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R AE: Jo2k (5 USRI B Ak e AL T i

i A D HEAT T Todedetn, BARE SCTF o Zii E WA= INIX— RITHR, Jo4isfE SRk &
J&, A8 NATT e 8% 76 SE 10 A% R 29 b S SE 4 3845 B B L SEAIRA DAE L SE /N B ARBURH S8 S0 B ) A 4
LS . LR M TC LR N 48 2 oI SE. 1948 4, “(E B2 A” Shannon 133 KR THUA “A
mathematical theory of communication” 83, 7 [ #(E FES B2, Shannon HEIE X L@ E
R KE—ERW RS, 1) LTRSS )1, AMITAT AT ELSEHL Shannon BEGFl 5 AL fi {5 1E A &
(channel capacity), I 8% J5 Shannon KX IL 42 &5 M8 (S 0SCHR [174]).

JREARK, TLEIAEAE LN R85 KR AT, ARICEIE(E RS2, (M AN S5HT
PAFEAEARTINF 18] o AFAT b fO#EAT 305, {5 B EA B v] IOV RS K2 « BRSPS B SR (AL
R RENRSS. N T AR R TCZd 5 I B e 5 LASCEN, 1 Je b AUE M vw VR 22 B b R df i, 3k vl it B 7
THRLIEE RGN &N TTH.

1.2 REBENHSMERARLZRIOEEY

TELABIF A (3856151 3 BRI T2k L pE ok A B i 2L TH4E, BLIBERARE T 4 R
PROER JE, RIS T AT ARIE J7 30 e, 28 5 4 (fifth-generation, 5G) #3lil 5 R Gt i )
2020 FZJE T — AR BEME R 4. LK, 5G MG 5G C Ry T 5 Bl N 22 AR FORT Al 5 1 7t

KI “—55 ZH7 K ERIHFA S AL, (AR5, 2016 FHREENEARGRAF (LT
TIFRAEA) FHERIALES (polar code) M T HIZEE FHEM) LDPC (low density parity check code) 77
FEANEE FHER Turbo 2.0 72, BN T 5G s AISE KIS 3)) 58 71 b 55 3 5 B 45145 1 2
(IR 2807 5. BN EAHERI GRbiD 77 SRR AN B it AN 52 375 S5 [ A0 w0 S R B 22 Wi A IE X
S5, DB A BOR E PRy IEAE BT, g s DU T ) B KRB 22, 2021 SRR
AT E K E SRR, SR 13 A BRSNS T, IS U T O ) ) A
WA Ars .

5G BB AE FAR I AR 2 214 F [ SR A R TR BB Ay, 2017 4F, A hE s FEAE (B
IFTAERE ) BT & 5G B85 AR T B SRR B EE A, i g T S s Ak
BT R R, PO ARE . N TR R SRR A2 L S ARSI AE S ORI R A
o, ORIV AERE . X0 (BUR TAER S ) H kIR K 5G Bl faHoR. 2018 4, 2 5o sk b H7E
CBURF TAER ) i —VoRii ke 5G BalBE BRI EENME. MET 2017 47, 2018 4 (BUF LAk
) 5G BB ERORKIALE EINFERT. 5G AT K AnZE i 2019 4R, 3¢ B BUR X O St 4 1
HIEAHT e, BAEHI S AR ELE 5G A0 U K e, X MM St th 5G 2 =41 T S g
R TR ) B LA R

1.3 RMHEBRERZRITTIHEEN

B LA 18 119 1850 uf 10 o S il R ) B (0B 5, WG TR T T i, W IR LT ST R R B
WER R SEFR TSR DL S RALE R . £03F . il TR, 0l BB Bt plass I MAL
BRESEVEZ OB N . V2 SR Uk i i A T AYA 25 Dy e e Ak 1o AL, s sk 2 o
AT BT el R AR e RS2 T R AR ST B (R A S o RS R ) e e R o £ S 8 1]

%

oY

&
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TCEIEAE RGBT AR 2 0] R AT Y A R R S A B R A TR . — D7 T, X ek T
FRUH W B B BRSBTS TR AR, S0, A B B RREER AR, nkE
MG AEAT R S VeSS R FIACAR IR AR 25 T PR AR 5 R SR S AN A B TC 2088 A5 3R 8 B0t ) R BT AR
AIRIF FE ARSI (23 DLSCHR [10,54,102,162]), 3T 20 4F, JUT-RHAEEA X 7 H M TAE3RAF IEEE {554k
% ox a3 IEEE M5 o i 0. B UE, NENTNAL T 2B MG /S8 % (11
n7E 2211 Mathematical and Algorithmic Sciences Laboratory), #H /1 & F Ll {5 RA ML 1%
THin) @ R E AT 5 T E TR NS 1 g R 2 KRR b1 SEE Tk R #0555
oot HEERTNGUE S AT LB E T IEEE Transactions on Signal Processing BiAT £ 9m % 54 IR
(1) 1= BT MR A SRR BT A AR R E R e IR RIR R T 2 RA
JIREEARR L, BT T FRUWTFURER, IS T 2004, 2009, 2011 £ IEEE 5 5 4 H 222 i i
WK, 2011 FRMIE 5 4 FR 2 2 AR 18 SO AN 2011 4F IEEE EFREE KRR 0. IR
BNIEAE RGBT b A B Bt AT L — B

1.4 REBESMFIREEED

B e B YR B i) Rt (9, 10,54.55,65,88, 180,185] G SR B AR RGBT A R 2 —. BRALHI 7 BC D)
ALY NS S5 UF IR AE W MO s AR e BN R e, W B R, 2 M Z TRl
FHH AP ) 2 B EAE R G e g A A i ) fie 2 PR 3R, & 27y C R 48 R U AT DU ROV R 22
JUZ I AR, AT E s BN IS R E I TERE. ARG EH M, St lic R4 5T
A 250 5 v D) SR MU 55 B Bt SR AR 6, T FRMIRIZ i 98 . st b, RGieEH HEAETIL
e TCA REIRBURL B M HIAL. FrbA, W T RGUSEH S, ThE RS #)A RoM HI AT LU ok
S R R A AR IS E AL (S WOCHR [56]). A SCEE i 2N 8 T 4 A5 BEURAC B i AL r)
5.

TR G To el A5 B L BT UREC B 5 IR M 0 R 2 (spectral efficiency), %95 J2 LA N P RAL
AT R 56— S ) 8 3 2 e /I T3 8 20 TR (R A% Hi i D 2 A8 /ME - (power minimization) [
gt (144, 192 i — 8 i R S I E T AR PR R 3 R BRI AR R DD R LR R I R G
XUT BB RAL (system utility maximization) [ f (83,141,148 35—k ] B g MFH 7 B A AR . 3
PR I FURH L IR B, — 2K i R R SR A x5 — SR I A JE R L e M S 8 20 BRI R Gtk
ST FRRR MR FRY 5 A5 0T L PRI AR 10 AT I RS B AN W4T, 10 28 2R AR AL BB R W AT 1. B8 28
I RRLFR) 2 — A0 s A T AT DAE e 3 24 226 B Gt RO R B DAY 3R G ) BRI BE 5 T 2 TR B P12
T ECBA T RO R A 0 AR AR A (BRI« SRR LT L SR AT BN
. SIH— R T E R A BRIC B AL BE R (energy efficiency) fx A il # 17,1961 g
fe— Mo 2B TR, Fdh 7 7 RGUE EHE R, o BHE RGUE RS DR, RERRAL R AE €
R LR IO RERE, BIAR R A B D 3 S35 A A e 2.

oI A A TR C B 0] 5 i W ) S5 M AR 5. P IS TR L (signal-to-interference-plus-
noise ratio, SINR) A&k 22 L4 IBE RN BT i E LR AR, X ETREEE ST
RGPS ThA 2 AETEAE, 22 SRR, 1A% S 2 {5 e bL B — Mo Btz . 7870 A H]
ToX LG IR G35 A A2 v RCOR AR AR IS F) i DG B U B IR OB (2 ISR [10,54,102,162]). 734k, W i
DEBTIRAC & [ R TE RS, H AR RIS TERS A AR A B & R 7 e 2 Gt 518 LA B 5 MR bR
R BIESHBONEL, R R REE A RERARE R, SRR E (AR
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St e LR B AR R I BRI B IR Ry L. B, R IE S HURAARR, X0 BT B 1] AR AR Y S
I PEAT — € B EESR, PROE ST SRR (FoVF— € S IR B 2R ) A2 Jo 2RI 5 A f0 BHUR G & 1 ABLRS) 73—
R A

1.5 RNBALELMTFSHE

AR TNEHLRWT: JoLid 5 et IR AL & i) SR A — @ M EE R ) 28 2 WA 4L
KEHMTEEERA. 5 3 A HTEIE(E I SR B n) &) & IR, FF T4/ 41 LK ) i
BRG], 5 4 A AR R TT A .

KXFFFGLIEMT: NG BRMATREFORY A&, RS BRHA T RER IR, 4578 HHL o, Re(a)
Al Im(a) 739 RRNE R ERS. BEHME A, AT ZREHEE, AT FRERILIRE, A1 &
BRI, A FOREME (i,5) MR MU S HIER THE. SERE ¢ = [11,2,...,24]",
2], 2 (S, |zx]?) /P FRE R p 165, HF p e (0,00); ||:Jc|| FoREM 2 WG ||z)o BoRFIE x
EETTHI N L. Diag(e) FonHIAE o EMIIR AR 2558 (& S4E580%) Hermite 5 FF A 1 B,
Arx0FRR ARAFIEEER, A= B ER A- B & FIEEER, Trace(A) £x A 1L,
Rank(A) &x A HIFE. e Ronid B4ER 4 1 [aa, T Rl J4ERUR AR RS, 0 R id 45
4 0 PR E. CN(0,X) KnBMEA 0. TTE RN I KIE Gauss 40 11.

2 RE&EERE
2.1 ZRPFIEEER

Z M TH151E (multi-user interference channel) 21 1 frax. fEZ H P FHUEES, H 2 Mek
i 1 22 ARSI . A% i i AT A0 2 A AN [RIBOCRE R R 2. A% i A B2 45 08 2 )3 i 45
TR, Atk 1 (TX,) AUen 1 (RX,) AOXME SRR, TX, Was HAb R Eiem R 17+
P Jad ok, 2 RXy BRI TX ARHME S B A, diio B s fndm A F i 45 55, 10T RXG Kl
T, X R P FIAEIE. A E BN TE A A (K B B3 U 20 T 0] e, 3 16 ) 50K T
T2 F I EESE € AR

FEARSCH, “HIP FRom KRG —MEREON, WFCh—A (B#%) 8% TishZHr R
FEMNRGHEN. BERGETE K NS H K={12,..., K} RZGT AR NES. B8R
K (single carrier) 15 R4, R k AMERIRE— M2 R KIE—AMMET s, € C 4% B I
k. W Hy; € CMexNs FoR8 j MESmB)E & MEICKETERRE, Hrb My BT N; 735385 k
AN AN SR ME R RGN, B Ao k #E SN

Yr = Hypvgs, + ZijUij + zg,
Jj#k
Hordr vy, € CNeX1 RoREHmn kLR R E &, 2, € CMex1 2N Gauss B (additive
white Gaussian noise, AWGN), R ANE Gauss 431 CN(0,021). & wy, € CMe>1 FRoR$W k{5
PRWCBOR BOE [ &, MR & 2o 2ot AL P LUS 1S 2 15 5

S = uLyk = uLHkkvksk + ZuLijvjsj + u;izk.
J#k
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BT a g /s, A% kAN H P RE TR TR R A
|uf Hypvi|?

02|kl + ;4 [uf Hijvj]?
HR4R Shannon 13 BB HIZE R (2 1L5CHR [38), 55 k AN BOAL S o) 267 9
rr = logy(1 4+ SINRg), k€ K. (2.2)

FEAG L, AR AR I RIB N ry, = §logy (1 + SINRy). MHHEH 3 X5 T ETE & IR AL ) LA A
Ji sz, K AR e (2.2) Fos.

HRAE 28 5 A% i AL 2 W0 2 A7 1) R A8, WK 22 F P TS TE D 4028,

ZIAZHE (multiple-input multiple-output, MIMO) F{Ei&E: 4 & 4t &% i v Al
PO A H Z AR KRR, B My, > 2 H Ny > 2 (k € K) B, IMEERCH MIMO FHi{51E, 3 SINR
Fikan (2.1) Fiow.

ZEABHE (multiple-input single-output, MISO) FIE&E: U RSP E MEHIRER £
MR B EIOR AT 1 RREN, B2 M, =1 B Ny, > 2 (k € K) B, IWEIEFRCH MISO T4/
8. 7£ MISO THEIEY, FIEHE Hy; iIBIGAITIRIE h,tj (A2 /NG AR RS F &), IF H
AT RO R BOE & I, MISO HHEEH 2 b MU SINR AIER A

(e
Th+ 2k |h’2jvj|27
6 MIMO A1 MISO T4 (et 46 02 5 205 T 7

okl <pr, keKk,

Hr pp TR kML DR EIR.

BHINZHIL (single-input multiple-output, SIMO) Fi{EE&E: 4RGP NG £
MRRE B MESimde A 1 iR, B2 My > 2 H N, =1 (k € K) I, ILEEFRA SIMO FHiME
1. 7£ SIMO THiEiEH, FIEEFE Hyy BWHTIIE hy;, BHm & B8 BRI R E v, B
WREL v, BEBS, 55k ARG ) SINR W3RN

\ulhkkppk
w202 + 3,2, [l s ?p;

SINRy, = kek. (2.1)

SINRy, =

kek. (2.3)

SINRy, = kek,

Hrp Pk = |Uk|2~

BHINEBME (single-input single-output, SISO) FIIEI&E: X RS &AL Hm A HEU i &
A 1 RRER, B My, = Ny =1 (k € K) B, BUEIEFRA SISO FHAE1E. 78 SISO FHiEEH,
(BB Hy; IBACE by B, 55 & DMEICRA SINR W& R N
SINR, — 9kkPk
g Nk + Z#k JkjiPj
Hr Jkj = \hkj|2 RN J M B kAU 115 8 Y 2 (channel gain), n, = U,% TR B A
P BME 7S D)2, £E SIMO F SISO FPAsE H, &M i Ab B Th R L R AT R N

, kek,

0<pr<pr, kek.
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2.2 HftfFERE

TITE (unicast) MISO {Si&: N4T7HJ MISO FiEHA —MNEH LR KL mm Al K
MR 1 MRR&RE . HAEE R LUE 2B 1 s E RE e v e 2k, i KA
e 3L A P R8s, BT CLEAT o] DUE & — AN AL (virtual) BKAESN. 2 hy = [RE,
Rl ... Rl )T € CV> FoR KB Smum B2 & A HEIE R, Hd, by € CVD FRoREE § MEH
MBS kNP REERE, N =3 o Ni BE wy, = [wl,wl,, ... wi]T € CV*¥ gtk 35
kAP B AR R 1) &, Hod gy € CNoE RORES ARSI B kAN BRSO e DA
kAP EEEINE S A

Yk = h;'wksk + Z thij + 25;
i#k
5k AN SINR AT RIR N
|[hjw|?
D |hjw; |
W K A& & B LA, X SN T IR Y & w, TR k UM EE, 2 wn
= vy, W (2.4) IB1LA (2.3).

T1TZH (multicast) MISO {5i&: & MISO FT{HEE, Hh— A5G 2R 120 [F I 45
ZAREH P RIEMFIRES. LRG0T UG e B 1 BEE KRGt s i oo F RIS
PUE R s1 =50 = = s, BI—ADRBIUR KA (Beuh) FIR 25 —HH P AERAERREE. 2 by &
B RS kNP REE R, w e CVX R 8 BB R BOE &, MRS K SINR 7]
FoRN

SINRy =

e k. (2.4)

° °
$ i
TX, Ul H\ - RX,
jﬁ 21 -7 K?
A \\\ - 7/
N - 7
\HKl \\\ /// Vi
7
\ RN 7
NP S~z
“N 7
ng/// N\ 7 \\\
N\ 7 ~
[ - 29 3 :
TIREN N7 }/.o
TX, SO 3¢ - RX,
HK2 ~ 7 N\ -7
~ e
~ N 7
P N
s
. 7 \\><// \ °
7/ A
Yl AN N
. P ~. N .
. HlK, - NN °
/s SN
,/// Hyx \\\\
V X
° N
=/ KK :
TX RX gk
j W{EHEE Y_
TR

1 (M#EMFEE) ZRPRTFIEEREE
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HIMRT I, ZEAFEF) SINR (DL AR R) 58 RZ I e

ZHK (multicarrier) SISO FIFE: HEL MM ZHPCEE AR5, Kb K DMHIH M A
B M gy FRoR § MERIRAEEE m DB EXSER kMR R EE , ppr RORE § ME
FE5S m DB LRSI, g FORE k DM RORAESS m DG EREA TR, WE AR
RS AL ki S | E

Z p;cn < pk» ke IC)
meM

Ri= Y logy(1 IkkPle kek
k — 089 +Z ) € B

eyy ¥ ok IR Py g

(2.5)

Hoot M= {12, M} BRI, MR G AP, o B SR m e ML
B 2RI 7 TR N P I f R

R= Z log, <1—|—a77£ )

meM

3 ARIMIK

fE2 P TG ESCEE AR, FP 2 mE s s AR P #oRT-I0. Har 2 i 216
(RIAH LT3 A PG TE I 15 AR St vt T A A ) e 2 DA 3R e e B B B e v AR A R e 1)
& {op}/{wi ) FEBCRRBIV R {ur} LEARRIZIR {p} RBDFEER R G HTI0, REA R
GHER RS T HHTIEE . AT EE A IR EOR G & i B AR R S5 M7 T2 TP 8 fe L B U
P B P LA SRR N 0. el i, 2 A R AR R A R G e 4 s AR o ] R R RS A, Lagrange
X AP B A ] s A K% T e I AR PR 85 4 , st 00 A AT R AR S s % a4 B 3 SR % T i = A
R DAL IR Rt S8 foe DO AN 7 R 33 37 B e RO SR g 5K 1] A

3.1 RROMMOFNETR

AT 32 B AR AL A B AR ol A& e 1 SRR e 48 7= T o B U5 O e P B e DA SR
AR ) AL Dy AR AL R (2 WOSCHR [13]).
SISO FHUIEEINFRIESH: &2 H /7 SISO THEE Dy Z4z il a8, HFr 2t MUBA RS
LA D) R AEAF R P 1) SINR #8OK T- B0 45 T B 45 € 1 H . IR DS il in] ] DL SNy
min O b
s.t. — IkkPE Ve, k€K, (3.1)

> ik 9kiPj + Mk -
0 < Pk < ﬁka ke }C7
Hodr 4> 0 NS £ AN SINR HAME. B1F Lik SINR 4R Z40 T

JkkDk 2 'Yk(ngjpj + nk>, ke K,
ik
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BT LA (3.1) SEBR b2 —ANZRMERR. AR, R (3.1) ML — e AT SINR £S5
I} RRST (2 0 SCHR [1,186)). SRABZHZR IR AT (3.1) [ Foschini-Miljanic 53 PO 1E £ I T
XANFFRREE R, TR )R (3.1) B A — AN M7 #2240, Foschini-Miljanic SHE1)iE AU 0

p’,fjl = max { min { SIKI]CRZPZ’M}’O}’ kek, (3.2)
Horp ¢ ARFIERIREL, SINRY, AEE b DM FES ¢ UOERR) SINR . EiikAA X (3.2) -4 B,
45 kAN SINR AE KT H HAMAERS, FORFEACEE £ MRS DI, 2 W & A1
(1R 1% Foschini-Miljanic FEAR bR @& SRARLANE 7 TR Jacobi 1AL BT 126]; ¢ - J5i i
B (Th®) 4R, Fikilt—2% Jacobi 1 245 R HEATHRY.

Foschini-Miljanic 5y 2 T2, HAWTFJUMES. H—, RER RS (3.1) 017, Hika
A& AR P 4 R Wi g 1133, 110], %:, Foschini-Miljanic Bk A NE VR AL S nT DR
SR D R AN T A A B . 28 =, Foschini-Miljanic B9k B TRESCH M. HikH, £
Foschini-Miljanic 59271, %% i 45 105 37 A% 56 D 2 I8 75 BEAH B2 K080 St 4 /T 1) SINR AH, Tiix A
(BLAE SERRIEAE s 5 &

TATRBASER RSV T AT SIS TE IS D) FRIE R T e vt 1) @ m] Ay

min Z | wg ||?
lwi} 12X
|hwy,|?
Th Dk | w; 2
FER R (3.3) H, HAREREL 3o, o lwi]|? R tetmim A 5 RS DA, > 0 N5 kN7 H) SINR H AR
fH. BT SINR 290 ZEME, W@ (3.3) FHifdkadrhm), (HHSEPR B2 —ANh m /. 421 kA H A
R PVRFIRZE A, P FLEF A A A0 T LAk i)
e IEE RAS 1152 JE R AR I (3.3) M—RAEW AR k. Sl AR

(3.3)

s.t. >y, kek.

Hy = hihl e CVN  Fl W, = wpw] e CV*N, ke K.
W (3.3) KTABR (W} I IEE RSN

min Trace(W,
fnin, g}:c (W)

st. Trace(HyWy) — v Y Trace(HyW;) > wop, k€K, (3.4)
J#k
Wi =0, kek.

FHECTJE iR (3.3), Al (3.4) ¥ AR BB — 29K Rank(Wy,) = 1 (k € K) BEAT 1 Fadth, fEHARRL 7 —
AN A AR R (3.4) PR IR (3.3) S IR E AR 5t 0 SR R

SCHR [7) UEMD T R IR ERA G (3.4) SRR (3.3) A, BRI (3.4) BRAFEMA—HIHAL
fift. TR [164] HE—AER] T 1) (3.3) AT LSS B A O —A> ZBr R R, TR 1B fa
55 R 16 R AR AR AR DY s b, T (3.3), AT LI N—ANMAE B E BT hlw, #2
IEM S, (B SINR (M. B, AR, SR AT LM 1 hlwy, > 0. JEi, M (3.3)
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SEOT TR T A -

min T

{’wk77—}

s.t. 1/1+7mw,€ I[AW ol k€K, (3.5)
> lwil® < 7,
ke

Kb W = [wi,wo, ..., wg]. —KIME, A CVX MR AR R (3.5) Fros i — ek
FELV R AN 1 A (3.4) TR B 1E 58 LRI TR k. SR RO 1) A (3.4) K5 SR 1) kAT 1 T4, AR &
{W.} BILERCH N2, T (3.4) thASEN {wy}, 5IEGARTREARIR, 480 N. SCHR [164] 32— Dt
ZIH 8 (3.5) ) KKT (Karush-Kuhn-Tucker) 251, #2H 17— MR EZ: LR A i AR, WL
312 ) 73 1) B LA

B 22 (1 26 T o208 A5 fee e B DR C B rP B A AT SR AR T R, TT 2 SR (90, 95, 108,
135,146, 181] 5. SCHR [181] B3R [7,164] H4E R4 BIGR R LR L KT T, SCHR (90, 95]
W3R [7,164] HEE RAET B T AT MISO FHUEIEM _EAT SIMO FHUAF18 K6 D 2 R0 A
BT ). SCHR (108,135, 146] 4 SCHR (7, 164] 045 BAE BIEE RECH G R ENER T,

3.2 Lagrange {812

AN EE R W R Lagrange X HEEE 81 $8 7 50 e 05 U8 43 e im) 7258 S5 FI0 A 10 45 ) A S 132 11
iE ARG

ZHK SISO FIEINEITHIFEK (waterfilling) BiE B8l B 2400k SISO (FiE 1 h%
2 ] 1) 2 FE AT 7E 2 AN R B B Th 2R DA R AL R R B AL S R . 7E82 b, bl ] e A5

max Z log, (1—1— L )
o} meM

Zp <P, p">=0, meM,
meM

Horp BAR m FROREE m ANEBE. W (3.6) & — MR L R A NZIR Y v p™ < PO R
Lagrange 31, W[ @1 (3.6) H (#B4)) Lagrange BRECHN

L{p™}N) = m;/llog2< >+A(m§p - )

X L{p™EA) KT p™ > 0 RN ENHE (3.6) FIfEN

(3.6)

m

pm()\)max{iZm,O}, m e M, (3.7)

Hrp X RO# R 3, e P (N) = P fEBI T Lagrange -1, (3.7) /GMiZIE T 17 (3.6) M54, B
ThE S BER IR (S WOCHR [38]) —FE, S UEHIThZ I BO R A (645 Fr A 20 B Th 3 P I Zh 2 pm
HHMERGEMERIL g™ /o™ ZAER—KFE 1) B B 2 5l T/ (3.7) FRIEME X, Kotk
AR A R, KT A 1. EARRE (3.6) 78RR F MR, %
DLSCHR [180]. C-RAN (cloud radio access network) HEZE T f A TLZE [FIFE (backhaul) 43~ n] @5 fig 1) 45 #)
ZIEF RSt K EE, T2 WO [97).
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x 1070

[ AR NG e AR RIS
I s S AR L

2.5

2.0F

1.5F

T

8§ 10 12 14 16 18
BT R

B 2 EKEEREE

TTRIREEBCRAF T E TITXHMBIRIL: % 8 PPHE MR IR BT (3.3). AR—K
P, R o = o, BIREASFH P S ThZ A4S . 5 5 500E, "B 1) Lagrange Xf 8 ) @4 (2 W CHR [181))

max \po?
{Ak} I;C g
1 (3.8)
st. T+ Ahshl = (1 + —)Akhkhl, k ek,
jEK Tk

Forpr A REXTRETE8 kA SINR 2R FIMRAR R, 5 8~ _EAT A T2 AR BT Bt )
min Z Dk

{wx,pr}

kek

. (3.9)

pk\hlka T >, kek,

o2 [lwgl|? + 32, 2 pjlhjwk|?

Horr, pp HEATHP k BURIFDIER, @, AENCR N T H EATH P kR SHE 5 B F I R

BB R, 55 50E FIR R (3.9) KT wy, 20 7 1), Hi i gt 3877 Zi/ME (linear minimum
mean squared error, LMMSE) FZUi [A] &::

—1
Wy = (U2I+ ijhjh}> hi, kekK. (3.10)

JEK
W LR AN (3.9) IRt — AR AR (3.9) &840 T

min
(o) 2 p

ke
s.t. <1 + i)pkhz (021 +y pjhjh}>
Ve jex
TR B RAT ) S A AR A T 1 SINR, B A5, R A X AN S8 m] UOER] R (3.8) 5 (3.11)
A, FTLA, FATIRIR (3.3) 5 RAT I (3.9) A0

(3.11)

1
h,>1, kek.
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IR EoRHF, B AR, EATHE (3.9) MEIRIIE pp ST TR (3.3) 3 k 1> SINR
L9000 BB SRR AR R A SRLAEE B NP RRE IR o2, B pr = Ajo?, k € K. WEIER A EER
W, 5T (3.3) AHEL, BATIRIGE (3.9) BEINES S sk, B AT IRIA B R AT S ES TE BEER
R AT IR R, M, E EAT R (3.9) Hh, ARy, T SINR IR AI 4, HF H A BaU# (3.10);
HRATIR R (3.3) AR R wy, KT SINR AWM EGE L, AZRME. NITERGR, Rk 14
ASF RS D2 A S, Sl b, IR IBTIHE BN S DI ERAERE L T (S WO (7).

R 36,125,131, 155] FIAH L FATAHE R R W THA R E R AR T AT )8 SCER [181) M4
AR AT B S — 3 Lagrange XHMEAELE T, JHdk— D0 LR gE B BIEAR R H A Th %
LIRIETE; SCHER [19] B Bk B RATIHMEES AT BAA B TP AT (full duplex) MB{E15%; 3
Bk [47,86] #E—D¥ B RATXIMBG R B E (K48 4k (relay) MIHEZL T, it 7 ARG EIE
REf SR A5 I i 4 R i L. T BRI A Ak REZE T, RGuA Pk, 25— Be A IRuh 2 4k, 38—
B2 R4k 2R P AER A 1) B TR AT R S A R 5 R — Bk, B BB X — k.

ESIEETE (dynamic spetrum management) 8]0 A9 (B BEITHBIRIS: FREM T £8P SISO
F-HUAEE T B A5 1 3 )

max U(Rl,RQ, ey RK)

{ri'}

st. > Pl <pr, keK, (3.12)
meM
P20, kek, meM,

Hrp, U() AELEFRRH AL, Ry, MFRIEAN (2.5). WA (3.12) HXS &y

min d({A}) 3.13)

st. Ak 20, kek,

y
|

d({Ar}) = max {U(RlaR27~-~,RK) - )\k< > o —pk> }
{pi >0} kek meM

i pyy M dy 9 BIRERSRGA I RT (3.12) AU AR (3.13) MO ARAE. IS8 BEAT 40 df, — py, > 0.
—MEEIE T, 245 AR B AR AR BRI, By, — ph, > 0. FESE L, WA (3.12) /& NP (non-
deterministic polynomial time)- WIXER (2 WL 3CHR [107]).

MEGE A M BT IE T KR, SR [182) MR R — NGBS 2 B AR R B AR AR, FIR
1] R 6B TR B T 0. Sk [182] HE— B4 T AN LRI DREARRE: AEBH - T RS0, )
AP AT (3.12) W62 FTE MRS 2 (time-sharing) P PR 2 /N P AT AR 20 2 ] (time-division
multiplexing) “JL-FAHE HIEE, SO F P B 2R X0 M ). SCER [107) 1 — 2 FH Lyapunov € #
PEAAIERR T, A A (3.12) I EFRREOCT T Ry BRE M HX R —A Ry SRS, W EAR XS
R BRSE Ve L. & T B2 o R b AN 5] 280H BR B0 B 2 M 3 Wi SR, T 2 WSCiR [107]. 3¢
R [89] BE— BRI 1 SCHR [107) Bt B (0 B A8 3R] A A A ) — DS A TF L G T3S i
H R (3.12) B HAR LB 5204, FT2 L SCHER (17,105,179, 182].

677



R AE: Jo2k (5 USRI B Ak e AL T i

3.3 FIEEM

AN AR IR E RSt 52 50T N P T SR P SRR R AR 1 R AR DL SRR 2 T A
#lr.

MIMO 4 (detection): MIMO #arill il 72 BUACKL 7345 h A [z — (S L3R [175)).
fEX7 |, MIMO 5B RS A S HH oG R AT Ros

r=Hz" +v,

H r e O NEWORBEWRBINGES, H € C™ NEEHE, = € C R &L ES,
v € C™ NIVERER (m A1 n 43 9 92 m A& 2 i I R 2640, I SRAE A M-PSK (M-ary phase
shift keying) ] (modulation) 73X, 4 x=* MHE—N70& of MET—NERES, Bl 27 € { |
0 =2jr/M,j=0,1,....,M —1},i=1,2,...,n, H i HWHERL. BREEFE H 2H, MIMO &
ey Ay AL TIRIRIE S » IEAERKIE S o Bt b, MIMO Al i) @ nT @Ay
min ||Hzx — r|?
xecCn

(3.14)
st. |x?=1, arg(z;)€e A, i=1,2,...,n,

H arg () RoRBEEESM, A= {0,21/M,...,2(M — 1)1/M}.

JRE T2 T A WA S 7 T SRR IR AL (3.14) S5 R 7 12— 7 R I A SRR 4 e (3.14)
SeRasb Iy —A (B S IR, AR EILE % (rounding) 77145 815 i K — AN AT 47
. D, R (3.14) HOAE SR TR RS

mi}r{l Trace(QX) + 2Re(c'x)

st. Xpu=1, i=12,...,n, (3.15)

X = zat,

HH Q=H'H, c = —H'r, Re(-) F/REEEH. HTEMX ARG, W ESEEE On35) iE
PSRTF (3.15) MEAEME (S WCHR [74]). BUERERR I, 5ERMAID (sphere decoding) 2 [49: 1561 Af L,
FeF IR AR VAR RIS (symbol error rate, SER) M REFINT 8] & 2%t A 2] 1 3EH &F ALy
(Z WICHR [74)).

EFATZ RER A S A (3.14) W IR EMASBTEAT A KA TR B, BRI AT
e EE R S AT DR AR B E M SR B . 2T M = 2 B IEE st BRI R, v& 0
Hik [66,67,74,75,145). i, SCHR [100] FIFHER MG S, TEAEG M IE AT 3L al s 74 2508 Ml
(Z WOCHR [98,99]), #RH T —NBBIEIE @A i, IAE M > 2 BSR4t 1 IRIEIZ IR E R oh o R
0k SG

Amin (HTH) sin% > | H ]|,

Horpr, Ain(HTH) RAE TAEERILFIR, sin 77 Z0E 7 PSK EHIBEC Mk )@ B2 52, (| H oo
Z ) T RS (. S 2, W AR SIS . MR (6 AR R A A A R RS ) R
K, FRFAFBEAE L. HEZ2RT M > 2 BAHIEIEE A ST I 2 B A MIMO A il i 7258w
DIOKE R SR A () d50 8 285 SR, T2 ILSCHR (71,82, 100]. 55F MIMO Al 1n) 8 (1) HoAth A5 R85, W12 0L SC
R [14,68,82,101,103,120,194].
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T1T%H MISO S8R FT2 I MISO {5 TE B AR I B vt inl Ay Bl /M R G A i
The, [ 2 BT HI B SINR 200, 7E#: b, e @] @Ry

min ||w||?
w
hiwl? (3.16)
s.t. | k120| >, kek.
Ok

AHEAF R F] B (3.16) (¥ IEERA G0N

min Trace(W')

w

s.t. Trace(H,W) > ywo?, k€K, (3.17)
W =0,

Hrh, Hy = hyhl € CVN W = ww! e CV*V,

MK <4 B, CBRIEERS (3.17) AR B BEREIEE A (3.17) X TR (3.16) 2
K. B (3.16) A& NP- HER D44 BT IR A s (3.17) XFF IR ) (3.16) — i & A &%
. SCHk [144] B XIRHEFIA Gauss BEALALHET543 25 i) G — AN ATAT#E: 15 28R Gauss BEHLIL
BTG IE 8 KA SR PR Bl b A — R £ 30 A, SRS XX e 25 3% pi AR IE M I RE (scale) 2R 45 FL 5
JEFTA LR, B i AR EERTAT mi Hr 4 H ATEAS I v b bR e /N o R i, X TR AR w, 1R
fift w WP 2R

_ AT X
min{|hlw|, |Rlw|,..., |Alw|}

I R R REEAR A RN 0 R (3.16) WIRTAT AR R T H LIRS, RIZ A s A ZevE T, [,
P52 IE 58 A A () Al A3 B — AN AT R B A AR HAR, SR e A ah (3.17) AL, BMTHE

R FETT LS. LA, IR RA SN Gauss BEALAHE TS R A 520 22 Pk R OB Bk 1) /8 (3.16) 11
AT R 2. R (BRI P 040 BB /INSE, 3R Tk mT DAAS B AR U (. SC
R (106, 144] WERIS L obT 72 1E e fa st Sk i M BE, UE B MR REREE F P 0 K O3 i ify 2 14 32 08,
SR L2 22 P B R O BETE R (3.16) A SRVE T S 0L SCHR (58,99, 150]. 5, SCHk [99] 45 T
AT R (3.16) HIJLANA R EUE E L.

HT ST HAH 2 P R RO B A (3.16) BUAHSCREMPRIHE) T R BRI R AN . B, B
2R R BT L (3.16) RIBHIPIELZE (physical layer) f& 5 5 2 — R @A 7005
). Fplth, SCHR (128,163,169, 170] SHAZHIERH T —NEET Alamouti MIZmBSHIA, XA Gwhd 7 A%
5 T DA BOR MR (3.16) MRk — 5o BB A8 4. STk [169] UERA T, FHEL T RE—12F
T8 A it R e T E s ot 0 1k R B A R I T O R s . B, SR 2 I R O BT ]
R (3.16) T LAES 21 22 41 22 il ol AR B0 e B, B AR G i AR T LS B AT DLy N 2 A,
SR RN A B P ROE AR [E S B, AR RIEAFRRE R, T XA TAE, nfZ W
R [12,21,35,72].

3.4 XREEMFE
AN ARG 3 52 B A T3 671 5 5 i RS Wk 35 A A SR gt e D U0 90T I s v 4 82 1
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MIMO Fi{SiEH /) SINR JAM: HE MIMO T EEH /N SINR S Kb (5 T8
AN e KAL) i

max min{SINRg(uy,v
{u,v} keIC{ (ui, v)} (3.18)

st flunl? =1, o> <pr, k€K,

Horpr SINRy, (ug, v) H (2.1) 5. FEREIZE £ NP B SINR RKIE (2.1) MEHT {w;}j2, FTELH
SINRg (ug, v) R k ASFH AR SINR. SCHR [91) K a8 (3.18) BIARE4r APIER, BP0 I R %
A& w AL R E & (SRS E) v, MBI v F1 v, Fralih, MR o [bE
I, F(3.18) KTAE u AR, M ZM/ME (LMMSE) U &; 48 & u FER, 1
A (3.18) KT E v WiHE N MISO THAGIE iR/ SINR S KAk iv) @, AT 7E 22 Wi [A] A SR Al (2
DL3CHR 90, 164]).

—MAETE T, B REAS T in) R EORS 0 R A, ATV IRAS B ORAIE A B B A B e Stk (2 03¢
Bk [123])). H bR BRI LA LI AR AR & (1A 3 M) T A8 B i A SRR B R S R B AR
Gy K3 S ATIIE B, 4 H bR ek B ARG 53 BE AR AR AR o N, A8 B SR A SRR AR ) A
A RRICSA B — N AL (S WSCHR [64]). R R (3.18) 1 H An s ARG 1 H H Fr i £ b
B uw Moo BEE—E, HECHk [91] FIHZER uw, RHITE SINR, HHIRRRE IR T Fik
LA A S AU SR 3 R (3.18) MRS E s it — PR R BRI A R, S
BR (93] $2H T — AR RS & s AR AT SR AR 10 R (3.18), HAF A RARRS bR X T2 & v
IARA ) R B 22 1) 96 T 58 B e e A T 1 SR g A S A WA B o ST e v RH D 2R 45 1) 1) A, mT 2 LS
R [18,19,36,77,95,122,140, 148).

MIMO FHIFEFRZFR G KMK: HE MIMO (5 18 RT3 2R f KAk ) 5

max > Ry(ur, {vr})

{wewnd ok (3.19)
s.t. ||Uk||2 <px, keK,
/\q:‘
|uLHkk'Uk|2
Rk(uk,{vk}) = log2 1+ 2 5 T 5 ) kekK.
oillwrll® + 222 lugp Higjvj|
S

er=11— uinkv,d? 4 u;(Zijvjv;H,ij + U,%I)uk, kek.
J#k

L S ey SEBRNA P E XTRFI¥ T 2 (mean square error, MSE). %% %) 5ilE
max Ry (ug, {vr}) = maxlogy(e; '), ke K.
wg Ug

bl RS ALY LMMSE Bl . i —B i, SN BV E wy,, AT PAUERA R AR (3.19) 4T
R ] R

min Z(wkek — In(wy))
{ur, vk, wr } kek (320)

s.t. ||’Uk||2 <pr, kekK.
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REETRIA (3.19) KT vy S mE IR, ER TSN M (3.20) KT8 ANERKRILR
FRER A “fai B )R Fpldh, R (3.20) KTARE {we} BHRAM wp = 1/ep; B (3.20) KT {u}
A B (LMMSE); [ (3.20) KT {ve} NG ERAHR MM R, AR5 5 KiE. 5T Lk
WG, SRR (3.19) ] WMMSE (weighted MMSE) 53 134180, 141) 5 #h iy ffp Ak 4 — 41 AF B, LA
WMMSE FEA R b2 — AN & i 7 ik, KI5z Jere R JE W8 (3.19) FRrkasi, BT
Y A T v o s ) R R A 2R P R R AR I A PR A I R (3.20).

T EA MIMO A5 18 H () A0 26 s KA 1] RO 51 540 7 WMMSE 892, SEPr F, WMMSE
AT LA SR SR AR MIMO T4 RS 18 58— i R0OH BB B B KA I (2 WSk [141)). i —20
Hh, SCHER [62] TERA T WMMSE S092500R b —FReik 122 Mg I 5%, Hop iR & {w,} 2
E T AR AN N R EL WMMSE Skt — DI AR A, T2 WLSCHR [40, 65,80, 127); & it
T B HAE AU IR, 7T 2 WCHR (8, 64, 167).

3.5 IHERMLk

AN EEA BB AR AL (195 B 7 B I8 B VR 20T i R ) R 2R S N R SRR Vv g T B2

MIMO FHIEEREMGIDEIE: HBEZ M TIEIE, Wl 1 Fos: B—F (Wdm) BEL254
Feul 2 [A] g5 7 8045 BRSL, BIEE & DRSS & A, BrA el SR80 B IR ROE
) & (LI (3.19)); B8 -k (W) 5782 B A7 2 0t 58 L S Ay B P S 8L, S A 1 6 mT DA
B KR RS (ILT)E (3.3)). £ EIRS—F BT, R AHEILER P ELR, KA
FETF ki 55 FE vl 2 [A] B AE ORI Lok R T ARG VERE T BEIR 2. 72 L3R 58 —M1ETE
N, T REILEIA T RER, Pra R ik, Brelal DG SO — S LA R R i, HA mife
TENRGNERTERE 2 AR —RF R 2, Ko afE T, J ARG i MR R 2 I el 2 8] (138 15

TEFEAIM 4% (heterogeneous network) H, FA7E KE AL (micro/pico) ZEuf, X TH—"H 7, X
BB LU IR — B 20 AT PLE AR T B — A AR b IR 852 H 73X A 7 2T Bl Al o 5 T 2 1),
KA EAE (partial cooperation) B HiE N A 1E (adaptive cooperation) [117-180, 1891 "5l i - ik [65]
AR T I B 58 A G R, ARG AE BEEEA b ol H R O 1a) & rp L SO R TR R S 1E.
B b BB wy, = [wh, wiy, .. wi]T € CVE YA IR kAN B BOR BOR [,
5§ B wy = 0 ST j MEURAES 5 E DRI, AR AR w, R, $
b, B R YRER ) — A B TR B INIE TR [y |2 B84, FT RS, SCHR [65] A ERL
Y EARZESE T MIMO A5 TE b 8 73 1R AR vt In R A i 0 A A 2

max Z Ry (up, {w}) — )\Z Z [[wk;ll2
kg

{ur,wi}

kex (3.21)
st. > Jwgll* <pj. jeK,
kek
Hor,
TH 2
Ry (ug, {wr}) =logy | 1+ [reg H | , kek,
2 2 2 T 2
oillwe|® + 32 lu Hrw|

H, = [Hy,Hy»,... ., Hyg], kek;
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A > 0 AR B R IE S, BRI SRR R, Y o lwis |12 < by AEE 5 DB AE D)%
AW, j e K. ik [65] P RIET S-WMMSE (sparse WMMSE) SR i 7] £ (3.21). J& T FEuk ¥4
SEVERIE Z TAE, v 2 0LSCHR [16,32,40,46,73,136,143,149].

SISO FHIEEEAA TR /BN H]: HELZH P SISO TGI8 o FIBLA TR /8 A4zl ) B
M (3.1) AAATEE, G WA P S K ik RATREZ M, (515 R GRS RN SRR L
(RGN PR P ) SINR K T 805 T 5 SINR HAxR), R R/ME B ThZ. o 7 RuR
JAE, SINH—WEE: q= (q1,q2,- -, qx)" BRH—WLUGHIDIESBLAE; ¢ = (c1,¢2,...,cx)T R
ANV S g )

cp = Lill >0, kek;

9kkDk

A € RFK FORIA— L LUF 9 EEHERE, ok A 05 (k) NEEA

1, W k=5,
Akj =\  VkGkjDj B | £

9kkDk
lax;| FTLAEVEH— AL LUG IS a5, 360 A FOX A e A2 1, dE Moc R A AR IR S, x4
SERIFFES T BT HSRE SRR G Th 38 /e N\ J5sifil 1) AR W B 2 R T 0 — (S TEAIAE P A IRRR S5,
SCHR [92) UEBR T A D3 /# N4 i) i) S T 40 R A Ak Il

min ||Aq —c|o +aptq
{a} (3.22)
st. 0<g<e,

HFSH o R 0 < a < ar 2 1/pe. ik [92] HE—5UEH T M@ (3.22) MR ¢ — &L
c—Agq* <0, H (c— Aq"), = 0 HHACHE & MHFM SINR 5T H SINR HER . SCHR [92] 12
R o IRRER 6o B (3.22), FRRRE T — N R B I R B SR AR A D3R e N A i )
R SCHR [94] BRHEFHWIT ¢, (0 < ¢ < 1) ABMBRLELT ¢, B (3.22):

min || Aq —cl[§+ap'q
{z,q} (3.23)
st. 0<g<e

SCHR [94] )T T CHR (52,69, 177) HNELE, KR T — A2 WU 8] ) F R T B SRR OR SR A4 2 FE
MOENT LAY (3.23) WIRRE A HETTR R T — B TR E T Y B A B R SR SR AR R TR SN
3 ) ) L. AP S B T AR I Y ) B MR e S i TR T R I VA M R STk [94) U RH
RESH ¢ ST/, WA ¢, BITHAY (3.23) AR SR, B ¢, #7 (3.23) 55 ¢, iR
(3.22) A AHE B E A, FIN250 30 B ¢ @R AR IR E 5. 8T SISO THUEERE
IHER e NI Al 520925, AT 2 WOk [4,45,110,116]; ¢ T BEA IR A A N 6 10 TAE, 713 W
SCHR [112,113,142,157); TR0 (3.23) IR ARG A @ i) 38 73 B A SR BT, T2 TR [96).

EAFVE R 2, X PR bR A A TAT in) 3K 7 A SR BRI 5 7 ik B R . ST X 7 T
(Rt fe, 2 ILSCHR [15,41,42]. Horr, SCHR [42] 5 T — OB SRR EERLRY )8, X B 7R AN AT AT R R
N R TR AT H AR R B D R R AN 2 R ) i e I S A — R ) AR R I T
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JEERF PN (user activity detection): &AL &5 SEIHAE 1) f AP T HE b BE N KBTS AEIE
S P A R R B 2 B 5 H TR, SRR RS AR R, RORHE R P AT Hdm IOk, XA AT
CLFT KRR R GHEHIT A (S 000K (27,84]). Bh el U B R Oy

K
Y = Z axse/IrhE + Z, (3.24)
k=1

Hry e CEXN EEBEICEIRIINE T o FoREE kAR EIEEIR, o = 1 R & DN,
o = 0 LRk MNP AER; s, € CF NS k AMH P SSFH, 8P 03875 AR, H5E
IR —E IEZE; /grhy € CN*1 RORFEUEFIEE k ANH P R EIE R &, g, RERREETE (large-scale
fading), hy, fREIHFZZHE (Rayleigh fading), IRMFRAEIEZRS 7040, Z € CL*N O Gauss M S HiRE, B4
SIEBMEN 0. TTEN o2 £ BRI, K NFrA P AN, L OSSR, N R R
LRI TR PRI ) RS BT G S Y RIS AT HIAERE S = [s1,80,...,8K] € CEXE {1
i H G R I VR RR T 7, BVRRLE T ORE R o = 1, WREEF XS B oy, = 0. AE_EIR[A)RH E H]
B K —BEBOR, BAEREAN N 2R S AN BUER T KB,

FIFH & (a1, ag, ..., ax )T BIFRELME, SCHR [30,87,132) ¥ IRy BRAH PRI i) 850 ARy 32 F 1 4
BRAIAT Mg AR AL R R, 32 T R IEME EA% 18 (approximate message passing, AMP) S LK b
B, F o8 7 SRR E R L RS, SRR AR AL AT DA i Asr I HH & R F P R S R T 1S
TEAE B TR ORI [v) R 53— P T SR {ve 2 graut B BAE AR A28, F RS 1 g
PRI GETH R PEIG AR OC R B A E S B Th R (2 WSCHR [61]). BAkuh, By {hy} FIERS Z #RMIE
oA, BT Y W26 n 81y, € CEXY IR y,, ~ CN(0, STST + o2 I). 1Al TF S 4 ~ s KU
THERAL AT LS S

m’yin log |ST'St + 02 I| + Trace((ST'ST + 021)~'%)

(3.25)
s.t. v =0,

Horp, = YYT/N NRFEMN T ZHERE, T = Diag{y} € REXE ~ = [y, 79,...,7x]T € REXL T
SRR T I FERE Y RRAE U7 2200 R, DR SORR 9 3 T W 0 Z2 0 M R i sz e An
BRI W A WY i T Wy Ty 2 R A TR PR A 0 0 R T 3 T IR A IR s A B R AR OR (2
SCHR [29,48]). Remlit, SCER [29] Z0m 12T 0p 07 2R R (3.25) MR AOHNL — SRR THR Z 2
A, FFUEM] 1B REH N BT I Ty ZE MR (3.25) TGRSR O(L?) MiFEk
.

A SRR R (3.25) MGV ELFEALKR T FRE X 28,6170 L HHEE B /ME (expectation minimization)
542 1651 1 SPICE (sparse iterative covariance-based estimation) %y 1761, Frp AR R [ BLVAIEIX 3
FRITIEAOR MR do e, AR B SR Y Il B (R R A5 A8 R R B — N3 () Hofh AR i),
OB AT AR, DR SCRAR /N, SCHR [158] A ) B (R R i 1k T 1 R R SRR A 1) 7t
(3.25). MUMRERFAR A AR, R UGS PRIE I A P 10— A>T 4 (RO BIRER), 2R RAfE S
FERUAR L N I R oy T i) R AR A e, Gn SR AR R AR A B 24, D5 SCAE AR B E Y
DU Il A B8R T T A P 0K 2 MR 22, TR R MR i T 2008 BB s I R AR AR 7
TRV SRR e T A R R I AR AR R A AR T BBy O8] ST R P RN 0 AR BT R
WA P ARSI A A 2N XM RTINS, mT 2 0LSCHR [31,51,79,85,134,159-161].
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3.6 AR

AN A 73 A 147 5 7 7 R IO R 10 R A AT B I8 B0 7 IO ASE 28 1 FT 4 77 THT ) RS2
SISO THREERERR AL IR, “RERC MF NS il 5 M Z TR AR 32 2] 2 R 7E. XL, RERL
FEAR AL DR SR R E R, Z I SISO FHUEE T I RERI AL il AT DL

IkkPEk
max =ree B2t s G )
P
{pr} Lorex PrtFer (3.26)

st. 0<pr <pr, kek.

IR H bR R RN RGP ERERL, H TR BE ) R OR MR R R AL R S TR RO —
Fabr BA A, Bk, 2 ORI TSR RE RO A B R A h RS B EAE . N RE M & (3.26)
(1SR .

2 L) 4y RIS, W Dinkelbach 532 44 Fl Charnes-Cooper Hi% 20,1291 P#IR 437 jE JE 61
TR, J BERE IE Y R, T (3.26) I TR TSR {p} 2dEMH. —M& s pfiuseg, A
F7 5 oy SRR 4T, R I SR — R A TR - 2 2 0n) R/, G50 8 15 )5 ] R AR OE AL IR R
LSRR F R M E T AR U Ry ORI I A k. Bk, X2 —DMRZEREE. SEik
REET HUAEEAA {pL} o TR TR g(p,pt), WEIEAFIH Dinkelbach HIER M ATHIM - 7
. X B, g(p, pt) TR R EE AT S B ML (2 HOCHR [111)). XFT BIR SISO REREEAY (3.26),
ATk [121] ML, AT CLIEERL

9(p,p") =) <ai log, <ngkpk> +bi),

ek ok IkiP + Tk

)
39

SINR/,
1+ SINRE’

SINR/,

bt = log,(1 + SINRE) — ——F
b = loga (1 + SINRy) 1+ SINRL

al = log, (SINRZ%
SINR}, AHF k 1256 t UGERM SINR A, BT {py} HATEER pp = P+, FTLAFRIA AN -
LAY,

SCHR [154, 188] 4 LR &5 R B B 2 8Pk SISO THEEM MIMO 4k FHfEEF. X
Bk [118] FIFH 741 20 s RIBL IR AR 7 2 I MIMO R GERIRERERY. Fi 23 AR 35 SR i e &k
BRI BE 22 SOk, AT 2 0L SCHR (11, 53] R 43 SRR 15 5K A e B Y i £ SC &, AT 2 L SCHiR [187).

SISO FHIEE LITRFIBE (user scheduling) STHERSED: (5T M LU AL 4HE 2T B ALk
AEPEAE I E B bR, ETMEEL, 0 (2.1) (2.3) AT (2.4), RAREA NI, MR E (2.2) £x %
BRES  R B ST . IR 2 %) R B0 A4S AR B IR J0 4238 15 il R, AR ol e A 28 A KA i) RAR
MESR M. BT X L 1) R PR R R 45 440, SCRIR [137,138] $H T /AR 4 A1 Lagrange WHBAR i, UK KH2
TET RS 10 R SR R AT i, B8 ORI VR N TR e R

NTH LA SISO {538 A AT FH P 1 B A0 T 28 43 e ol /A 451, 103 — AR 4 fl Lagrange X 8748 #: (1)
Bk, R E ML (cellular network), AN, K 58 B P AR — /X (cell). 7E SISO
ARG, BN A —RR L, BRI — AN G 2N, £ BB (time slot) 12 G —
AN FH P 1 sl A A6 . AT e BT A IR 7 DA RO IX S 2 43 IE 22 /0 D 22 2 FRATTEE A e 1) ) . A
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Heeg b XA A AT DA AR

Gis; Ps;
max In(1+ e >
{p.s} ; ( D

j#i Yis;Ps; + i

st. 0<pe<pr, k€K, (3.27)

s; € K; U {@},

Hrb, B ZITADNXIIES, K 25 i MIXPHINES, s BRERR, s; = k 8IS « MHIX
TR ke dkul @ ARBEHE, 0 s = 0 385 ¢ DDXPERA R mEEE. KR In() KB
logy (+) BREL, ANFEMR )RR B IR 1A — AN SR B B A 1R AL, AN H B e B AR 1Y, T
HE B R {s;} AZGUE—IR, X4 OB R AR 1T ARKHI R XE. SCHR [138] 25 A — A2
#M Lagrange X #AZHR FIRBIAIHEATRIML. 155, FIH Lagrange X #2g# (1581 ar BLE 73 3Ces B
XA R o B K, A9 BT S A e

1+ 7i)9is; Ds,
max Z(ln(1+%)_%+ (1 + 7i)gis: Ps; )

{ps} % > jeB Yis;Ps; + 1
st. 0<py<pr, keK, (3:28)
si € K; U {0).
HE—25 B kAR D371 ] LK R H b R Bob o R 1 7 50 8 BTk, 53]
w5 (190 = 20 =g+ 20 300~ 3 05
{pas)77y} ieB )
i JjeEB
st. 0<pp<pr kek, (329)
si € K; U {0).

KoEW, 4 (s,p) BIER, ML (3.28) KT ~ HRAM. 4 (s,p) M1~ FEER, M (3.29) KT vy
ARAfE 4y My BER, s, RHEIEBRREIEE « T, 5 {s;};. LK. B, (s,p) HES
. SRAR W (3.27) Moy URRIEVE 98] BT BWEE, 2 B ik — AR s A7 R, ok, ¢
BR [139) UEBA T EIRASE AR BT A AT g —M MM (minorization-maximization) &2, I
TIRAR N Lagrange SR AR etk B RS .

H AT ERE T 2 W AR A B R S (hybrid beamforming) %Y (6:78) RIS S T (intelligent
reflecting surface) 5741 (108, 173] 3545 45 A5 o [ AN IR, 1 P 42 2% (1) &5 M0 4 1) 38 1 SR A 7 o 17 B K1)
Pk, XA HA Lagrange %5738 4 ]S 3 B AR BB A7 i 4k, 5% T 1X 77 THI R RIE 58 7T 25 W 3C
R 59,76, 109]. #1388 {5 BEAR B 2%t 23 77 AR B 22 (100 A6 SRRk 46 1) B A A o) R, ol 45 J8 e — AL
HH PR AR R LT IR0 18| 5 — DUARR I 2 A5 A 28 240 R PR 38 SRR T i gt (1711720 2 g e fh,
Ie 1, 2 3K ) B 2 i) ARAL T VR IR AT.

3.7 EEHHX

AN G BB BT BIGTEM 48] (network slicing) 1) R PRI AR B 8 7w (¥R
MILE ] 1B)RE: 2% &P 46 U v 1), 12 7] R0t DR 22 A RE UM 281 SR S 21 3L 2 g 2% X B
ZA RN 25T KPR T EEMRSS5E (service function chain, SFC); MEMNE TR IRA G = (Z,L), H
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W LA S R SR S A A BB ERIME AR (network function virtualization),
FIAE R 28 ) — 65 0 (V C 7) $RBEL BRI T REAL Y, Wiy K SRR ET S AR R ORI (2
WICHR [114]). FREEFEHEDIREAL AT RUONDIRETS /L 1B 3 45t T DB 25 1) — AN ) -, Hoh it
TR (O M E) RORTHRETT 5. B— K INREMSSBE k€ K RMVIGETT A S(k) e T BIHMT A D(k) e T
RIBEE I, SR R P A B E I DIRE S TT fF — f§ — - = fF b 6 € 22y ) 1151981 8] 4
ST REORA B IIRERTT fF — 5 DIREIRSSBE. K DhRe RS HE & WU BB L% G BR
(i) BEEDIIREHTT fF BRIV EE S P ARF B IThRE T /L oF € V (s € F(k) == {1,2,...,4}); (i) ¥
REFNIZL (f%, fh, o) W BIP B 28 AT R ok B9 50 ok BIRIERIR, 189 (K, s). 1ER, XEN TAF
SIIJTE, B FE A fE B IIRE T B of = S(k) F of = D(k). Gl issd & 2 o) FC ) 2% Bt
U5 (ThRETT s RITHERLRE )« LB 5855) K PIr A B D Re IR 55 B[R] iy S BIL = g BE N 2% G e —
3 B RRIT S I R TS T A 2 2% el R B R R Y
FIN 0-1 & w, (k) FoRDIAERTT fF 2B IR Al o A3, ZEREE—DIRe R TT K et 2%
HR— N T RE T R AL
Y wus(k)=1, VkeK, VseF(k). (3.30)
veV
R, AR IIRENT AL v AREALBETIBE SR TT fF, WA R E o, (k) = 0. 2 A(k) RpnBIEii ke K
R e, BEDIRE™S RURRAC B — A A B T R EH e (bRAEAL ) — AR SERE ). RATERAE T
Moo A E AR FE SR R A R

DY Mk)zos(k) < po, Yo EV. (3.31)

keK se F(k)
B 1y (k, s) RARMEG (k, s) TEX (i,7) LRRE, MPSFEL R RRN
S0 orilkys) = D ri(kys) = Ak)xbis(k), VieI, VkeK, VseF(k)u{0}, (3.32)

J:(G0eL J:(6,4)eL

® DRI

o

13
[

and

b
=

3 WY iYL R EE

S(k) fr 1z D(k)
® >® >® >

4 WY FiEEl SRR E
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Hrp
-1, W s =0 H i=S(k),
Zist1(K), M s=0Hiev,
bis(k) = Tisi1(k) —mis(k), WR1<s<t HieV,
- 5(k), ME s=0, HiecV,
, W s = b Bi = D),
. S,

FAVERAET (4,5) BRI EREAR B AR )

ST 3T rilhs) < Cy, V(ig) €L (3.33)

kEK seF (k)

BT FIRAR BRI H AT, SCRR [190,191) K RIZG D) F 1] AR R

{1217111} Z Z Z rij(k,s)

(i,j)€EL keK se F (k)

s.t. (3.30)—(3.33), (3.34)
z,5(k) €{0,1}, VveV, Vkek, VseF(k),
rij(k,s) € {0,1}, V(i,j)e L, VkeK, VseF(k),

Hor B ER RO/ MEEBEAN S IR, RElHh, & BRI (k, s) B L ST NZ U A )it
i B AR EREL, 2 DLOCHR [24,166]. 10T (3.34) & — AN (RE) BT i) @, 5B B 57 ok i 2
BEHNRR RS (W0 CPLEX B F1 GUROBI [600), AT 19 3 4 /s AR AR, K1, 1)@ (3.34) J& 5% NP-
PRIt fy 11900 DR H AT G SRE2: R0 o0 # J e eV, n i 1 2 1 10K s ot P 520 8 s 4 s . SR
KA SRS

1E 5G P4 H, T RE IR 55 1 o %o o ZE IR 28 11 BE 2 (S S0k [2]). R, T RE IR 55 4 1 o
Xof vty SR BRI 4> (1) DHREERTAEDNRE T AU S AR (i) ALEEAH AR ThRE ST N
AT g 2 TH) B DX 8 300 A 3R SR S o o FH o A A SR T R R 55 B 11 it ki 28 3R AN I 4 5 1) R
(Z WLSCHR [153]). SCHk (24,25, 124] FE57 7 25 RS ) B8 IR 555 1) i %o Ui 20E 38 240 R P D 26 D7) v i it ) 4 7
(IRA) BENRIBLRY. SCHR [22] BETE T 5T Gt R 5t 1 [52] 8 R ct B0 SR AR 12 il . G T I 2% 1)
Fr i R R 2 TAE, ]S WCHR [23,26,43,115,153)].

4 RRERFREFRE

W% 5G RHARIIEPRAE 5G T ITAG, ToLGB S BOREN TR RIS A FEF B, Bk B
B 51 B RC EL h) AU SR 1 3T BB, AT A B4 J LA To 2l 5 5 i ) = 2277 1) DLt
EB%.

BIERRA— ML BE 5 HIERIPRUON T AL M AR ATh e, A F A L IRE R4
WIS L SRS S AL B R a0 iRIE. WEORMER, P I e Ol R 3.

687



R AE: Jo2k (5 USRI B Ak e AL T i

H[E CAREREAE 2020 FFAF R AT (B LA 2020) #H5 L EIE1E 5K — KR 51
FE B AR TR R ETHT Top 2. HNTE 2020 23RFEFN T iRts BAR-H T HX 5.5G BI= K&
s, Hhz —RI0N “RhA R EEAE, Bk E 0 2% BERe SR ALl (5 A ), tABIRHLERE 7). AR K
S— AR —ASBAR 70T ), BIZE[R]— R G B SEIUEAE S5 A ThRE. 1815 5 BT 5518 1 B A A F
RIPERE TR bR, B10n, JE1E K PERE TR bR 12 B R IR A AL R 2 M0 BRI L B i b 12 Bt i /Ny O 22
AL IRE R 4. PRI, 38 A5 R — A rp— A B ) 1) gl A W 2 B R R e A A, — A R 51
TR E R — A BR BOY, T EZ LG DI AR RESR Fr BT SR AROUAL i AL S5 B — AL rh i
A R U IS SR A 2 P A A HER MR AR L B IEEE JE{F T 2021 EHTAL
ST ST HRAB I (Emerging Technology Initiative) 23 i<y, 3= @RI 9@ (5 B — A4k, ¥ I
https://isac.committees.comsoc.org/.

BRI ARRIBIEMGE: EANGEE ML, EHEIEN T, MG P SR TR iR 2
— AT TT 1A). 5 AT TR 3845 0 2% BRI AR BE, 23R B R R RE T 85844 (model
free). HHEIXEN (data driven) FEIERNVE (adaptivity). JoZk RGLBevh AT I i — N FEA PR S 2 75
PRIME £ %A1 N8 BT HLAp L B2, DA IR B 75 K. AR SRR o M e B T U RN R M 2230 0] 2R Gt
AR )T AVREALL, AT A8 B A S PRI 722495 R T, iR 2RI 2 sl
WA ke, I BLIM 2% R B A HRALAG SN A%, TR 7 ik T Wi 2 R ABOR A Bk . AR SR A4
2R AR 25 B 5 TR GG N RE F7, AT RE 2 B« oA AR AN A N A R O SR A Pl 2
HIFTR. HLasar SRR IR B o S ARk 2 ST HROR AT DLE 0 25 AT Jose 2. s R BLR G — A
2% ml A oA P 2 R AN SIAR (AT U HEAT 22 50, (45 I8 IO DR R RS . 2 RTRURSRIN 2% AT
Ak BE R 2R L i 22 SNBSS FIAN AT . B X 2% 32 8 S5O0 I A8 i I 2 1tk e A2 O P A 5, A
LT3 T H O VAR B AR AR IE s Z5R AL B 5 T R 70 M A AR R SRR AN [R] 1Y
ZRAG ARSI ey DR T 4 D 4 B th 0 BT R 28 AT D9 LA TP ARG AR SR B BB A5 B —
AR RAFHT TR R

TSN AN TTIE: BEETER (W IR ZRE S BORSE)  Bries (8 Re S
TH055) HIABHMIL, Joili s RGO e vt o in) et S DL HOET S 55— Al U U BR K.
B4, B H)FE R A TURIRER, TR SR AT R R 2B 9137 5T B 2Rl ] BB i BT R 2k
B AE SN T P S BT RN B R B BT SOl T SRR R EOR, X4 R GG S AL B R T
AVNIBRAR. 5, TR BUR A S5, ARZRTERE BOOR . i, A R B S T A AR RO it
i) 2t b BAT S A AR R ST R XU PR T, 3K —Rp ik 45 ) 5 70 3 R AR B 4 AT 2 6 A0 45 ) UK A
AR . B, SO i R AR LA Ak g B ) 2 O ROk 2 AR 2 i) AR i A
N B HUE S22 B (VR A BERCIR MR R . 55 h A 2R K 2 HOE SR IR AR L, TR &
BRI A IR 10 5 SR A REC SR SEn PR X EL SE I B A B, TR A R AR 2 kA 1) R R S SRR AE [ B
EARFRTAT AT R L Rz, — T, XL Y i AR U T SRR A TR R,
WK SRS KDL A e R DA SR IO RE A 53— T3 T, S B e B DA R A KRR T AH 5 ) it
RIFRIRCR, MBI RIBEBOR N A RE.

BUst AEH BOdAL bR R IR R A SUAT AR B A2 F RAR 69 E 58 & WAL

SE 3

1 Aein J M. Power balancing in systems employing frequency reuse. COMSAT Tech Rev, 1973, 3: 277-299

688


https://isac.committees.comsoc.org/

HERE HeE 53 M5 M

10

11

12

13
14

15

16

17

18

19

20
21

22

23

24

25

26

27
28

29

30

31

Agyapong P K, Iwamura M, Staehle D, et al. Design considerations for a 5G network architecture. IEEE Commun
Mag, 2014, 52: 65-75

Ai W, Huang Y W, Zhang S. New results on Hermitian matrix rank-one decomposition. Math Program, 2011, 128:
253-283

Andersin M, Rosberg Z, Zander J. Gradual removals in cellular PCS with constrained power control and noise.
Wireless Netw, 1996, 2: 27-43

Andrews J G, Buzzi S, Choi W, et al. What will 5G be? IEEE J Sel Areas Commun, 2014, 32: 10651082

Ayach O E, Rajagopal S, Abu-Surra S, et al. Spatially sparse precoding in millimeter wave MIMO systems. IEEE
Trans Wireless Commun, 2014, 13: 1499-1513

Bengtsson M, Ottersten B. Optimal and suboptimum transmit beamforming. In: Handbook of Antennas in Wireless
Communications. Boca Raton: CRC Press, 2002, 18:1-18:33

Bertsekas D P. Nonlinear Programming, 2nd ed. Belmont: Athena Scientific, 1999

Bjornson E, Hoydis J, Sanguinetti L. Massive MIMO networks: Spectral, energy, and hardware efficiency. FNT
Signal Processing, 2017, 11: 154-655

Bjornson E, Jorswieck E. Optimal resource allocation in coordinated multi-cell systems. FNT Commun Inf Theor,
2013, 9: 113-381

Bjornson E, Sanguinetti L, Kountouris M. Deploying dense networks for maximal energy efficiency: Small cells meet
massive MIMO. IEEE J Sel Areas Commun, 2016, 34: 832-847

Bornhorst N, Pesavento M, Gershman A B. Distributed beamforming for multi-group multicasting relay networks.
IEEE Trans Signal Process, 2012, 60: 221-232

Boyd S, Vandenberghe L. Convex Optimization. Cambridge: Cambridge University Press, 2004

Burer S, Monteiro R D C, Zhang Y. Rank-two relaxation heuristics for MAX-CUT and other binary quadratic
programs. STAM J Optim, 2002, 12: 503-521

Burke J V, Curtis F E, Wang H. A sequential quadratic optimization algorithm with rapid infeasibility detection.
SIAM J Optim, 2014, 24: 839-872

Cao P, Liu W J, Thompson J S, et al. Semidynamic green resource management in downlink heterogeneous networks
by group sparse power control. IEEE J Sel Areas Commun, 2016, 34: 1250-1266

Cendrillon R, Yu W, Moonen M, et al. Optimal multiuser spectrum balancing for digital subscriber lines. IEEE
Trans Commun, 2006, 54: 922-933

Chang J H, Tassiulas L, Rashid-Farrokhi F. Joint transmitter receiver diversity for efficient space division multiaccess.
IEEE Trans Wireless Commun, 2002, 1: 16-27

Chang T H, Liu Y F, Lin S C. QoS-based linear transceiver optimization for full-duplex multiuser communications.
IEEE Trans Signal Process, 2018, 66: 2300-2313

Charnes A, Cooper W W. Programming with linear fractional functionals. Naval Res Logist, 1962, 9: 181-186
Chen E, Tao M, Liu Y F. Joint base station clustering and beamforming for non-orthogonal multicast and unicast
transmission with backhaul constraints. IEEE Trans Wireless Commun, 2018, 17: 62656279

Chen WK, LiuY F, Dai Y H, et al. An efficient linear programming rounding-and-refinement algorithm for large-scale
network slicing problem. In: Proceedings of IEEE ICASSP’21. Toronto: IEEE, 2021, 4735-4739

Chen W K, Liu Y F, Dai Y H, et al. Optimal QoS-aware network slicing for service-oriented networks with flexible
routing. In: Proceedings of IEEE ICASSP’22. Singapore: IEEE, 2022, 5288-5292

Chen W K, Liu Y F, De Domenico A, et al. Network slicing for service-oriented networks with flexible routing and
guaranteed E2E latency. In: Proceedings of IEEE SPAWC’20. Atlanta: IEEE, 2020, 1-5

Chen W K, Liu Y F, De Domenico A, et al. Optimal network slicing for service-oriented networks with flexible
routing and guaranteed E2E latency. IEEE Trans Netw Serv Manage, 2021, 18: 4337—4352

Chen W K, Liu Y F, Liu F, et al. Towards efficient large-scale network slicing: An LP rounding-and-refinement
approach. arXiv:2107.14404, 2022

Chen X, Ng D W K, Yu W, et al. Massive access for 5G and beyond. IEEE J Sel Areas Commun, 2021, 39: 615-637
Chen Z, Sohrabi F, Liu Y F, et al. Covariance based joint activity and data detection for massive random access
with massive MIMO. In: Proceedings of IEEE ICC’19. Shanghai: IEEE, 2019, 1-6

Chen Z, Sohrabi F, Liu Y F, et al. Phase transition analysis for covariance-based massive random access with massive
MIMO. IEEE Trans Inform Theory, 2022, 68: 1696-1715

Chen Z, Sohrabi F, Yu W. Sparse activity detection for massive connectivity. IEEE Trans Signal Process, 2018, 66:
1890-1904

Chen Z, Sohrabi F, Yu W. Sparse activity detection in multi-cell massive MIMO exploiting channel large-scale fading.

689


https://doi.org/10.1109/MCOM.2014.6957145
https://doi.org/10.1109/MCOM.2014.6957145
https://doi.org/10.1007/s10107-009-0304-7
https://doi.org/10.1007/BF01201460
https://doi.org/10.1109/JSAC.2014.2328098
https://doi.org/10.1109/TWC.2014.011714.130846
https://doi.org/10.1109/TWC.2014.011714.130846
https://doi.org/10.1561/2000000093
https://doi.org/10.1561/2000000093
https://doi.org/10.1561/0100000069
https://doi.org/10.1109/JSAC.2016.2544498
https://doi.org/10.1109/TSP.2011.2167618
https://doi.org/10.1137/S1052623400382467
https://doi.org/10.1137/120880045
https://doi.org/10.1109/JSAC.2016.2545478
https://doi.org/10.1109/TCOMM.2006.873096
https://doi.org/10.1109/TCOMM.2006.873096
https://doi.org/10.1109/7693.975441
https://doi.org/10.1109/TSP.2018.2806344
https://doi.org/10.1002/nav.3800090303
https://doi.org/10.1109/TWC.2018.2858223
https://doi.org/10.1109/TNSM.2021.3087483
https://arxiv.org/abs/2107.14404
https://doi.org/10.1109/JSAC.2020.3019724
https://doi.org/10.1109/TIT.2021.3132397
https://doi.org/10.1109/TSP.2018.2795540

R AE: Jo2k (5 USRI B Ak e AL T i

32

33
34

35
36
37
38
39
40

41

42
43

44
45

46

47

48

49

50

51

52
53

54

55

56

57

58

59

60

61

62

690

IEEE Trans Signal Process, 2021, 69: 3768-3781

Cheng Y, Pesavento M, Philipp A. Joint network optimization and downlink beamforming for CoMP transmissions
using mixed integer conic programming. IEEE Trans Signal Process, 2013, 61: 3972-3987

Chiang M, Hande P, Lan T, et al. Power control in wireless cellular networks. FNT Networking, 2008, 2: 381-533
Christensen S S, Agarwal R, De Carvalho E, et al. Weighted sum-rate maximization using weighted MMSE for
MIMO-BC beamforming design. IEEE Trans Wireless Commun, 2008, 7: 4792-4799

Christopoulos D, Chatzinotas S, Ottersten B. Weighted fair multicast multigroup beamforming under per-antenna
power constraints. IEEE Trans Signal Process, 2014, 62: 5132-5142

Codreanu M, T6lli A, Juntti M, et al. Joint design of Tx-Rx beamformers in MIMO downlink channel. IEEE Trans
Signal Process, 2007, 55: 4639-4655

Conforti M, Cornuéjols G, Zambelli G. Integer Programming. New York: Springer, 2014

Cover T M, Thomas J A. Elements of Information Theory. New York: John Wiley & Sons, 2006

CPLEX. CPLEX User’s Manual. 2022

Dai B B, Yu W. Sparse beamforming and user-centric clustering for downlink cloud radio access network. IEEE
Access, 2014, 2: 1326-1339

Dai Y H, Liu X W, Sun J. A primal-dual interior-point method capable of rapidly detecting infeasibility for nonlinear
programs. J Ind Manag Optim, 2020, 16: 1009-1035

Dai Y H, Zhang L. W. Optimization with least constraint violation. CSIAM Trans Appl Math, 2021, 2: 551-584

De Domenico A, Liu Y F, Yu W. Optimal virtual network function deployment for 5G network slicing in a hybrid
cloud infrastructure. IEEE Trans Wireless Commun, 2020, 19: 7942-7956

Dinkelbach W. On nonlinear fractional programming. Manage Sci, 1967, 13: 492-498

Evangelinakis D I, Sidiropoulos N D, Swami A. Joint admission and power control using branch & bound and gradual
admissions. In: Proceedings of IEEE SPAWC’10. Marrakech: IEEE, 2010, 1-5

Fan C M, Zhang Y J, Yuan X. Dynamic nested clustering for parallel PHY-layer processing in cloud-RANs. IEEE
Trans Wireless Commun, 2016, 15: 1881-1894

Fan X, Liu Y F, Liu L. Efficiently and globally solving joint beamforming and compression problem in the cooperative
cellular network via Lagrangian duality. In: Proceedings of IEEE ICASSP’22. Singapore: IEEE, 2022, 5388-5392
Fengler A, Haghighatshoar S, Jung P, et al. Non-Bayesian activity detection, large-scale fading coefficient estimation,
and unsourced random access with a massive MIMO receiver. IEEE Trans Inform Theory, 2021, 67: 2925-2951
Fincke U, Pohst M. Improved methods for calculating vectors of short length in a lattice, including a complexity
analysis. Math Comp, 1985, 44: 463-471

Foschini G J, Miljanic Z. A simple distributed autonomous power control algorithm and its convergence. IEEE Trans
Veh Technol, 1993, 42: 641-646

Ganesan U K, Bjoérnson E, Larsson E G. An algorithm for grant-free random access in cell-free massive MIMO. In:
Proceedings of IEEE SPAWC’20. Atlanta: IEEE, 2020, 1-5

Ge D, Jiang X Y, Ye Y. A note on the complexity of L, minimization. Math Program, 2011, 129: 285-299

Ge X, Yang B, Ye J, et al. Spatial spectrum and energy efficiency of random cellular networks. IEEE Trans Commun,
2015, 63: 1019-1030

Gershman A B, Sidiropoulos N D, Shahbazpanahi S, et al. Convex optimization-based beamforming. IEEE Signal
Process Mag, 2010, 27: 62-75

Gesbert D, Hanly S, Huang H, et al. Multi-cell MIMO cooperative networks: A new look at interference. IEEE J
Sel Areas Commun, 2010, 28: 1380-1408

Goldsmith A. Wireless Communications. Singapore: World Scientific, 2006

Golub G H, Van Loan C F. Matrix Computations, 3rd ed. Baltimore: The Johns Hopkins Press, 1996
Gopalakrishnan B, Sidiropoulos N D. High performance adaptive algorithms for single-group multicast beamforming.
IEEE Trans Signal Process, 2015, 63: 4373-4384

Guo H Y, Liang Y C, Chen J, et al. Weighted sum-rate maximization for reconfigurable intelligent surface aided
wireless networks. IEEE Trans Wireless Commun, 2020, 19: 3064-3076

Gurobi Optimization. Gurobi Optimizer Reference Manual. Https://www.gurobi.com/wp-content/plugins/hd_docu-
mentations/documentation/9.0/refman.pdf, 2022

Haghighatshoar S, Jung P, Caire G. Improved scaling law for activity detection in massive MIMO systems. In:
Proceedings of IEEE ISIT’18. Vail: IEEE, 2018, 381-385

Hong M, Li Q, Liu Y F. Decomposition by successive convex approximation: A unifying approach for linear transceiver
design in heterogeneous networks. IEEE Trans Wireless Commun, 2016, 15: 1377-1392


https://doi.org/10.1109/TSP.2021.3090679
https://doi.org/10.1109/TSP.2013.2261993
https://doi.org/10.1561/1300000009
https://doi.org/10.1109/T-WC.2008.070851
https://doi.org/10.1109/TSP.2014.2345340
https://doi.org/10.1109/TSP.2007.896292
https://doi.org/10.1109/TSP.2007.896292
https://doi.org/10.1109/ACCESS.2014.2362860
https://doi.org/10.1109/ACCESS.2014.2362860
https://doi.org/10.3934/jimo.2018190
https://doi.org/10.4208/csiam-am.2020-0043
https://doi.org/10.1109/TWC.2020.3017628
https://doi.org/10.1287/mnsc.13.7.492
https://doi.org/10.1109/TWC.2015.2496953
https://doi.org/10.1109/TWC.2015.2496953
https://doi.org/10.1109/TIT.2021.3065291
https://doi.org/10.1090/S0025-5718-1985-0777278-8
https://doi.org/10.1109/25.260747
https://doi.org/10.1109/25.260747
https://doi.org/10.1007/s10107-011-0470-2
https://doi.org/10.1109/TCOMM.2015.2394386
https://doi.org/10.1109/MSP.2010.936015
https://doi.org/10.1109/MSP.2010.936015
https://doi.org/10.1109/JSAC.2010.101202
https://doi.org/10.1109/JSAC.2010.101202
https://doi.org/10.1109/TSP.2015.2441044
https://doi.org/10.1109/TWC.2020.2970061
https://www.gurobi.com/wp-content/plugins/hd_documentations/documentation/9.0/refman.pdf
https://www.gurobi.com/wp-content/plugins/hd_documentations/documentation/9.0/refman.pdf
https://doi.org/10.1109/TWC.2015.2489640

HERE HeE 53 M5 M

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

Hong M, Luo Z Q. Signal processing and optimal resource allocation for the interference channel. In: Academic Press
Library in Signal Processing. Amsterdam: Elsevier, 2014, 2: 409-469

Hong M, Razaviyayn M, Luo Z Q, et al. A unified algorithmic framework for block-structured optimization involving
big data: With applications in machine learning and signal processing. IEEE Signal Process Mag, 2016, 33: 57-77
Hong M, Sun R, Baligh H, et al. Joint base station clustering and beamformer design for partial coordinated
transmission in heterogeneous networks. IEEE J Sel Areas Commun, 2013, 31: 226-240

Jaldén J. Detection for multiple input multiple output channels: Analysis of sphere decoding and semidefinite relax-
ation. PhD Thesis. Stockholm: KTH, 2006

Jaldén J, Martin C, Ottersten B. Semidefinite programming for detection in linear systems-optimality conditions and
space-time decoding. In: Proceedings of IEEE ICASSP’03. Hong Kong: IEEE, 2003, 9-12

Jaldén J, Ottersten B. On the complexity of sphere decoding in digital communications. IEEE Trans Signal Process,
2005, 53: 1474-1484

Ji S, Sze K F, Zhou Z, et al. Beyond convex relaxation: A polynomial-time non-convex optimization approach to
network localization. In: Proceedings of INFOCOM’13. Turin: IEEE, 2013, 2499-2507

Jiang D, Cui Y. ML estimation and MAP estimation for device activities in grant-free random access with interference.
In: Proceedings of IEEE WCNC’20. Seoul: IEEE, 2020, 1-6

Jiang R, Liu Y F, Bao C, et al. Tightness and equivalence of semidefinite relaxations for MIMO detection.
arXiv:2102.04586, 2020

Karipidis E, Sidiropoulos N D, Luo Z Q. Quality of service and max-min fair transmit beamforming to multiple
cochannel multicast groups. IEEE Trans Signal Process, 2008, 56: 1268—1279

Kim J W, Lee H W, Chong S. Virtual cell beamforming in cooperative networks. IEEE J Sel Areas Commun, 2014,
32: 1126-1138

Kisialiou M, Luo X, Luo Z Q. Efficient implementation of quasi- maximum-likelihood detection based on semidefinite
relaxation. IEEE Trans Signal Process, 2009, 57: 4811-4822

Kisialiou M, Luo Z Q. Probabilistic analysis of semidefinite relaxation for binary quadratic minimization. SIAM J
Optim, 2010, 20: 1906-1922

Li H, Li M, Liu Q. Hybrid beamforming with dynamic subarrays and low-resolution PSs for mmwave MU-MISO
systems. IEEE Trans Commun, 2020, 68: 602-614

Li Q, Hong M, Wai H T, et al. Transmit solutions for MIMO wiretap channels using alternating optimization. IEEE
J Sel Areas Commun, 2013, 31: 1714-1727

Li R, Guo B, Tao M, et al. Joint design of hybrid beamforming and reflection coefficients in RIS-aided mmwave
MIMO systems. IEEE Trans Commun, 2022, 70: 2404-2416

Li Y, Lin Q, Liu Y F, et al. Asynchronous activity detection for cell-free massive MIMO: From centralized to
distributed algorithm. IEEE Trans Wireless Commun, 2022, doi: 10.1109/TWC.2022.3211967

Liao W C, Hong M, Liu Y F, et al. Base station activation and linear transceiver design for optimal resource
management in heterogeneous networks. IEEE Trans Signal Process, 2014, 62: 3939-3952

Liu F, Liu Y F, Li A, et al. Cramér-Rao bound optimization for joint radar-communication beamforming. IEEE
Trans Signal Process, 2022, 70: 240-253

Liu H, Yue M C, So A M C, et al. A discrete first-order method for large-scale MIMO detection with provable
guarantees. In: Proceedings of IEEE SPAWC’17. Sapporo: IEEE, 2017, 669—673

Liu J, Shroff N B, Sherali H D. Optimal power allocation in multi-relay MIMO cooperative networks: Theory and
algorithms. IEEE J Sel Areas Commun, 2012, 30: 331-340

Liu L, Larsson E G, Yu W, et al. Sparse signal processing for grant-free massive connectivity: A future paradigm for
random access protocols in the internet of things. IEEE Signal Process Mag, 2018, 35: 88—99

Liu L, Liu Y F. An efficient algorithm for device detection and channel estimation in asynchronous IoT systems. In:
Proceedings of IEEE ICASSP’21. Toronto: IEEE, 2021, 4815-4819

Liu L, Liu Y F, Patil P, et al. Uplink-downlink duality between multiple-access and broadcast channels with com-
pressing relays. IEEE Trans Inform Theory, 2021, 67: 7304-7337

Liu L, Yu W. Massive connectivity with massive MIMO-—Part I: Device activity detection and channel estimation.
IEEE Trans Signal Process, 2018, 66: 2933-2946

Liu Y F. Optimal resource allocation for wireless communications: Complexity analysis and algorithm design (in
Chinese). Sci Sin Math, 2013, 43: 953-964 [XI| V4. JoIBAE T m MR TR Bl — B R o r 55L& FE
Blag: B2, 2013, 43: 953-964)

Liu Y F. Dynamic spectrum management: A complete complexity characterization. IEEE Trans Inform Theory,

691


https://doi.org/10.1109/MSP.2015.2481563
https://doi.org/10.1109/JSAC.2013.130211
https://doi.org/10.1109/TSP.2005.843746
https://arxiv.org/abs/2102.04586
https://doi.org/10.1109/TSP.2007.909010
https://doi.org/10.1109/JSAC.2014.2328392
https://doi.org/10.1109/TSP.2009.2027741
https://doi.org/10.1137/08072320X
https://doi.org/10.1137/08072320X
https://doi.org/10.1109/TCOMM.2019.2950905
https://doi.org/10.1109/JSAC.2013.130906
https://doi.org/10.1109/JSAC.2013.130906
https://doi.org/10.1109/TCOMM.2022.3144986
https://doi.org/10.1109/TSP.2014.2331611
https://doi.org/10.1109/TSP.2021.3135692
https://doi.org/10.1109/TSP.2021.3135692
https://doi.org/10.1109/JSAC.2012.120212
https://doi.org/10.1109/MSP.2018.2844952
https://doi.org/10.1109/TIT.2021.3104847
https://doi.org/10.1109/TSP.2018.2818082
https://doi.org/10.1360/012013-124
https://doi.org/10.1109/TIT.2016.2623662

R AE: Jo2k (5 USRI B Ak e AL T i

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

692

2017, 63: 392-403

Liu Y F, Dai Y H, Luo Z Q. Coordinated beamforming for MISO interference channel: Complexity analysis and
efficient algorithms. IEEE Trans Signal Process, 2011, 59: 1142-1157

LiuY F, Dai Y H, Luo Z Q. Max-min fairness linear transceiver design for a multi-user MIMO interference channel.
In: Proceedings of IEEE ICC’11. Kyoto: IEEE, 2011, 1-5

LiuY F, Dai Y H, Luo Z Q. Joint power and admission control via linear programming deflation. IEEE Trans Signal
Process, 2013, 61: 1327-1338

LiuY F, Dai Y H, Luo Z Q. Max-min fairness linear transceiver design for a multi-user MIMO interference channel.
IEEE Trans Signal Process, 2013, 61: 2413-2423

LiuY F, Dai Y H, Ma S. Joint power and admission control: Non-convex L4 approximation and an effective polynomial
time deflation approach. IEEE Trans Signal Process, 2015, 63: 3641-3656

Liu Y F, Hong M, Dai Y H. Max-min fairness linear transceiver design problem for a multi-user SIMO interference
channel is polynomial time solvable. IEEE Signal Process Lett, 2013, 20: 27-30

LiuY F,Ma S, Dai Y H, et al. A smoothing SQP framework for a class of composite L, minimization over polyhedron.
Math Program, 2016, 158: 467-500

Liu Y F, Yu W. Wireless multicast for cloud radio access network with heterogeneous backhaul. In: Proceedings of
ASILOMAR’17. Pacific Grove: IEEE, 2018, 25762303

Lu C, Deng Z, Zhang W Q, et al. Argument division based branch-and-bound algorithm for unit-modulus constrained
complex quadratic programming. J Global Optim, 2018, 70: 171-187

Lu C, Liu Y F. An efficient global algorithm for single-group multicast beamforming. IEEE Trans Signal Process,
2017, 65: 3761-3774

Lu C, Liu Y F, Zhang W Q, et al. Tightness of a new and enhanced semidefinite relaxation for MIMO detection.
SIAM J Optim, 2019, 29: 719-742

Lu C, Liu Y F, Zhou J. An enhanced SDR based global algorithm for nonconvex complex quadratic programs with
signal processing applications. IEEE Open J Signal Process, 2020, 1: 120-134

Luo Z Q. Applications of convex optimization in signal processing and digital communication. Math Program Ser B,
2003, 97: 177-207

Luo Z Q, Luo X, Kisialiou M. An efficient quasi-maximum likelihood decoder for PSK signals. In: Proceedings of
IEEE ICASSP’03. Hong Kong: IEEE, 2003, 561-564

LuoZ Q, Ma W K, So A M C, et al. Semidefinite relaxation of quadratic optimization problems. IEEE Signal Process
Mag, 2010, 27: 20-34

Luo Z Q, Pang J S. Analysis of iterative waterfilling algorithm for multiuser power control in digital subscriber lines.
EURASIP J Adv Siginal Process, 2006, Article ID 24012

Luo Z Q, Sidiropoulos N D, Tseng P, et al. Approximation bounds for quadratic optimization with homogeneous
quadratic constraints. STAM J Optim, 2007, 18: 1-28

Luo Z Q, Zhang S. Dynamic spectrum management: Complexity and duality. IEEE J Sel Top Signal Process, 2008,
2: 57-73

Ma W K, Pan J, So A M C, et al. Unraveling the rank-one solution mystery of robust MISO downlink transmit
optimization: A verifiable sufficient condition via a new duality result. IEEE Trans Signal Process, 2017, 65: 1909—
1924

Ma X, Guo S, Zhang H, et al. Joint beamforming and reflecting design in reconfigurable intelligent surface-aided
multi-user communication systems. IEEE Trans Wireless Commun, 2021, 20: 3269-3283

Mahdavi-Doost H, Ebrahimi M, Khandani A K. Characterization of SINR region for interfering links with constrained
power. IEEE Trans Inform Theory, 2010, 56: 2816-2828

Marks B R, Wright G P. Technical note—A general inner approximation algorithm for nonconvex mathematical
programs. Oper Res, 1978, 26: 681-683

Matskani E, Sidiropoulos N D, Luo Z Q, et al. Convex approximation techniques for joint multiuser downlink
beamforming and admission control. IEEE Trans Wireless Commun, 2008, 7: 2682-2693

Matskani E, Sidiropoulos N D, Luo Z Q, et al. Efficient batch and adaptive approximation algorithms for joint
multicast beamforming and admission control. IEEE Trans Signal Process, 2009, 57: 4882-4894

Mijumbi R, Serrat J, Gorricho J L, et al. Network function virtualization: State-of-the-art and research challenges.
IEEE Commun Surv Tutorials, 2016, 18: 236—262

Mirjalily G, Luo Z Q. Optimal network function virtualization and service function chaining: A survey. Chin J
Electron, 2018, 27: 704-717


https://doi.org/10.1109/TSP.2010.2092772
https://doi.org/10.1109/TSP.2012.2236319
https://doi.org/10.1109/TSP.2012.2236319
https://doi.org/10.1109/TSP.2013.2245125
https://doi.org/10.1109/TSP.2015.2428224
https://doi.org/10.1109/LSP.2012.2227254
https://doi.org/10.1007/s10107-015-0939-5
https://doi.org/10.1007/s10898-017-0551-8
https://doi.org/10.1109/TSP.2017.2699640
https://doi.org/10.1137/17M115075X
https://doi.org/10.1109/OJSP.2020.3020221
https://doi.org/10.1007/s10107-003-0442-2
https://doi.org/10.1109/MSP.2010.936019
https://doi.org/10.1109/MSP.2010.936019
https://linkspringer.53yu.com/content/pdf/10.1155/ASP/2006/24012.pdf
https://doi.org/10.1137/050642691
https://doi.org/10.1109/JSTSP.2007.914876
https://doi.org/10.1109/TSP.2017.2649488
https://doi.org/10.1109/TWC.2020.3048780
https://doi.org/10.1109/TIT.2010.2046232
https://doi.org/10.1287/opre.26.4.681
https://doi.org/10.1109/TWC.2008.070104
https://doi.org/10.1109/TSP.2009.2026621
https://doi.org/10.1109/COMST.2015.2477041
https://doi.org/10.1049/cje.2018.05.008
https://doi.org/10.1049/cje.2018.05.008

HERE HeE 53 M5 M

116

117

118

119
120

121

122

123
124

125

126
127

128

129

130

131

132

133
134

135

136

137

138

139

140

141

142

143

144

Mitliagkas I, Sidiropoulos N D, Swami A. Joint power and admission control for ad-hoc and cognitive underlay
networks: Convex approximation and distributed implementation. IEEE Trans Wireless Commun, 2011, 10: 4110-
4121

Ng C T K, Huang H. Linear precoding in cooperative MIMO cellular networks with limited coordination clusters.
IEEE J Sel Areas Commun, 2010, 28: 1446-1454

Nguyen D, Tran L N, Pirinen P, et al. Precoding for full duplex multiuser MIMO systems: Spectral and energy
efficiency maximization. IEEE Trans Signal Process, 2013, 61: 4038-4050

Nocedal J, Wright S J. Numerical Optimization, 2nd ed. New York: Springer, 2006

Pan J, Ma W K, Jaldén J. MIMO detection by Lagrangian dual maximum-likelihood relaxation: Reinterpreting
regularized lattice decoding. IEEE Trans Signal Process, 2014, 62: 511-524

Papandriopoulos J, Evans J S. SCALE: A low-complexity distributed protocol for spectrum balancing in multiuser
DSL networks. IEEE Trans Inform Theory, 2009, 55: 3711-3724

Peters S W, Heath R W. Interference alignment via alternating minimization. In: Proceedings of IEEE ICASSP’09.
Taipei: IEEE, 2009, 2445-2448

Powell M J D. On search directions for minimization algorithms. Math Program, 1973, 4: 193-201

Promwongsa N, Abu-Lebdeh M, Kianpisheh S, et al. Ensuring reliability and low cost when using a parallel VNF
processing approach to embed delay-constrained slices. IEEE Trans Netw Serv Manage, 2020, 17: 22262241
Rashid-Farrokhi F, Liu K J R, Tassiulas L. Transmit beamforming and power control for cellular wireless systems.
IEEE J Sel Areas Commun, 1998, 16: 1437-1450

Saad Y. Iterative Methods for Sparse Linear Systems, 2nd ed. Philadelphia: STAM, 2003

Sanjabi M, Razaviyayn M, Luo Z Q. Optimal joint base station assignment and beamforming for heterogeneous
networks. IEEE Trans Signal Process, 2014, 62: 1950-1961

Schad A, Law K L, Pesavento M. A convex inner approximation technique for rank-two beamforming in multicasting
relay networks. In: Proceedings of EUSIPO’12. Bucharest: IEEE, 2012, 1369-1373

Schaible S. Parameter-free convex equivalent and dual programs of fractional programming problems. Z Oper Res,
1974, 18: 187-196

Schmidt D A, Shi C X, Berry R A, et al. Minimum mean squared error interference alignment. In: Proceedings of
ACSSC’09. Pacific Grove: IEEE, 2009, 1106-1110

Schubert M, Boche H. Solution of the multiuser downlink beamforming problem with individual SINR constraints.
IEEE Trans Veh Technol, 2004, 53: 18-28

Senel K, Larsson E G. Grant-free massive MTC-enabled massive MIMO: A compressive sensing approach. IEEE
Trans Commun, 2018, 66: 6164-6175

Shannon C E. A mathematical theory of communication. Bell Syst Tech J, 1948, 27: 379-423

Shao X, Chen X, Ng D W K, et al. Cooperative activity detection: Sourced and unsourced massive random access
paradigms. IEEE Trans Signal Process, 2020, 68: 65786593

Shen C, Chang T H, Wang K Y, et al. Distributed robust multicell coordinated beamforming with imperfect CSI:
An ADMM approach. IEEE Trans Signal Process, 2012, 60: 2988-3003

Shen K, Liu Y F, Ding D Y, et al. Flexible multiple base station association and activation for downlink heterogeneous
networks. IEEE Signal Process Lett, 2017, 24: 1498-1502

Shen K, Yu W. Fractional programming for communication systems—Part I: Power control and beamforming. IEEE
Trans Signal Process, 2018, 66: 2616-2630

Shen K, Yu W. Fractional programming for communication systems—Part II: Uplink scheduling via matching. IEEE
Trans Signal Process, 2018, 66: 2631-2644

Shen K, Yu W, Zhao L C, et al. Optimization of MIMO device-to-device networks via matrix fractional programming:
A minorization-maximization approach. IEEE ACM Trans Netw, 2019, 27: 2164-2177

Shi Q, Razaviyayn M, Hong M, et al. SINR constrained beamforming for a MIMO multi-user downlink system:
Algorithms and convergence analysis. IEEE Trans Signal Process, 2016, 64: 2920-2933

Shi Q, Razaviyayn M, Luo Z Q, et al. An iteratively weighted MMSE approach to distributed sum-utility maximiza-
tion for a MIMO interfering broadcast channel. IEEE Trans Signal Process, 2011, 59: 4331-4340

Shi Y, Cheng J, Zhang J, et al. Smoothed Ly-minimization for green cloud-RAN with user admission control. IEEE
J Sel Areas Commun, 2016, 34: 1022-1036

Shi Y, Zhang J, Letaief K B. Group sparse beamforming for green cloud-RAN. IEEE Trans Wireless Commun, 2014,
13: 28092823

Sidiropoulos N D, Davidson T' N, Luo Z Q. Transmit beamforming for physical-layer multicasting. IEEE Trans Signal

693


https://doi.org/10.1109/TWC.2011.100811.101381
https://doi.org/10.1109/JSAC.2010.101206
https://doi.org/10.1109/TSP.2013.2267738
https://doi.org/10.1109/TSP.2013.2292040
https://doi.org/10.1109/TIT.2009.2023751
https://doi.org/10.1007/BF01584660
https://doi.org/10.1109/TNSM.2020.3029108
https://doi.org/10.1109/49.730452
https://doi.org/10.1109/TSP.2014.2303946
https://doi.org/10.1007/BF02026600
https://doi.org/10.1109/TVT.2003.819629
https://doi.org/10.1109/TCOMM.2018.2866559
https://doi.org/10.1109/TCOMM.2018.2866559
https://ieeexplore.ieee.org/abstract/document/6773024/
https://doi.org/10.1109/TSP.2020.3039342
https://doi.org/10.1109/TSP.2012.2188719
https://doi.org/10.1109/LSP.2017.2738027
https://doi.org/10.1109/TSP.2018.2812733
https://doi.org/10.1109/TSP.2018.2812733
https://doi.org/10.1109/TSP.2018.2812748
https://doi.org/10.1109/TSP.2018.2812748
https://doi.org/10.1109/TNET.2019.2943561
https://doi.org/10.1109/TSP.2016.2529590
https://doi.org/10.1109/TSP.2011.2147784
https://doi.org/10.1109/JSAC.2016.2544578
https://doi.org/10.1109/JSAC.2016.2544578
https://ieeexplore.ieee.org/abstract/document/6786060/
https://doi.org/10.1109/TSP.2006.872578
https://doi.org/10.1109/TSP.2006.872578

R AE: Jo2k (5 USRI B Ak e AL T i

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167
168

169

170

171

172

694

Process, 2006, 54: 2239-2251

So A M C. Probabilistic analysis of the semidefinite relaxation detector in digital communications. In: Proceedings
of ACM-SIAM SODA’10. Austin: SIAM, 2010, 698-711

Song E, Shi Q, Sanjabi M, et al. Robust SINR-constrained MISO downlink beamforming: When is semidefinite
programming relaxation tight? EURASIP J Wireless Commun Netw, 2012, 243: 1-11

Stancu-Minasian I M. Fractional Programming: Theory, Methods and Applications. Mathematics and Its Applica-
tions, vol. 409. Dordrecht: Springer, 2012

Sun C, Jorswieck E A, Yuan Y X. Sum rate maximization for non-regenerative MIMO relay networks. IEEE Trans
Signal Process, 2016, 64: 6392-6405

Tao M, Chen E, Zhou H, et al. Content-centric sparse multicast beamforming for cache-enabled cloud RAN. IEEE
Trans Wireless Commun, 2016, 15: 6118-6131

Tran L N, Hanif M F, Juntti M. A conic quadratic programming approach to physical layer multicasting for large-scale
antenna arrays. IEEE Signal Process Lett, 2014, 21: 114-117

Tse D, Viswanath P. Fundamental of Wireless Communications. Cambridge: Cambridge University Press, 2005
Vandenberghe L, Boyd S. Semidefinite programming. SIAM Rev, 1995, 38: 49-95

Vassilaras S, Gkatzikis L, Liakopoulos N, et al. The algorithmic aspects of network slicing. IEEE Commun Mag,
2017, 55: 112-119

Venturino L, Zappone A, Risi C, et al. Energy-efficient scheduling and power allocation in downlink OFDMA networks
with base station coordination. IEEE Trans Wireless Commun, 2015, 14: 1-14

Visotsky E, Madhow U. Optimum beamforming using transmit antenna arrays. In: Proceedings of IEEE VTC’99.
Houston: IEEE, 2002, 851-856

Viterbo E, Bouros J. A universal lattice code decoder for fading channels. IEEE Trans Inform Theory, 1999, 45:
1639-1642

Wai H T, Ma W K. A decentralized method for joint admission control and beamforming in coordinated multicell
downlink. In: Proceedings of ASILOMAR’12. Pacific Grove: IEEE, 2012, 559-563

Wang Z, Chen Z, Liu Y F, et al. An efficient active set algorithm for covariance based joint data and activity
detection for massive random access with massive MIMO. In: Proceedings of IEEE ICASSP’21. Toronto: IEEE,
2021, 4840-4844

Wang Z, Liu Y F, Chen Z, et al. Accelerating coordinate descent via active set selection for device activity detection
for multi-cell massive random access. In: Proceedings of IEEE SPAWC’21. Lucca: IEEE, 2021, 366-370

Wang Z, Liu Y F, Liu L. Covariance-based joint device activity and delay detection in asynchronous mMTC. IEEE
Signal Process Lett, 2022, 29: 538-542

Wang Z, Liu Y F, Wang Z, et al. Scaling law analysis for covariance based activity detection in cooperative multi-cell
massive MIMO. arXiv:2210.14688, 2022

Weeraddana P C, Codreanu M, Latva-aho M, et al. Weighted sum-rate maximization in wireless networks: A review.
Found Trends Netw, 2012, 6: 1-163

Wen X, Law K L, Alabed S J, et al. Rank-two beamforming for single-group multicasting networks using OSTBC.
In: Proceedings of IEEE SAM’12. Hoboken: IEEE, 2012, 69-72

Wiesel A, Eldar Y C, Shamai S. Linear precoding via conic optimization for fixed MIMO receivers. IEEE Trans
Signal Process, 2006, 54: 161-176

Wipf D P, Rao B D. An empirical Bayesian strategy for solving the simultaneous sparse approximation problem.
IEEE Trans Signal Process, 2007, 55: 3704-3716

Woldeyohannes Y T, Mohammadkhan A, Ramakrishnan K K, et al. ClusPR: Balancing multiple objectives at scale
for NFV resource allocation. IEEE Trans Netw Serv Manage, 2018, 15: 1307-1321

Wright S J. Coordinate descent algorithms. Math Program, 2015, 151: 3-34

Wu Q, Zhang R. Intelligent reflecting surface enhanced wireless network via joint active and passive beamforming.
IEEE Trans Wireless Commun, 2019, 18: 5394-5409

Wu S X, Ma W K, So A M C. Physical-layer multicasting by stochastic transmit beamforming and Alamouti space-
time coding. IEEE Trans Signal Process, 2013, 61: 4230-4245

Wu S X, So A M C, Ma W K. Rank-two transmit beamformed Alamouti space-time coding for physical-layer
multicasting. In: Proceedings of IEEE ICASSP’12. Kyoto: IEEE, 2012, 2793-2796

Wu Z, Jiang B, Liu Y F, et al. A novel negative ¢1 penalty approach for multiuser one-bit massive MIMO downlink
with PSK signaling. In: Proceedings of IEEE ICASSP’22. Singapore: IEEE, 2022, 5323-5327

Wu Z, Liu Y F, Jiang B, et al. Efficient quantized constant envelope precoding for multiuser downlink massive MIMO


https://doi.org/10.1109/TSP.2006.872578
https://doi.org/10.1109/TSP.2006.872578
https://linkspringer.53yu.com/article/10.1186/1687-1499-2012-243
https://doi.org/10.1109/TSP.2016.2607143
https://doi.org/10.1109/TSP.2016.2607143
https://doi.org/10.1109/TWC.2016.2578922
https://doi.org/10.1109/TWC.2016.2578922
https://doi.org/10.1109/LSP.2013.2293840
https://doi.org/10.1137/1038003
https://doi.org/10.1109/MCOM.2017.1600939
https://doi.org/10.1109/TWC.2014.2323971
https://doi.org/10.1109/18.771234
https://doi.org/10.1109/LSP.2022.3144853
https://doi.org/10.1109/LSP.2022.3144853
https://arxiv.org/abs/2210.14688
https://www.nowpublishers.com/article/Details/NET-036
https://doi.org/10.1109/TSP.2005.861073
https://doi.org/10.1109/TSP.2005.861073
https://doi.org/10.1109/TSP.2007.894265
https://doi.org/10.1109/TNSM.2018.2870733
https://doi.org/10.1007/s10107-015-0892-3
https://doi.org/10.1109/TWC.2019.2936025
https://doi.org/10.1109/TSP.2013.2263500

HERE HeE 53 M5 M

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195
196

systems. arXiv:2210.14534, 2022

Xie H, Xu J, Liu Y F, et al. User grouping and reflective beamforming for IRS-aided URLLC. IEEE Wireless Commun
Lett, 2021, 10: 2533-2537

Xu W W, Zhang G, Bai B, et al. Ten key ICT challenges in the post-Shannon era (in Chinese). Sci Sin Math,
2021, 51: 1095-1138 [#R3Cfh, 5, A, & EHERIAC 10T SUSM - RPR in8. H ERH: $0%, 2021, 51
1095-1138]

Yang S, Hanzo L. Fifty years of MIMO detection: The road to large-scale MIMOs. IEEE Commun Surv Tutorials,
2015, 17: 1941-1988

Yang Z, Li J, Stoica P, et al. Sparse methods for direction-of-arrival estimation. In: Academic Press Library in Signal
Processing. Amsterdam: Elsevier, 2018, 7: 509-581

Ye Y. On the complexity of approximating a KKT point of quadratic programming. Math Program, 1998, 80:
195-211

You X H, Pan Z W, Cao S M, et al. The 5G mobile communication: The development trends and its emerging key
techniques (in Chinese). Sci Sin Inform, 2014, 44: 551-563 [jﬂl\%f}%, WES EVEET, . 5G BEEEREBRS
TR, R EE B ERE, 2014, 44: 551-563]

Yu W, Ginis G, Cioffi J M. Distributed multiuser power control for digital subscriber lines. IEEE J Sel Areas
Commun, 2002, 20: 1105-1115

Yu W, Kwon T, Shin C. Adaptive resource allocation in cooperative cellular networks. In: Cooperative Cellular
Wireless Networks, 2010, 233-256

Yu W, Lan T. Transmitter optimization for the multi-antenna downlink with per-antenna power constraints. IEEE
Trans Signal Process, 2007, 55: 2646—2660

Yu W, Lui R. Dual methods for nonconvex spectrum optimization of multicarrier systems. IEEE Trans Commun,
2006, 54: 1310-1322

Yu W, Patil P, Dai B, et al. Cooperative beamforming and resource optimization in C-RAN. In: Cloud Radio Access
Networks: Principles, Technologies, and Applications. Cambridge: Cambridge University Press, 2017, 1-30

Yuan M, Lin Y. Model selection and estimation in regression with grouped variables. J R Stat Soc Ser B Stat
Methodol, 2005, 68: 49-67

Yuan Y X, Sun W Y. Optimization Theory and Methods: Nonlinear Programming (in Chinese). Beijing: Science
Press, 1997 [V, PACHr. LS 577, dba: Bttt 1997)

Zander J. Performance of optimum transmitter power control in cellular radio systems. IEEE Trans Veh Technol,
1992, 41: 57-62

Zappone A, Jorswieck E A. Energy efficiency in wireless networks via fractional programming theory. FNT Commun
Inf Theor, 2015, 11: 185-396

Zappone A, Jorswieck E A, Buzzi S. Energy efficiency and interference neutralization in two-hop MIMO interference
channels. IEEE Trans Signal Process, 2014, 62: 6481-6495

Zhang J, Chen R H, Andrews J G, et al. Networked MIMO with clustered linear precoding. IEEE Trans Wireless
Commun, 2009, 8: 1910-1921

Zhang N, Liu Y F, Farmanbar H, et al. Network slicing for service-oriented networks under resource constraints.
IEEE J Sel Areas Commun, 2017, 35: 25122521

Zhang N, Liu Y F, Farmanbar H, et al. System and method for network slicing for service-oriented networks.
Https://patents.glgoo.top/patent /US20190394132A1 /en, 2021

Zhang R, Liang Y C, Chai C C, et al. Optimal beamforming for two-way multi-antenna relay channel with analogue
network coding. IEEE J Sel Areas Commun, 2009, 27: 699-712

Zhang Y, Beheshti N, Beliveau L, et al. StEERING: A software-defined networking for inline service chaining. In:
Proceedings of IEEE ICNP’13. Goettingen: IEEE, 2014, 1-10

Zhao P F, Li Q N, Chen W K, et al. An efficient quadratic programming relaxation based algorithm for large-scale
MIMO detection. STAM J Optim, 2021, 31: 1519-1545

Zhao Y B. Sparse Optimization Theory and Methods. Boca Raton: CRC Press, 2018

Zou Y, Zhu J, Zhang R. Exploiting network cooperation in green wireless communication. IEEE Trans Commun,
2013, 61: 999-1010

695


https://arxiv.org/abs/2210.14534
https://doi.org/10.1109/LWC.2021.3106548
https://doi.org/10.1109/LWC.2021.3106548
https://doi.org/10.1360/SSM-2021-0013
https://doi.org/10.1109/COMST.2015.2475242
https://doi.org/10.1007/BF01581726
https://doi.org/10.1360/N112014-00032
https://doi.org/10.1109/JSAC.2002.1007390
https://doi.org/10.1109/JSAC.2002.1007390
https://doi.org/10.1109/TSP.2006.890905
https://doi.org/10.1109/TSP.2006.890905
https://doi.org/10.1109/TCOMM.2006.877962
https://doi.org/10.1111/j.1467-9868.2005.00532.x
https://doi.org/10.1111/j.1467-9868.2005.00532.x
https://doi.org/10.1109/25.120145
https://doi.org/10.1561/0100000088
https://doi.org/10.1561/0100000088
https://doi.org/10.1109/TSP.2014.2364789
https://doi.org/10.1109/TWC.2009.080180
https://doi.org/10.1109/TWC.2009.080180
https://doi.org/10.1109/JSAC.2017.2760147
https://patents.glgoo.top/patent/US20190394132A1/en
https://doi.org/10.1109/JSAC.2009.090611
https://doi.org/10.1137/20M1346912
https://doi.org/10.1109/TCOMM.2013.011613.120358

R AE: Jo2k (5 USRI B Ak e AL T i

Optimization problems and methods for resource allocation in
wireless communications

Ya-Feng Liu, Zheyu Wu, Wei-Kun Chen & Yu-Hong Dai

Abstract Many problems arising from wireless communication system design can be formulated into optimiza-
tion problems. On the one hand, these optimization problems are often highly nonlinear, and thus generally
difficult to solve. On the other hand, they have their own special structures, such as hidden convexity and sepa-
rability. Designing efficient optimization algorithms to solve these problems based on their special structure has
been a hot research topic in recent years. In this paper, we focus on optimization methods for resource allocation
problems in wireless communication system design. Taking optimization theories and algorithms as the main line,
we introduce their applications in solving resource allocation problems, including how conic programming reveals
the hidden convexity in specific non-convex problems, how Lagrangian duality helps to characterize the structure
of their optimal solutions, how sparse optimization and integer programming techniques help to formulate the
related problems, and how semidefinite relaxation, alternating optimization, and fractional programming help to
design efficient algorithms. Finally, we give a prospect of some future research directions and the key problems
in wireless communication system design.

Keywords semidefinite relaxation, alternating optimization, duality theory, multiuser interference channel,
fractional programming, wireless communication system design, sparse optimization, hidden convexity,
integer programming
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