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64X (the 6th Generation, 6G)E (5 1 H &
TR AREE B IR TR bR, B REE S B
ROPORKIEAE 8 oo A S A Rl 0.
¥4 e 2R 1] (Reconfigurable Intelligent Surface,
RIS)YEA6GHEAE ) — BRI R RS A, %5
ARAT LA R R ARRE A A FTREHED 2 Bk L,
RIS H R EARSA . AT H A B TGI8 S 5 7o 4 %
(RISFTHT, 3R e TG IR S Te A AT DA ST b S S 20 2
ST, JFAT LU & SO ot 25, A= A4
i P AN AR RS T A S 5 50

ERISHIBI6GIEAE RGE T, WA ARG AR A
TEHARFE—E RS RRE Y, EEEEEC
FIIEOUS, RISHE Bl (5 R G IS B RIE &
Th—ME RN R, BRI EEuS (Base Sta-
tion, BS) & i A BOE 5 RIS S0 H FE ) & 1
T2 B XX —HkaR, e, SCER[BPR A R
BT CAK 18] 8 73 i 9 W A1 0] . 22 4 N B 4
(Multiple-Input Single-Output, MISO) &4t 154t
(19 Th 2 e /A 1) @R AR IS I 5 76 44 B9 A #2 AR A 1)
A, 30 R B A SR DL —FhSE B AR 1) T
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AR PR, HZ TR R RS M B T
KMBERISK G E R E R . #5E, XRISHE)
MISO R G fe &R KAL) R, SCHR[4] FEBS AL
KA 18 % (Zero Forcing, ZF)Tidmtd A, HTZF
T 9w i e 0% 58 4V bR P TR T4, AT i A5 B S i
D25y BUFRIS oG AHRSARAL A W jR . (B2, %07
ZENE VG AR R BR 1, A e BB A T HAth T
b7 %, MG, AR P 2K ZMAZ
(Multiple-Input Multiple-Output, MIMO) R4 ]
AR R R A KA ), SCRR([14] 5t T B T RIE AR
SR A PR O Wi, AR BSATH i
(User Equipment, UE)ECE T KERZ, FIHRH
BAU- B IR G Tm b 250, DL R ARG A 14 Rl A A1 R
oo M ERTAERTLAE W, BUA MBLE R S it
HRKZ KM T ZBMAEEREE, ETEM T
HERERE. Fik, RISH B RZIMKE 24
B B B9 B OV . STHR[15) 5 RIS
AN E RS, X RISTC IR R BOE )
AL R, $ T — A T e R - d M AR
Sk, USRI SIA &S Tl v L AR R
PR R AV RE A AR R T . AT, X P
FEACER T RN R 5. SCHk[16]75 RIS
AR AP BB AMIMO RS, Wit 7 —MAEAK
2% FE B BSHi A VR R SR A%, I TSR BT
I 25 8 v 326 45 R A ] IR T2 A R A RIS ¥ R Ak
e, G TR BERAEIE BRI EE LA, H
07 SN 2% FERO T Pl S Wi h BN ZRER BRI KIS,
75 B T RO AR . Rk, SCHR[17) 5 X RIS
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B2 H P MISORGi$HeH T 3FMRE 2 ERISH %
AR, Pty ZAE TG RIERMIER
Bk, fE— R LR T ERE, BERENS
BB R, BAERSHUE.

R TAEF, REB4H I8 T RISH BIMISOBL
HLFH P MIMO RSB A 3R e Wi I i, /D3
WEFT 7T RISHBI £ F] F* MISO £ 4t B BE & IR 1% E
et . (HAE, BUABCE BRI TSR
IR SRR m kR EE, B 7 RidE
HEREAR. &I AER, A SCEXRISH B2
FP@A(E RGert 138 FAR S 2% BE IR & % R
HE, SEHUAHEE SRR, EETTERWT

(1) BRA BT T BS A A A% A 3 2 43 Bic A
JRISSAHAERE, DA K PR 3 s B e P e
WERLM, HZ A REHTRA 82 U AR
EREEREER. FHIERIFTRIEEIE.

(2) 78T T AT PRI A B R B Wit R
B, 506 KA ZHE, FTHREeE U R s
WA TR 2 2D RRE T I B E .

(3) 1 H45 R IGUE T B I 9 R i Ie 15
THAN T 243 T 77 58 0T LA SR A 55 e 1 R0 50 40 3kt 56 1tk
BE, HHEATARS RS HHES 7RIS E
i RSN .

2 REEESEEmL

2.1 REGHER

A S T RISHIBIZ H P FATIEE RS, W
E1(a)fTr. ZRGHFIE T 1I4EAE MARLEHBS,
I NAS RS T R RIS A K AN R 2R UE.
H T30 TC 58 HP A7 L 3 5 AT (R BRAS A, AN
R BSFUEZ M L {5 E g U % . thak, fRiX
R IR EENEERSELEEECHT.

L BS-RIS-UEs{s 18 HIBS-RIS{E EG ¢
CN*M FIRIS-UEsf5i# H, = [h1,hs, -, hg]T €
CEXNE s . HARKUL, RISH B A U R

— HEE
e AT

mxsms_~ NSRS

RIS 5
S

(a) RISHHI RGiHEAY
Kl 1 RGHa

(b) URAJE HAEAY

PSS EGE—NERE A B, IR %R 2
B R HE S . FIH O = diag(rie, -, rpelfn -,
rnel?N) RINRIS R FHIFE, HH0, € 0,2r) AFn
(n=1,2,, N)MN S oA, v, € [0,1] A3
MERE. DRIk, H P uidifE 5l Rk
y=HOGWPs+n (1)

Hr, s=1[s1,80,sk)T NI R LMEN
077 Z N1 KIEAE S, P=dag(vVP, VP, -,
VPR) NI RSB FE, W = |wy,ws, -, wg] €
CM*K JgBSui I &K SRS IE, HHEAREY TR
W we? =1 (k=1,2,,K), n=[ny,ng, - ng|"
R MPE = B F e S (Additive White Gaussian
Noise, AWGN) &, HH & 705 M E & oA
CN(0,0%). {ERISHIBI RS, BSHMRISZ Al
B 1 M, x M,MN, x N, {5k (Uniform Rec-
tangular Arrays, URAs), M, /N, M, /N,
NURAZKFAIRE B ) ()R8 / ot 4, HAT
fE MM, =M VLKXN,N,=N. FHFEEZNL,
F—, HRE R LERE B RIS B J& 20 A7 AL
RISHIBS/UEZ [A] i) Hi%& 4% (Line-of-Sight, LoS):
B, BIEB6GIEAS R4t HT K H I G ik A0 B
B BEIRR, BIANRH#RZE, JE B4 (Non-Line-of-
Sight, NLoS) A7 1E 8 # 1715 /b & A B B 32 R
NLoS. FIt, A3CE 118 BS-RISHIRIS-UEsfE
TEAXAFAELOS, Wit H IR A% B2 I IR A I R % 1
TH7 M8 TR JG SOK BT B 0 R e B4k 2
fFAELoSHINLoSH 5. B, NAFTELoS =1
RIS-UE kHIBS-RISH: % (M5 18 1] 2

hi = Bray, (Or, ¢r,) (2)

G= ﬁa’r (9” ¢r) a? (eta ¢t) (3)
/ﬂ\:qj7 hkj‘jHr%k"/ﬁt’ %%RISE%R/I\H%FI‘EH{%
&, B MBEIAEERN, a0k ¢r) € CVIH
RIS-UE k% % RISFE S ) 5 53R 3 1R &
a,(0;,¢:) € CN*I Ma, (0, ;) € CM*L 55 ABS-RIS
kS RIS [ 71 2 SO R ) SR B FH BS I 71 2 S I o
FRE, LLERAMAREGe[0,7) ¢ e [0,7/2)
T390 9B R ISR TR N R 7 5L A AR A B 1411 ()
Pros. —fcH, RS R E R LR
a (0,6) = a, (0,6) © a. (6,0) (4)
Soh, @HBWIBL a,(6,0) € CVFla, (0, 0) €
CMu*VR] 73 5 S At
a, (9’ ¢) — [1’6]'%dc0893in¢>7 ...7ej%d(Mm—1)cosesin¢]
a, 0,0) = [Lej%dsinGsinqﬁ’ ._.7ej2—>z‘d(My71) sin051n¢o]

(5)
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2 %

AT %

Hrb, ANURAMARRE /ot EEEEL(b), AN
WK, M, FIM, 5 5 RN URA K2 H 7 19 1)
REH o8 AfiRIL, 4D =2rd/X, W
X@)PFHKREa0, o) FIEM N ITTE AN a0, d)]m =
ejDsind)[(mm—l)cos@+(nzy—1)sin0] (m: (my _ 1)Mz+maj ,

my = 1727"'7M17 my = 1723"'aMy)°

SI3E1  HURAFESI R 208 K, AR B
RS R R s, B lim

a'(0;, di)a; (05, ¢;)
lla; (0, ¢i)ll ||aj(9]"¢j

=0,Vi#£j,
)|

IERR RPN (4) #HE T W ol (6,¢:)

1 — &PMy—Dp1,2 1 _ oJD(Mz—1)v12
a; (9j7 (b]) = 1 — eiDpi2 1 — eiDv12 ’
;H\: EF‘ ’ H1,2 = (sin0j sin ¢j — sin 01 sin (7251) , V12 =

(cos B sin¢; — cos b sing;)e i = i, Hall(0;, ;)
a;(0;,0;) = MM, ; i+ j I, Ho; #6; H

di #dj > Mpo#0 Hoio #0 I, HM,,
. a’rIL‘{ (913¢1) aj (0j3¢j)
My = odth BHE W™ AL,

i jo
Rk, SIFIHE. FER, SIBLEHTHIAE
BLE URAMISCR &, BlAnASCH I BSHIRIS.
2.2 [O)ERfEIA
FENUEMBRUE ST RRA

K
Y = h,OGwi/ Pisy + Z hk@Gwi\/]?isi + ng
i=1,i#k
o (6)
Horb, wy, € CMXyBSH & S I H ROR R RE W (1)
HkAl. Fik, w1525 L NUERMS T8 (Signal
to Interference plus Noise Ratio, SINR)HA

h,©®Gw, /P,
b KI K wm/Tel2 o
> hOGw\/P| +0?
i=1,i#k
Rltk, B FH P R i

K

R="> logy (1+ ) (8)
k=1

AR H b A a0 e Bk it i S AR R AR
KRVEIIIES NS 9 YW RSy S L HOP/S O
RE R AR . BARTEAL A Ry

max R
wW.e.P

st. CL: |Jwg|? =1, Vk € {1,2,, K}
C2: 0, €[0,2x), r, €[0,1]
K

C3: Zpk < Pmax
k=1

Horp, Z9RC3H P MW KRS E. H

F(9) P CLE R SR IE TR 4 BCA 2 S 4R

R R B A e A ) R AR ™ i) R . AR SC R H A A T X

b e R AR R 2 P AR T

3 KEZRERRMAIKIT
EAXRISHIBIZ P 244, HEANUERE

R

Y — hk@GWPS + ng (10)
R4 20 (3) AT BS-RISTEIE G E SN
G = Ba, (b, ¢:) ai' (6, ¢1) = Bgi'ge (11

Hrp, gl e CV*Hlg, € CM A4 38 LN
g1 =a, (0.,6:) = a, (0:,6.) © a, (0, &)
— (1 echos Oy singr ejD(N—l) sin ¢, (cos 9r+sin9r)>T

4

(95 g5 — ax)"
go =al (0., ¢0) = [a, (0, ¢) ® a, (0, 6)]"

(12)
Rk, 3(10) 58 AN UERBIRAE 5 1) 8 5 i
yk = fhiOgg:W Ps + (13)

3.1 RISKSTEEFFIZIT
B, BREBNHERA AT, FIAGIELF
ANE SR IE A ML K og,gr =1
(n =1,2,--,N) AP RIS S HRE TR
O = diag (hjg1 h3g2 - hgn) (14
Hr, g, 2K (12)Fg MEBEANICER, h, &M &
h e CUNn Aok, HixmEn g SCh

K
1 hy
hZfE —
Kk:lﬂk

~—

= ;iaf (O, 1) = (B, hay o hy)
k=1
(15)
5, FHR2). KRR 15T HEENUE
S 5 2 (13) il e by O g ik — B e ey
h.Og) = hidiag (hig1 h3g2 - hign)

T
(9% 95 - gy) = hih!

K
Za (Or: #1) > ay, (Ok, &)

k=1

k)

(a)

~
~

af (O, 00) a (61, 0) 2
Horbr, DB (a) &8 A 51 B (BPAS[R] 5 7] % B AE
B RURARNT FITRER) 152, PR (b)4s Rl
MH all(6k, d)ay (O, o) = NTFE].

e, HE el gl Rl (16)4R01 K (13), 153
FIRISHBIZ F 7 R4 5 e NUERIFERUE 54

k

= x|

(16)



14

W Wed. R REEER AT BY 2 P R GURE AR 2 BE M R R it 131

BBk N
K
3.2 ZETRRMF RINESE T
X RISH B2 H P &4, = (17) 143 2] fr
HH P B2 E SN
T
I R O TR, R ZF 3R O
FiREBIBS KSR I FIZE k5N

Yk = goWPs + ny (17)

y An)'gaWPs+n  (18)

Vi

wy = 2 (19
vk |le )
Hof, o RV = HI(HL HY) ™ 38050, H N
heq,l
h
N eq,2
H, = %(,@1 By - Br) g : (20)
heq,K

R, H WHEEIT Nher = BBNg2/ K € CHM
B, FEWEBRA TG, WIS e N UER
Mk L (Signal to Noise Ratio, SNR) N
V= % (heqxwi) (hegrwi)"
By vy vl
B N P Y
B H. HE(HHE) |

:O'QH'Uk”%‘ eqtteq\Heqtteq ok

H
' [Hequ(Hequl)_l}M
Py Py Py
T 2wl T oofler  2[VIV],
Py,

- o |(H HE) |

eqTreq

(21)

kk

£ T LR SR KBS A5 I R BT B WA
RIS FERE @, s KA A 18 3 18 4k ) A it
PO BT RS D) R SRR P, WY

K
_ ’
max R = E log, (1+7'4)

= (22)
s.t. C3 Z Pk S Pmax
k=1
IR KO R B 2 Sy BE A AL 1) AT R R K
(Water Filling, WF)5:15 2w, KA

P, = (i ~o’ [(Hequ)IL,kY (23)

H, (2)7 = max{z,0}, Jf HEERRPE& B H fe
T WRLIR KA
K

> (2 —o?[(H,H) ] )+ = P (24)

k=1
3.3 ERAMMERENT

AT PHRRISHIBI 2 H P RG0S Wi
— s A B AR

o, ASCHR H PR A G R O Wit
MUEHTFZH 5, WEHTHRHEP S5, W
PP 2 P s —MEEkIG o, Sk
THEESR G THEERS B, BTt B B
BT AT 243 B 7 ZE T LARL A T RISHHBI ./ 2
HFP &%, BMASBRWELIFR. Ak, M
B I oA T B AN D 2R 43 e 7 AT T RAE
fELoSHIfE 18 &, 1M H AT #|LoSFINLoSH:A7
PSR EIE S, 2T BRI CP4AH.

Hk, XTRISHiIBhZ RS RA B R R
B, BB SCHR(3,19] FERH TR B AL %
FAN, SCHR[16,17) 5 S5 5 2 F1 2 B P RISH6
B R G TARE A E BRSO B 7 &, (HIX L
iRV REE IRV, RN . AR
RISHIBL 2 FH 7 2 Gui R U B I S AR T S S
JE LS RS R O B . O B B A T 2y
Bowe it wok, 2(14)F 15 BIRIS S 5E FE R 1T 55
HREHNO(N); #E, R19)H K ERREW
MRS REENO (K2 M + K3); f&)a, 3(23)HWF
DNE A B EE TR A FE 5 R S R e i

B 1 RERERARRBERITEE

BN WH(W,0,P)

FH1 HET ORBS-RIS{EiE G RIRIS-UEs(5iE H, A5 H#1,
W (14) HHHRIS AR © 5

Sk HETZFHIE, WRERQ9)IHEBSKIEREEW ;
FH3 HETWFHIG, WRIEX(23) i HIERSHEEP;

Y Hk4 HH AR (W.0.P).

R 1 OERBEARTEERELL

ik [3] O (N9) N: RISRAHCAH4
SCHR[18] O (Lo (I.MPK? + I,N?)) M. SR SRR
SHR[6] O (Q (M3 + MN? + N)) K: FIP%
SCHR[17) O (NI (KM?)) I, I, I, T 35400
& O(N+ KM+ K3) Q: THUNZREHH
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2 %

AT %

RIREAARE . Rk, AN SCHRH B9I& 9 R A it
METTRERENO (N + K*M + K3) . MWELH
WRRTE T R HE RN L BT AR, Bt
(R SRR BT RN D 4 75 R BT H SR 2R B2 LB
A B ARAC T DL AR A4 B Sk 2 G
IR
4 SEHEREETBR KRBT

TERISHIBHIE(S Rgth, NIR_THH P RS0
BEJE W RISAT R E E ST UBsIA B2, BT
RISIEEBS, S#BS-RISHATERA, 1EHE%
BS-RISfY#£{ELoS; TMRISHEITUEs, M{Ei%RIS-
UEs{5 18 [7 5 f£ £ LoSFINLoS, BIsEd5ialy,
U, A B LoSTRIEHE FIRIS-UEs(S 18 Mg

518, nIEHE LN
I AT = g [ 1 NLes
HR_ 1+HHr + 1+I€Hr (25)
He, w REWHF, HYS = HoNS FSCHIFRP
LoSf5i&, HN<SAHRIS-UEsH M HINLoS/E i &5
g5, B RATRVESE A A NLoSIEE W R om N
1550 (2) 2 ML i) 5 7 RS — gNLesq{NoSH (gLes,

o)
FRTA(13), ESEMEIE P2 e N UER IR
fa 5l 5 i

R K 1 NLoS
= h \/——h
e =P ( 1+ &k kT 1+ &k k )
- OrgilgaWr Prs +nj (26)

AT (14), WA 23N EE T RIS S FE

Or = diag (h;{,lgl hiz 292 - hﬁ,NgN) (27)

Hrr, hg, ARy € CONERNITR, HiZ
Ira) 152 7T pH 2K (28) A4 ik
1% K hy Lo
14+xA 1+ K pRLOS

NLOS
Z a’k; 9k7¢k)
K — \ 1+

(QNLOS7 ¢ELOS
2 (hr,1,he,2, s he,n) (28)
I, FIHC(12). R(27) R (28) nl k3¢

W5 18 T 28 kN UERIRUE 5 2K (26) 87 3 iR
A

/ K [ 1 o
/1

hNLoS

< i 1+ ©

g hg191 hf{ng hik{NgN)
( f g5 gN

hNLOS hH
\/ 1+
K [\/ mﬂkag (Ok, Pr)
1 O oS H 0O o}
a0, S>1

K

> <\/ —ay (Ok, ox)

k=1

1 0 NLo! 0

+ / o alk\)TL S (egL S7¢1]§L S))

d) 1 | kp
It [1+k % Ok, o1) ay Ok, dr)
NLoS . H } .
+ 1k+ - SCNL S) (HELOS’ ¢1§Lob)

ELOS <0NLOS, ¢NLOS)]

() N (B85 + By"5)
K(1+ k)

Hep, AUSIR(a) 58 (b) 52 (16) I XT RN 25 B
E AR A S 2R

e, BB R 4 R K (29) K K (26) H,
BRI EMEE LML FRISHBIZ T 24 h A
UEMERIE SN

R 5N("fﬁk + 5NLOS)

T T K1+ w)
Af L (30) KRBT LoSEE & 1 N3 2 (17),
R, SEMEE % T 05 8BS KR 5 3 R e
Wi TR FE R & P R BT LoSIR & 7
FRI3.27T, NTEEN, AELER.
5 {FESH

AATHIIMATLAB i B3R T T ZI0H
Rk, FXHTET, BSKLH N6, AWGNE:FH
J7 7 No? = —80 dBm, BS5UEsafEZ 60 m,
RISAH 7EBS 5 UEsH N E L L — . fiEP{EFE
LT [ B 25 R KRR B K (B A PR ) /N R 52
% (1) SEEBAH M KRS 5 AT

w-ag) (31)

(29)

goWRPrs + nl,j (30)
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Hrp, dNBS-RISIHELRIS-UEs[E &, Cy=
—30 ABNTES Z B d, = 1 miL KA HEE, H
aRINEEAEIFESEEL, R BS-RISFIRIS-UEs#E #%
1) 1% 72 B FEF8 B0 0N agr = 2.2 Flagy = 2.81221,
(2) i B B 1 BS-RISHE 5 A LoS 5 8 1M RIS-UEs
BB AE AU IS L BRI LoSI 5 (24 3k Wi 5
B 2R UL . R, 5 RE PR E S JEBS-RIS
{EIEFIRIS-UEs{5 18 7T A2y il A5 h

dpr\ "™ 1o
dru) " K 1108
Hy =Gy &Y T glo
R OO( do> 1+rk "
1 NLoS
+\ (33)

Hd, dpg ABSFIRISZ [ FE &, dry =60 m—
dpr NRISFIUEsZ A1 FEEY, H# 20 m < dpr <
60 m: fERIS-UEs{EiEA(33), H3RiRH 1
k — oo i, RAAFAELoSH 5.

i B AR HO T ISR 7 B RE .
F1— AR I3 R (BeamForming, BF) 311
AMWFIIZE 73 HL(WE Power Allocation, WFPA), H
AN FERISHS AH #5 K FE FR 1 1) 322 22 AH#% (Continuous
Phase Shift, CPS)#&it: 72— AR HKIBF
(Proposed BF, PBF)fIWFP A N % f& M # ¥ 5 R
H 2 EL AR S (2-bit Phase Shift, 2PS)¥its H %
3——PBFHMWFPA N 1ELRFAH# (1-bit Phase
Shift, 1PS)#it; J57%E4—FiHlBF (Random BF,
RBF)MWFPA NHJ2PSit: J7%5—PBFHICPS
TSI AL (Equal Power Allocation, EPA)¥ it

K245 1 RISHI B4 P R E R 5
SUHFEINI G R IWE2RT LA, BT RISH K
R B S 1 i, & T 58 M A4 T o e S o A
NEGINTIHG Ko BUAh, BEAEAHRE RS B A 1-bithe i 2
2-bit H B ELANF, MR ELIERIZ LRI, 5
b, TR R B G I R BOY J7 SRAE T A RS LT
WAL T BRI R RO 77 %, B Ak Re I fi b
NEGRT R B, e B B oY Ji
FRIEESAMB LTI, KRAWFPAJT A
HAEN T KHEPATT EH), {EMHFEZFMF FWPFA
75 AT A3RA31.8 bit /(s-Hz) (R B 3 R 2T

K345 T RISHI B4 7 RS AERIS-UEsH %
NLoSHH A5 1B B LoS 5 NLoS$ A7 {E 7 5 H
PR 0T BB R M REXT L. Bk, HE24
AR, BRI 3eh &7 S M B 4 5 A S oo

BN R, HEEEMABREREmE L. A
M2 e, MESATLAB R A, AHIFE %4 FLoS
Yy I AE R R R TR S 8 = 1, 71
216 bit/(s-Hz)MITEREIL S, R RI7E T 35 8
LR IFETINA. BTN, AR
R FEK.

B4z TRISHIBIAR P KRG R R 5
RISFIUEs[Al#E & dpy K18 & . AWEART LRI, 25
—, BEERISHUEsRIFE B MI3G 0, A s R0k
BANEH K. BHEZE, H0m < dry < 33.6m K,
HBS-RIS{5 1 3 (32) MIRIS-UEsfs 18 X (33) F 1k i)
RIAT S dry I B A BRI PR 2 2433.6 m < dry <
60 m I, Z KA T8 A dry BRI 1Y pR 2. B R
K 3 (32) 12 (33) T A

o
jen}

40

wW
o=}

[\
(=}

FIHARER (bit/(s-Hz))

16 50 100 150 200 256
N
— PBF-CPS-WFPA
-6~ PBF-2PS-WFPA
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General Low-complexity Beamforming Designs for Reconfigurable
Intelligent Surface-aided Multi-user Systems

CHEN Xiao® SHI Jianfeng® ZHU Jianyue® PAN Cunhua®
®(School of Artificial Intelligence/School of Future Technology, Nanjing University of Information Science and
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®(National Mobile Communications Research Laboratory, Southeast University, Nanjing 210096, China)

Abstract:

Objective Reconfigurable Intelligent Surface (RIS), an innovative technology for 6G communication, can
effectively reduce hardware costs and energy consumption. Most researchers examine the joint BeamForming
(BF) design problem in RIS-assisted Multiple-Input Single-Output (MISO) systems or single-user Multiple-
Input Multiple-Output (MIMO) systems. However, few investigate the non-convex joint BF optimization
problem for RIS-assisted multi-user MISO systems. The existing joint BF design approaches for these systems
primarily rely on iterative algorithms that are complex, and some methods have a limited application range.
Methods To address the issue, general low-complexity joint BF designs for RIS-assisted multi-user systems are
considered. The communication system consists of a Base Station (BS) with an M-antenna configuration
utilizing a Uniform Rectangular Array (URA), a RIS with N reflecting elements also arranged in a URA, and K
single-antenna User Equipment (UEs). It is assumed that the transmission channel between the BS and UEs
experiences blocking due to fading and potential obstacles in a dynamic wireless environment. The non-convex
optimization challenge of joint BF design is analyzed, with the goal of maximizing the sum data rate for RIS-
aided multi-user systems. The design process involves three main steps: First, the RIS reflection matrix @ is
designed based on the perfect channel state information obtained from both the BS-RIS and RIS-UE links. This
design exploits the approximate orthogonality of the beam steering vectors for all transmitters and receivers
using the URA (as detailed in Lemma 1). Second, the transmit BF matrix W at the BS is derived using the
zero-forcing method. Third, the power allocation at the BS for multiple users is optimized using the Water-
Filling (WF) algorithm. The proposed scheme is applicable to both single-user and multi-user scenarios,
accommodating Line-of-Sight (LoS) paths, Rician channels with LoS paths, as well as Non-LoS (NLoS) paths.
The computational complexity of the proposed joint BF design is quantified at a total complexity of
O(N + K2M + K3). Compared with existing schemes, the computational complexity of the proposed design is
reduced by at least an order of magnitude.

Results and Discussions To verify the performance of the proposed joint BF scheme, simulation tests were
conducted using the MATLAB platform. Five different schemes were considered for comparison: Scheme 1: BF
design and Water-Filling Power Allocation (WFPA) proposed in this paper, utilizing Continuous Phase Shift
(CPS) design without accounting for the limitations of the RIS phase shifter’s accuracy. Scheme 2: Proposed
Beamforming (PBF) and WFPA with 2-bit Phase Shift (2PS) design, taking phase shift accuracy limitations
into consideration. Scheme 3: 1-bit Phase Shift (1PS) design under PBF and WFPA. Scheme 4: 2PS design
under Random BeamForming (RBF) and WFPA. Scheme 5: Equal Power Allocation (EPA) design under PBF
and CPS. Initial numerical results demonstrate that the proposed BF design can achieve a high sum data rate,

which can be further enhanced by employing optimal power allocation. Furthermore, under identical simulation
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conditions, the LoS scenario exhibited superior sum data rate performance compared to the Rician channel
scenario, with a performance advantage of approximately 6 bit/(s*Hz). This difference can be attributed to the
presence of multiple paths in the Rician channel, which increases interference and decreases the signal-to-noise
ratio, thereby reducing the sum data rate. Additionally, when the distance between BS and UEs is fixed, and
the RIS is positioned on the straight line between the BS and the UEs, the system sum data rate initially
decreases and then increases as the distance between the RIS and UEs increases due to path loss. The
simulation results confirm that when the RIS is situated near the UEs (i.e., further from the BS), improved
data rate performance can be achieved. This improvement arises because the path loss of the RIS-UE link is
greater than that of the BS-RIS link. Therefore, optimal data rate performance is attained when the RIS is
closer to the UEs. Moreover, both the simulation results and theoretical analysis indicate that the sum data
rate is influenced by the RIS location, offering valuable insights for the selection of RIS positioning.
Conclusions This paper proposes a general low-complexity BF design for RIS-assisted multi-user
communication systems. Closed-form solutions for transmit BF, power distribution of the BS, and the reflection
matrix of the RIS are provided to maximize the system’s sum data rate. Simulation results indicate that the
proposed BF design achieves higher data rates than alternative schemes. Additionally, both the simulation
findings and theoretical analysis demonstrate that the sum data rate varies with the RIS’s location, providing a
reference criterion for optimizing RIS placement.

Key words: Reconfigurable Intelligent Surface (RIS); Beamforming; Sum data rate; Low complexity
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