, [hks, e CHIREHMAS, Kb HTEAR
W%, ANC(0,L,) 30 N =[fi,, -, i, ik
TR, Hopa ~NL(0,0° 1) Y € {1, Ly e
H TS g, T e g o B
AT GHUE S 25 bl y,/ L, W AT AR 4
ZHRIEAF " e C' A
=z = gL g+
L

ul

£ [ ” (7
4gis?l/’ + N :
i:zl Lul ‘ JL_M

TERAT 25 M) P i 2 Rk e BAT B INGE S
Jo, e ] 25 % FH LMMSE J5 #5347 15 1 il
it NWHEIE g, M f /N A 7 R ZE A5 1PN

sp
O

8= z ®)

G Ly

J
|

9 LubBi
K
qiLuBi zp[ﬂi +o’
=1

1.3 TITAIARE

KEZHAE G TR BB T H R = E
H, ZeHEEHTHRKEE T K, iR
R T 2B S GRY, AR SRR LLEE
RGN IEE R, TRRDES AR e FIHLK L, 2 8]

SP
a, =

)



% 23] SOCHSE T 1A TR 7 5t M AT R AR R I AR ©19 -

MR Bk, EARMT A 75 i SR
orECuih. ERTEH BTN, FHES KA
WNERRALX AN OG &, SCHR[22]4R ) 1 At f%
s, oy

1- 1/(1 + yk)z Q_l(s)
L, In2 (10)

R,=1b(1 +yp,)-

Hrp
’E{g?wk}‘zpk

ZMMWﬁﬁr
R kAN PAT 28 W5 T M Lk (SINR, signal-to-
interference-plus-noise ratio), Q7'( - )R~ ET Q¥
ﬁ@ﬂ=£&f&mm&@ﬁoMﬁmwwm
MK L, BEETE T KA, FATHERER B (1 +
o) XRAHMMF R R X 10)F R TR L
fRREN, N T ARUE MR E IR o 1 403 K (1) 75

TR S E B R AT E AT T
DL ¥ g b5, d F MRT J5 St AT Pl g A5,
HEF H RP A5 20T SP AR 20 SINR ) A s A AL
JRAT AT IR Z A P R R
1.3.1 RP#EX

FERPALIUT, A (11)H HH A g das i) 48 FH R m)
AT 8% k ROE RS TG A 1) 5w, 358 LR

RP

ngk _ 2%
Mep s 12
H ngk

ﬁ¢,w=/@kﬁ@¢

thF (500 R E A, R RS 54T A O
floo 9T HE R U5 T ARG I P AR T
BR, 5 SRS (1) A

2 an
‘E{gkl»lwk}‘ pit o’

_ 1) 0'(e) |2t+1 -
f0)141+t) i 0+U2/Qt>oan
SF1 fERPRIT, ] MRT Fidii 7 %,
B AT S 00 T AT TS (6 F N
k_mzﬁ(m) (14)
for, jo= L Gy
{1/}

2
)’;]l}P — - Mpquﬁk ; (15)
(ﬁkzpi +o’
i=1

9B+ g
WEBH: ZR(15)AIE B A2 L % Ao
1.3.2 SPAEX
7ESPREFR,  F(11) A A s il 28 P R 1) A
ﬁ%%kﬁiﬁﬁzﬁf%%ﬁﬁﬁzﬁﬁéﬁrﬂ%wk%ﬁzﬁﬁ(ﬂy

ngk s
ML lqkﬁk (16)
H ngk

:/H\:I:Fl’ Vi = I/(Gk A/Mﬂk)o
EH2 ESPHIT, {HH MRT g 7%,
S5 kN RAT B R AT T SEPUE SR R RS A

A 1 1
lwémzde (17)

/H\EF, j}ip =

1 5 SP h— ‘\
wlyr) "

nSP Mkakﬂlf (18)
K K

Vi
1
(szkﬂfbi +ﬁk2pi +o || g+ La)
i = ul

K
s, a=Spp +02 b =— L
Zpﬂ q[Lulﬁ[ + a

WERH: 2018 AL I L 72 WL I % B
2 SPHENTHRMINES

AT S ASL SARERE R A, SRR
iz AR ) AL N GP R, R — R T
SCA 5 iE PIEARE LR SK M -

2.1 [aEERA
A B AE SP AR I A2 A /N 3 SR AR R

P DB R B A, d A A A B Th 2 7 i
PLE KA FAT BRI 26 . A4k n) i n] DASR IR
max EUARSP (19a)

st R > R™.Vk (19b)

g+ pi < P,k (19¢)

Sp<p, (19d)

He, ¢= {qk,Vk}, p= {pk,Vk}, = {p Vi} v, &

B RAPATERBLE, R E AT 20 B/ KR
Hil, P, RPAT B AT R R R TR RS, P, 2
TATAR I R B KR . 29 (19b) 18R BEA AT



©20 o W

¥k

H8%

P I/ R R, 29 (19¢) M2 5 (19d) I 2= B
FEASAT S8 A b ez ) 258 B AR S D 2R A R o
2.2 [BIRESK R
TE OV TAE A e T IE R HLK 1) Th 2 43 B il
R, GnsCER[25-26], E I SRR AR B AL
NN, SRJE A AR EISR AR, SR, 1%
TN BN B T AR T2 4y e ]
XHL, S SR AT R, AU R,
WHED, 299 (19b) v] AT A R 56 kAN TAT 38 1) B
SINRZJH, FRIRA
. 1
(R n2)
SINGHBNAR & T = {T, Yk}, 1] 8i(19) 7] LLE
wrRAR IR

(20)

(21a)
'@ (2.} /(L)
|\ 7,
st 3F > T Yk (21b)
» |
> ) 1n2),Vk 1)
(19¢),(19d) @1d)
n H b R (2la) BT x . BT In(1+ 7,) A
/544//;+4 A R L

HABRENE. T it B bRk 21a), {8 X £k
Kok AL B AR R E(21a). MR I SCHR[7], H bRk
$(212)f I LB N

1%2 00 InT, + 5 -
(22)
0@ gy Ql(e)ﬂ
Bk, e X
~ 1 ~ A t A
0= ot o=In(l+1¢)- 1+Eln[ (23)
PR 2«/22+A22
m (1+1)? (24)
-G :2)2 - Olni

Hep, g fnoy a(23) 3], 0 e thl(24) %
B, Heoi=1", K2R (Q21a) I H 71k,
WIEHRA8RNLILQ21b), WA

max HTk* (25a)
N 2 N 2 1
s.t. szkﬂkbi+ﬁkzpi+ o qkﬁk"'La)TkS
i=1 i=1 ul
Mp.q.pi.Vk (25b)
1
T,z2——Vk 25¢
"7 A (R™In2) (25¢)
g+ pe < Pk (25d)
K
> <Py (25¢)
i=1
Hrr, pm = Yk | g %9(»«) i
- 2| " Ly !
dl

B, b RBEAZHAZLHNT, AR
H(25b) A A LI ek £, PRtk v @ X (25) 10 SR A A2
GP [0 @2, A5 ik

23 E&

@i _E A TR, AR AL i 2 2 (25b)
AR, AT A AL T DR P GP ) A
Wik T —AMEARRAL D, RGOSR T b, Vi
(f 40 BEE LA — N AT R B At K n IRi%
R B T S ISR R A HO = (¢, p Vi),
JEESINGIH 1,

Bl#1 FEFa+ 10IEA, 2T (H) =

QLB+ S pp+ o T

o of" gm
> iLapi e (214 o |
h:(H) = ( q K(n])ﬂ ) H( o ) (19(”)) (26)

il o)
He, k™, o™ R Vi, j R (27) %4
o = WLbs o DB g o)
h,-(H‘”’) J h,-(H(”)) h,-(H‘”’)
L,
h(H")=h(H") (28)
WEBA: 15225 SCRR[28] HIAIE I .

MRPE 51 H# 1 5 g, v LAE RGOSR R
Hh A5 P b, 14 5t 5 R 08 B4 0 B B T A, (H ) SR e
b, Z T4y BE, b, (H 54 e ik 22 100 2 5 5 200 R £ L
B Bl i @S TEEE n + 1 IRIEAR
Ha] LUK 2 SR (25b) e 46 il



% 23] SOCHSE T 1A TR 7 5t M AT R AR R I AR «21-

K 2 K
PiPiD 2
M E — + E ,to
“h(H) mmp

Mpquﬁ/f

BT, AR GP Jn) B2 AR ), {H ] DA
T CVX T EAMOSEK SR fif 2% B R . & 2]
LB IR K =1, RERIR &0.01, LLEYIATL
RS, REHHERQIa) BARREIE. # HFR
BRI AU AR 1R 22 A PRYE A, A CVX T H K A# 1]
BA(25), RGBSR %, THEHRE bR
PE, EE HARRBETEIRERREEA. Lk
GP Jr] 8 1) fig Wi 2 3 2 KKT  (Karush-Kuhn-
Tucker) 251, %t RP AL, R4 ) A
7 B AE R Q9) i ALl B #E 44k GP ) L, Bk
HFREAE T — A .

3 RPHERAXTRMINESE

FERP AU, 598 25 R8s AL A% o 3o 4% 24 SR
TR LY AT BRI R f KA Al A4 )
AUR] DL IR N

1
q:B + La)Tk < (29)

ul

K

pRP
rfgickzikak (30a)
s.t. R¥ > R™.Vk (30b)
g+ pe < Pu,Vk (30¢c)
K
zpi <Py (30d)
i=1

BB i T = (T Ve,
IR

] #(30) 7] DL B R

(31a)
Ql(g)/2+1/1+1 ]
Ldl Tk Tk

st 9> T Yk (31b)
R 1
P ] 31
W ke ma) Gle)
(27¢),(27d) (31d)

BB RG 1a) 1 B AR RS AR HESCHR[7],
faitk H AR EOF A KRB 1a), REHRASHRANL
W (31b), H @A

K
max H T (32a)
k=1

q.p:p: T

K 2
s.t. + 6 + 27, <
(ﬁkizfpl o’ || 9. Px L, k (32b)
MkaI\ﬁlf’Vk
1
T.=———Vk 32¢
(R In2) (32¢)
g+ p < P,k (32d)
K
zpi S Pdl (326)
=1
s, g = lge - L@ go| oo L
In2 m 1+1¢
o = ¢ _;4/224:21:’ A:T,‘(")o
/22 n 22 (1 + l)z

AR, A (32)R GP R, LB CVX
T H AT MOSEK SR fif 4 EL KR -

4 AEMK

AR SR B A5 LU0 E i B 1R e L 2
Ji AT AR R R R IER T, I3 — B 36 prR
SP UL E LML . R — AN S T
Hsy AT BEBENL > A 1) TIoT W &% . {5 1B IR A2 45 E
HBNPL, =353 +37.61gd, (dB)™, /R JE K
AFECONBME N0 TTEN BRI . KA
FRBR UL, (T RSB EBEW T PUTHEK =
10, {517 % B =02 MHz, M7 I % 3t 25 i )y
-174 dBm/Hz, fRfgEiiEMZEe =107, LR THEK
L,=Ly=100, RPEA T FAMPIKL, =10, &
ANPAT R B AR R 58 R = 1bit/(s'Hz), I
AT R IR H N P, =50 mW, P, =500 mW.
AT R TSP RP A 3T 1 7 A A% i ol 56 A A
fefig 2, I H W E T [ D2 4 i 7 RAE Rt
W, B A DRI T, BT SRR RS
EBAE N p, = AP, q, = (1 = A) P,

R, 235K R0y B R 5 (14).
KA F ST EAT T . ik = 0.01. 1ff
HAERGNTIEAECAYI A, R T AT U R
PEo BtAh, ATLLE 2 SP LN FATALE R, @it
T RP AR N AT I %

B2 3R T AT 48 AN TH R 5 g i 98 R 2R 2
2. PATEIEE D EIRKZ AR R AE 2()
ATLVE M, EFERAGEALHmHEMELT, R0
RV ST il g ) A R 2R BT 3 0 2 30 e



(/IR

¥k ¥ 8%

B2 AT S A R 5 e el 8 R Z R BT SRR DA

«2D e
40
35¢ L
fon o ]
= 30 7
i 25+
22 —sparbr| |
* SPHTHE
15- -~ RPZT| 1
o RPfiE
10 ' ' ! ! : ' : ! :
50 75 100 125 150 175 200 225 250 275 300
rhoeda il R R LA
BT R S v s il 3 R R A Y06 &R
50
45+
T 40¢
=
< 35 e
3 30F 4,,/"‘:///
$ost T :
his) e o - s, WA
- RP, URLLC
15077 ©- - SP, URLLC,A=0.1| |
§ —©—- SP, URLLC,A=0.2
‘1 L L L 1 I n n L 1
050 75 100 125 150 175 200 225 250 275 300
rh e R
(a) T AR e R A
160 T T
— = SP, W
-~ RP, Hfk
140F | ) Urite
——— RP, URLLC
S0 [ e
T
é
i
=
20 - - - - - - -
10 15 20 25 30 35 40 45 50
AT
(b) PAFTHEECE
50
45+ p— —T=====
~ 40+
5 ,
= 357 —
-1-5/3()» ) Is} o-
J;]_ o
o , . ——-SP, FR
25 o I ]
= 4 SP, fiify
RP, fify
2057 —-0—-SP, fifd,A=0.1| T
©— - SP, fifl, A=02
15 : ! ' : . ! ! ' y
80 120 160 200 240 280 320 360 400 440 480
Pk
(c) Bk

PSSP

I EET M, X RO iR T LA
RERAM T EMERE. E2ZRERGT, BDHRE
R AT CABR LA [R5 TE AR ik A, AT 3G hn 7 #2Uk
Ui NS 5 SR B A e SEME . N 2(b) T LA
SP A58 X T 0 0 A% i i 6 B PIAT # HE IR 1 T B
WM, IX 52 B A SP AR R AE AT 28 FE KGOl
THEER D FIHZANPATERI A, SR, Bk
Z ST B W R T RP A I PERE, K SP
B RP B 18] () PE AR 22 = B W K .

seAh, El2(a). Kl 2(b) R AL AL o T R A A
REIA LR T A AGER, X EF AT RBEREAIK
SRS R IR AT H2 A EIM, 160 A% AN T 2 1%
frise, WEHEHEERML. Fk, 75 TP
AT, MABERAARB LT R e A
EHERAI . M 2(a). K2(0) AT LA, R4eh
FAOHTT ST e DR BT SRR, XA
A T 2w LLAE SP A S2 (3 A i 5 s
FHOCHE RIS T4, AT = R Gt Re .

El2(c)4a it TAER 5K MK KR, Hh
Ly=Ly=LJ2, L,=L,/A4 MNE20C)/TLLEH, X
P LN, R G A Za il P i 3 itk
Fr, HPAK L BORE, KB BARTRE . XA
HNLEK, LK, FEMATHESEndgER, &
B AF R BRI S 4. S Ah, BEESLKIES N,
AR R R AR E S, KR, £
VIR LR, e G R HRAC TT DB il {3 ) ]
FEVEMAE. HHh, KL B/, SPERXT
MR E S RPN R R Z K, XRH
1 SPBLAE R LA b B AR

5 #EHRIE

ASCHEF T HoT FAT M A& Hds b SPIh %
SR . B et AR S 2R AR 58 58 CSTAI MRT
THAEE RPN RPN AT IR 2
KA TR] R, 7 3 A2 i T 28 24 SRORT 1) 28 24 R [
i, AL ARG DR e A8 R KR i)
LA R GP [, FE3 tH—FhJE T SCA J7 ik ik
RREVFRR A S5 07 45 IR T fEAT i 1 IE A
P, RUIEE AL SP AL T RP ., ER
KT AR, Wik — 045G T BN SEBR ) 5
R, BIEENERNGEE KM SRR T mT
Jrapy : 8



% 23] SOCHSE T 1A TR 7 5t M AT R AR R I AR +23 -

MR A

51 # 2
N(0,020,)Flly ~

2 L8 S ST B BE HL M) x o~

N(0.071,), ARG5S peor e

E{lx|'} =M M+ D! (33)
E{| X'y ]2} - Moo’ (34)

N1 3RAF A1) 7E RP AT 1 SINR [ ] Ak
ik, FEFEIE2 s Bt E AT

‘E 2w ’ =

MLqﬂ‘ gkzk’:

sllal{an))[- @

al
ML ,q, B,

RP
Kk, 4 a =D
MLulqiﬂi

s, XM Fie{l,- K},

K

SE{|giw[|p. - B

i=

E{aAE“gkzk }+ li GIE{|gZ’zi|2}}=

k

p.orE ‘g z|

i=1

2

a,Eq| 8| Ja.L, gk+Nﬁ

(36)

K
z aq.L,MB.p; +

i=li#k
K K
Mﬁkazzai = MB,pa;” + ﬁkzpi
i=1 =

B, Ka@3s). REe)LLEARGRARA)F
SHIAEM .

aM (M +1) gL, +

Mk B

AT AT D AE SP AL [ SINR f P 3(3%
B, TSI 2R, AR

2 2
’E{g?wk}‘ ML 1%ﬁk‘E gszH
2
(37)
ML ‘1/3‘ ”ng VaiLla + 75/{ k)H =
Mpo
VA — P .
ﬁ;{/\, 7a[*MLu1qiﬁi’ Xﬂ'ﬂ:‘le{l,"‘,K},
41

P B gz ]|

OB G Uit | G
-1 ML ,q.p,

3 onlear]-

Sa{latw}r.-

E{a,E{|gAzk| b+

K
p.
a,Eq| g quulgk_l—z T’gjs}*l//ﬁr
Jj=1 ul
2
K
E Nﬁ + Z al|gil Ja.La gt =
ul =1i#k
2
K
P = ;
2 Lijg./s,;{‘/’i+N v
j=1 ul Lu]
2
akEH/ QkLulgAHgk }"' (%)

K 2
_:z a,EH qiLulgrgi‘ +

E K K :
Yak zfgkg,sw,

2

E g['NL

JLa

aM (M + l)ﬁ;qkl’ul +

K
z aq,LaMB,p;: +

i=Li#k

K

Sa

i=1

Mﬂkpk

K K
Ep,Mﬂkﬂ,. +pMPBE+ MBo* > a, =
J=1 i=1

K
l zpkﬁkp 0 n ﬂkzpi
u i= i=1



+24 - ok MW R H 8
wE, ¥ E7). K@) A @O HF shops (GC Wkshps). Piscataway: IEEE Press, 2017: 1-7.

/%’.; iE . [14] UPADHYA K, VOROBYOV S A, VEHKAPERA M. Superim-

posed pilots are superior for mitigating pilot contamination in mas-

%%j{ﬁk sive MIMO[J]. IEEE Transactions on Signal Processing, 2017,

65(11): 2917-2932.

[1] MUNIRATHINAM S. Industry 40: industrial intemet of things (1] VERENZUELA D. BERGSTROM A, BIORNSON E. Optimal
(IIOT) [M]//Advances in Computers. Amsterdam: Elsevier, 2020: power control for superimposed pilots in uplink massive MIMO sys-
129-164. tems[C]//Proceedings of 2018 52nd Asilomar Conference on Signals,

[2] A AJITH KUMAR S, OVSTHUS K, KRISTENSEN L M. An in- Systems, and Computers. Piscataway: IEEE Press, 2018: 499-503.
dustrial perspective on wireless sensor networks: a survey of re- [16] ZHOU X G, XIAW C, ZHANG Q, et al. Power allocation of super-
quirements, protocols, and challenges[J]. IEEE Communications imposed pilots for URLLC with short-packet transmission in IloT[J].
Surveys & Tutorials, 2014, 16(3): 1391-1412. IEEE Wireless Communications Letters, 2022, 11(11): 2365-2369.

[3] POPOVSKI P, STEFANOVIC C, NIELSEN J J, et al. Wireless ac- [17] MEHANNA O, HUANG K J, GOPALAKRISHNAN B, et al. Fea-
cess in ultra-reliable low-latency communication (URLLC) [J]. sible point pursuit and successive approximation of non-convex
IEEE Transactions on Communications, 2019, 67(8): 5783-5801. QCQPs[J]. IEEE Signal Processing Letters, 2015, 22(7): 804-808.

[4] REN H, PAN C H, DENG Y S, et al. Joint power and blocklength [18] VAN CHIEN T, BIORNSON E, LARSSON E G. Joint pilot de-
optimization for URLLC in a factory automation scenario[J]. IEEE sign and uplink power allocation in multi-cell massive MIMO sys-
Transactions on Wireless Communications, 2020, 19(3): 1786-1801. tems[J]. IEEE Transactions on Wireless Communications, 2018,

[5] XIEY C,RENPY, XU DY, et al. Optimizing training and trans- 17(3): 2000-2015.
mission overheads of URLLC in industrial IoT networks[C]//Pro- [19] NGO H Q, ASHIKHMIN A, YANG H, et al. Cell-free massive
ceedings of 2020 IEEE Globecom Workshops GC Wkshps). Pisca- MIMO versus small cells[J]. IEEE Transactions on Wireless Com-
taway: IEEE Press, 2020: 1-6. munications, 2017, 16(3): 1834-1850.

[6] PENG Q H, REN H, PAN C H, et al. Resource allocation for Cell- [20] SENGIJPTA S K. Fundamentals of statistical signal processing:
free massive mimo enabled urllc downlink systems[C]//Proceed- estimation theory[J]. Technometrics, 1995, 37(4): 465-466.
ings of 2022 IEEE/CIC International Conference on Communica- [21] SHANNON C E. A mathematical theory of communication[J].
tions in China (ICCC). Piscataway: IEEE Press, 2022: 838-843. Bell Systems Technical Journal, 1948, 27(4):623-656.

[7] PENG Q H, REN H, PAN C H, et al. Resource allocation for up- [22] POLYANSKIY Y, POOR H V, VERDU S. Channel coding rate in
link cell-free massive MIMO enabled URLLC in a smart factory[J]. the finite blocklength regime[J]. IEEE Transactions on Informa-
IEEE Transactions on Communications, 2023, 71(1): 553-568. tion Theory, 2010, 56(5): 2307-2359.

[8] HOEHER P, TUFVESSON F. Channel estimation with superim- [23] INTERDONATO G, KARLSSON M, BJORNSON E, et al. Local
posed pilot sequence[C]//Proceedings of the Seamless Intercon- partial zero-forcing precoding for cell-free massive MIMO[J].
nection for Universal Services. Global Telecommunications Con- IEEE Transactions on Wireless Communications, 2020, 19(7):
ference. Piscataway: IEEE Press, 1999: 2162-2166. 4758-4774.

[91 ZHANGY, ZHAO HT, XIA W C, et al. Superimposed pilot transmis- [24] ZHANG J 'Y, BIORNSON E, MATTHAIOU M, et al. Prospective
sion in cell-free massive MIMO with non-ideal RF responses[J]. IEEE multiple antenna technologies for beyond SG[J]. IEEE Journal on
Transactions on Vehicular Technology, 2022, 71(12): 12856-12868. Selected Areas in Communications, 2020, 38(8): 1637-1660.

[10] VERENZUELA D, BIORNSON E, SANGUINETTI L. Spectral [25] ZHANG J'Y, WEL Y H, BIORNSON E, et al. Performance analy-
and energy efficiency of superimposed pilots in uplink massive sis and power control of cell-free massive MIMO systems with
MIMO([J]. IEEE Transactions on Wireless Communications, 2018, hardware impairments[J]. IEEE Access, 2018, 6: 55302-55314.
17(11): 7099-7115. [26] LUO L R, ZHANG J Y, CHEN S F, et al. Downlink power control

[11] ZHANG H, GAO S, LI D, et al. On superimposed pilot for chan- for cell-free massive MIMO with deep reinforcement learning[J].
nel estimation in multicell multiuser MIMO uplink: large system IEEE Transactions on Vehicular Technology, 2022, 71(6): 6772-6777.
analysis[J]. IEEE Transactions on Vehicular Technology, 2016, 65(3): [27] BOYD S, KIM S J, VANDENBERGHE L, et al. A tutorial on geomet-
1492-1505. ric programming(J]. Optimization and Engineering, 2007, 8(1): 67-127.

[12] TEETI M A, WANG R, ABDOLEE R. On the uplink achievable [28] CHIANG M, TAN C W, PALOMAR D P, et al. Power control by
rate for massive MIMO with 1-bit ADC and superimposed pilots[J]. geometric programming[J]. IEEE Transactions on Wireless Com-
IEEE Access, 2018, 6: 37627-37643. munications, 2007, 6(7): 2640-2651.

[13] VERENZUELA D, BJOERNSON E, SANGUINETTI L. Joint UL [29] PAN C H, ZHU H L, GOMES N J, et al. Joint user selection and

and DL spectral efficiency optimization of superimposed pilots in
massive MIMO[C]//Proceedings of 2017 IEEE Globecom Work-

energy minimization for ultra-dense multi-channel C-RAN with

incomplete CSI[J]. IEEE Journal on Selected Areas in Communi-



% 23] SOCHSE T 1A TR 7 5t M AT R AR R I AR .25

cations, 2017, 35(8): 1809-1824.

[30] 3GPP technical specification group radio access network. Further
advancements for E-UTRA physical layer aspects (Release 9)[R].
3GPP TS 36.814 V9.0.0, 2010.

[31] DAZA L, MISRA S. Fundamentals of massive MIMO[J]. IEEE
Wireless Communications, 2018, 25(1): 9.

(EEEN]

BxX8BAU91-), T, M, mEmpHER
FRIES, LRGSR e
HAE WA K MIMO 45 .

BIE1999-), L, FERTHE AR,
T FLTT IR A TN FIR R L TSR
I SE 5 55

AEX1997-), T, FERTHEHE K@ (E
EERIRES%EE LA, EEMA TN
RN B . AR KR
MIMO FEE A 1T Bk .

REEE988-), 5, L, BRPUMEX
LRI T 0L, 32 BRI AL 5 W N TR B R O
B, ANL#RE. BENLIM 2 LAk S HAE LTE-
U M4 H R -

BEFEN983-), B, L, MalihR
HMESEL TR K. 22, |
TSI, BT AN . Rk
W, BRI L. ZBEAEERLE, FEWM
UG 28 0 458 i 25



