BFATE F 1
202541 H

BT 5 B R ¥

Journal of Electronics & Information Technology

E A FE B IRSHHBN R SE & 4k LR AU M RE S 17
a0 WER®Y Bs® R & #0
Dot A FELEBIETASE #2  570228)
YEALERE BT 210094)
Ok BB LR B OARNE BT 5T1250)

 E: (A MiBEd BEE S Rt GG S R R BN LB E R BOR, B AR T (IRS)IEFHRKZH T
UK. SESGRTP%ARGMLLL, IRSHBIFh 4k R AT E R L RARGERE, FRERSARYGMRE. R,
Bl 4 B HUEAH AR IRS 2 S BUE M B4 iR 2, T FEARZ UL BE . 9 T T IRSAHAL EAGIR 2 S 85U M BE
WK, ZOCHETHREBCE MR S, EmAEET, #2770 T A S0 R IR SHH PO K
Hk 25 R A5 IR L PR BRIk 5 TTIE R I I A ik . A, ETF Taylor B ERITREN, #HS T HITLMRER
KM GFRIER. HEEREW, RGME MR A] A 8 2 M GEH % B8 25 B0 LR 25000 19 00 i s i ok /0, 1 o o5
IRS HB OB AT EHH . B RO AR, RS0 6 L AT W] A T S PR REHL2R 23 A1)/ T70.06 dB A1
0.03 bit/(s-Hz).

KRR WRERME; HOREE Rk SMELL; ArikEE
FESZES: TN92 XRAFRIRED: A

Vol. 47No. 1
Jan. 2025

DOI: 10.11999/JEIT240236

1 5|F

B 6 GHF AR R EIk, oAb ASTE 1) J6 2k I 4% J)
BN BLSE L2, r gk AR Sy — AT A e 2k A
FERERTA, ORI DAL 2 W58 A
FH o 2447 I 7 v B o B A5 B, A8 A 4R APE g
WA BB IR S RS AR AR, TR gkie R
HARBT LU S P X 38 2 75 oK, FRBERH P
BWE S AR Y. filan, SCER[5)FE H B A B
YEF AN PME I T T A K E(E B, HEES RAHet
M. N TR TR RS 2 R AL R
%, FETH B TMESEI, SCER[6)UER] T X
BE SR FRRD T 4k B A S R B E E X sEEl T
SEAMZS R, SCHR[T)N A T WA R A B
R b B R IR A N R VU .
AT R E TP REE REAER, SCRR[S)HRH T
a7 . 5 Ll (UL A~
kB S AR, SRRV FT T — R A AN 4k

Wk H : 2024-03-13; I H . 2024-07-17; ISR HIAR: 2024-08-27
FEEEH: R #E shufeng0101@163.com

HETH: EFAMREIEIESE(U22A2002, 62071234), A RHY
LIH 4 (ZDKJ2021022), #R A RHTEZ B H (KYQD(ZR)-
21008), I RZAE B HAR P FEGIH 03 H (XTCX2022XXC07)
Foundation Items: The National Natural Science Foundation of
China (U22A2002, 62071234), Hainan Province Science and
Technology Special Fund (ZDKJ2021022), The Scientific
Research Fund Project of Hainan University (KYQD(ZR)-21008),
The Collaborative Innovation Center of Information Technology,
Hainan University (XTCX2022XXCO07)

XEHS: 1009-5896(2025)01-0138-09

TGPz, HAT DA AN [F] 2 X0 4% 077 S 0 KB
k. SCHR[101BFFE T — M2 IR Z h gk iie%, Ky
TSRIPMESEMZ P 5, R T R ETE
AR TTE.

SR, FETCLIENE R EE KRB A RS
S FECKRERRIRHEFE. %005 R 5 1 (Intel-
ligent Reflecting Surface, IRS){EN—F KB A
R AR RTT %, R EAR AR R TE IR
WO R, AN O A AT ST BN HE S
FRAEAN /i FE 12 A SRy 2R K6 G TE BRI 45 PRV 2 5%
SRR, IRSHEN B AL K AT N &I 5, N
o BE 0 2 AL IR AR AL T — b Br i i e B
B o IRSW DL ALt ts, A B =AY
1A AR AR B 7 R A5 5 22 7 i) il ), S
MR [14])8F 78 T — FRIRS 4 B (1) 2 K K A 2 N
Zhth ARG, IR T PUE 2 BRI TT R,
207 RN GIT I BN TR TT 5. IRS CARIE
AT 2 5 R RE AR VERE . S SN TR R
BOV /R AEEE, HIRSHITAEUE TR, RS
LITVEZTPNEZ TInE X2 D ST 35N/ B2 )
ANZ it RGUH R FE R R, (HRZF R TH R
REEE . SCHR 158 T AE /N X I & Ab 22 2EIRS
Kikm/NXALGH P REE TR . SFEEG S
If, AT LARIHIRSRIR & R GitERe . SCHR (164 7
T—MZH 2L NS, T R
TARMEZR, /7 MBI Rk s At
HISERT AT o


http://radars.ie.ac.cn/CN/10.11999/JEIT240236
mailto:shufeng0101@163.com

1 IR RO R IR S BIOR 56 e vh 4K 1 25 1) 1k e 20 A 139

A AR RITR S A AR T &5 & Sl IE B 2 42 000 2
K ReERCR IR — MR R, T
WAL G UKL K R G SIRSEE G L, X
BR[18]) 8 70 TIRSH B 4k KRGt PERE, N T MM
R ERBEMAGEEEL, ST NETIRE
AR MEAERNEER P4k, hakTTRESAE
L R B AE B R 5 AT g . N T ESE
TEAAS AT 9 4k i B AL TR S 4 Bl TE 28 X 4% 1) ‘22 4=
WA, SCHER[19]3RH T — R BT BRI E K
THEEMIER R . N TS m KRR
AR, XA Rkt — AN HAARERE. A TR
RIS R B 4k RGMERERISEIR,  SCHR[20]
PEH T — ol 3 T 00 ] H gk X 285 11 e A B 2R 43 T O
%, DAk B BT URAH 1 TG 2 Hh 4k 9 2815 g LG 1)
B SCHR[21]92H T — MR TR 2 RIEHE N
) J7VERAALIRS A AL FRE, DL RALTR SH
B W 4k R S8 T A FE

SR, IR AR R TS A28 M IRS R I
WFFe, BIEAIMI AR E . bR, HTAF
TERE A A RSAS B PR ), TRSIE F HC 4% 25 HURS AH 2%
K577 1m0 i 1) 19 2 A A FH A PR A AT B0R A 2 23 18 B
RAVERIIRAMIPY, Bl & B B2 IIRS &7~
AL EARZE, MR RS HERES . 8T 5
HT IR 4t Bl SR 2 % v 44k I 44 TR S M7 24k
RS EBERDNA, FONSEhRIE RS EE
FEEUIRSHRIE S %, ARCHEIETANSIE T, 4
BT XUITRS 4 B JBOK B T Hh 4 X 285 P A5 e L R Rl I8 3
R PIPEREBUR AL AP EREP R o A ST 3 B oTwk e
gER

(1) R T 7 B Bic 25 25 BOFS A 28 IR S X & 4t ik
REFI oM M m R G rh kR 48 (R R, Ry —
IRSH B IR R gk R Gt HAIRS-1MIRS-
AR TO A BT REAN A o BB BT A TR 00 2 D By
FUEIE . T RBCEMHE. R R H R A,
T T R TR 2% b PUARE O 15 M BL 1 e 453 % 1A
HRIER. A, FIH—MTaylorfBFFRER,
ST RGHA MM ELIRZR TR R &R
k.

(2) BbAk, HES TAETHERERIR . AR
FIT AL BE 453 2R A L R R 40 IR SR (1) [ A R IA
Ko MITEGRH, YEAEFECHAN, R4
()45 M bL A AT I8 T 2R BE 43 2K 9 ) /N 170,06 dBAI
0.03 bit/(s-Hz). fELPERESIR . A VEREHIK SOk
LA REIVRIE L T, RAMTTIAERBEEIRSHEE G
s mm g oK. MEARESRR TN, T
IRSIFE U E B W],  FR 48R e LL AT AT A s =R
IVE BB S ekt Be 40 2R 2 1A) ) 22 ] g AN T

ARSCHIH AR AL R B2 H T XURS
BRI R Ak 48 1 R B3 HESR T
FGAE M LRI ] TR 2 IR P R A0 R 5 I AU R R
FIA; HAREES T A H T A AL

R AR, NFRE B NG SRR
RARKE F R RN AR B R S
E(), ()T ()T, diag(-) B - |, 72 5 R 7R %
B, HE. LR AL Em A TR
FF5 CVNRIRN x NIRRT . £55CN (2, y)
FoRBME Nz, TTE Ny E &S, ASCHE
WhRRZHAEE, JERAERERIYE(EIE,

2 RGRE

WELATR, A SCHF A —F O RSH BhisOK #%
R TCL L, Hrp O kA gk TAE T X
T, @I TRS-1. IRS-2A1 b 4k ] £ A% 4y
FaflE B, B TSR, 5%, vl
5HIRS-2. IRS-15%u2 (A1 JC EE 1015 Bk, &
uhiy A RIS R . IRS-1FIIRS-243 71
BC 4 N M A TCIR RS o, B e 7E 1A B
WAL LIRS 5o hg € CVXY Al e CN | Bl ¢
(C1><1’ h; € CM><1’ hil({i c ClxM%nh?d e CIx1 45| 3=
NV RITRS-1. IRS-139 4k, Fuhi®| gk, Fgk
FITRS-2. TRS-2 2% uify [ H 4k 1) 2 i R 5 18

TESEIAET R, FRE7EIRS- 14 B R Be A
GRIEG R, PRBIEINGES N

Ye = V9a Pohlag + /g PR O hgxg + 1. (1)
o, a f P oy B3R 7R Rl Ab 1) R 5HE 5 T &,
g NEES R KA IFEREL g = guign AN
FE i BTRS-TFITRS-1 2 o 4k 1 S50 IR A2 S FE R 4L
O, = diag(el®1, -, el?n ... &N ) RIRIRS-1 I M %
W RBUERE, ¢, € (0,20 NF A S TCAE AL,
ny~CN (0, 02) R 4k Ak (1 5 i e B e s
3 MRk

A M EE Y N ERIGEE, BT RS S
FEAT FAH 28 (IR S-1FIIRS-2 7] g 2 77 A A A7 B4k i
7, MR R B IR, B2 TR, ASCK»
AHES O T = AL LR 15 e LU AN AT IR SR 1 1 A
TEAFKIEI, FHHAEEE LI BN EE 285 B 43 b I £ 29 5L
A28 FIIRS-1FIIRS-2%F £ Gt 14 BE A 521
3.1 7EFE1AIBRp

AT (S IE SRR R 53 A, FH R (P2 25
ESEA)

T _ e
{Qem"’, z € [0,400)

fa(x) =4« (2)

0, x € (—00,0)



140 H 7+ 5 & B

AT %

— BT

e L1 S

goon
godd
goon
good

1 SUIRSHHBIHOR Fe 2 h 4k ) 2R i A

Hrb, oRoREA A SHL HiLa > 0.
WSS ()T E SN

=V Gsr h rLs + V Gsir h @1 sils + Ny
=V gsrPs |hsr‘ e_jwsrl‘s + V gsirPs Z |h11<n)
n=1

: |hbl(n)| ej(_Qﬂlpeir (n)+¢n+2“WQSi(n))xs + ny

N
= ( \% gsir/gsr Z (726, (n) +¢nt 2w, () +0r)
n=1

|hir ()] hsi(n)] + Ihsr|> Vs Pe Pz +n, (3)

Hof, ou Romhy AHIL, 2x0y, (n) F127, (n) 53 3]
ToRh Mg Fn N ICR AL, NHESTTE, X
Yo =0 H o, = —pu + 210, (n) — 2104, (n) » MLHT,
KT 55 K HE A E R 2 A, | (n)| AT g (n))|
YR AN ST, [5) 73 A B B A 30 A, S H09 0N o,
Moy, (3)AIfEHA
Y = \/E(\/gj|hbr| + \/QN
N
% 2 oo+
= \/7 Vs E(|hse|) + /gsie NE(|ix () || i (n) ) 25

+nr

+oo
=¢E<ﬁm/fmmxm$amw
-
VTN [ bl ()] ()
0

+o00
: / Ihsi(n)lfasi(Ihsi(n)l)d(lhsi(n)l)) s + My

- \/7 (~ gsrabr + V gbll‘N alrahl) ‘/L.E + nI’ (4>

Horb, o, RO B A AR IE 3R 20 A 4L
AR e e #6125 HIORH 37 7 A 45 AOTR S K ke EU R 1)
AL EACAS, TRSTEA S ot AL AT 4T 4608

1 3 2kt
= {Qkﬂa 2,€W7"',2,€7‘} (5)

B BETRS 5n A TG A1 1152 BRI BT .6, ASX(5) F 7T
TR PEI, 128

b = argmin|[é, — oll2 (6)
bn €N

Hrb, o, NHERES AN . —BIERT, 6, #
¢n’ CREMRAE FHA AN, AT A& A% 2R G e i
%o & XIRSHIHn MEAL I EARZE N

A(bn:a_qbn (7)

BB A, BRI E) 70 A, H R B s N
1
0, x ¢ [-Ax, Ax]

Hrp, Az =mx/2%,

20 BT B RO L RS A 2 I TR S, el A1
AL 2 FEUARA B R ZE, TG R REH 2R -
AR BAR RS, RIS S (3) TRy

V Gsr h rLs + V YGsir h @1 siLs + Ny
=V gsr |hsr| € i "Ts + V gmr Z |h1r | ‘hﬂl )|

Adn

ol (=21, (n) + én + 27, (n))

= \/ \/ Gsr |hir| + vV gqer

N Z ‘hll | |h>1
H T [hie(n)] > |

Ts + Ny

e’A¢ s + 1y (9)

hei(n)| Meldon I H AT, @I



1 IR RO R IR S BIOR 56 e vh 4K 1 25 1) 1k e 20 A 141

SRR T L(8) LA A, B
2% = cos(A¢,) + jsin(Ag,), W(9)TTEEN

e = VPG |+ /G NE s () ()| 224))

CTs + Ny

+oo
aﬁ@ﬁﬁMMMMM$
+mm/m ) (1B () s ()
/m ) fo (s () g ()

. / ]A¢nf(A¢n) (Aﬁbn)) Ts + Ny

—Ax

= \f (@/ =G Qsr + \/gsuN2A

~d(Adyn) o alrabl> Ts + Ny

in(Ax) ©
= P sr Olgr 11‘N77 ir Cesi
<\/2g Qs + 1/ Gs Ay g lr®

Az

[ costan)

—Azx

Ts + Ny
= P (\/ 2gsra5r + vV gmNsmc (Qk ) gairasi)
- Tg + Ny (10)

Hr, kb FoRIRS- 1AL, HONA IR EBE.

Bk, NT R (10), HREBGYEL R
Bk BRKE, Ap, — 0, BT —HTaylordi %t
JEIrRIEN, "1

cos(Agp) =~ 1 — Ag? /2 (11)

R OD)ARANRK(10), W EA ERAEAL R ZE 1
B 55 (3) AT #4k Ny

N 1
~1r: P; 5 Jsrsr sirNi
=V ‘<\/2g‘°‘ VIR

Az
: / (- A;ﬁz) d(Adn) 5 alr%) Ts + 1y
—Azx
/T 1/ m\2
= \/7 ( 5 9sr Oy + \/.QEN ( 6 (271) )
: 1;Oéiro%'i) Ts + Ny (12)
3.2 FEEE2RtpRH
FTR(1), REP RS 5 )5 BTl ok

JBOR Bt g, #eom b I 50

Ya =/ gaPoh iz, + /gua PR @shyz, +ng  (13)
Hrh, o, M PRI R IR RS S RIThER, g
KRB Lo FIE N ARETFEREL  gud = gugu
Foor b 4k FITRS-215 18 HIRS- 2.3 285 (5 18 (1 25 4 1%
BFERE, O, =diag(e?r, -, eom ... d?M) KR
IRS-2) [ it RECEFE, Hg, € (0,27 RARH
mA RS TR, na~CN(0,03) TR &b i)
SR AR . 2, RIESUN
T, =By = \/gsrihsra:s + \/ggTh O hgxs +n,;)

=BvVP. (Vguhll + Vb1 hy) z + fn,  (14)
Horb, BNIBURE R R 4RROR A 7, RN

_ VP
VP Vaaht + /aahliO: by + o2
fEEMM B R EME T, BTR4), K

KL R P 4k (ORI 7 (15) /T 5 R

§= vh (16)

2
\/Pb (“ ggsrasr + gsirN;airasi> + 0'12

FHE, EFRa0) MK (12), BEBEHMELIRZERM
A ARk A R 22 (R TBOR e IR Hh 4 D 26 43 B[R 143 oA

Jﬁ VP
VB

(15)

== 0=

(17)

Hr,
A=P, (\/gsrﬁ/2asr + /gsir Nsinc (T(/Q ) airasm/2)2

+U
B = P (Vo Rowaoym/2)
+-V@g;Ar(1-(ﬁ/2h) /6) + o2 (18)
fELMAEREZNEE T, FRETR4),
(1) TEEFH

3/2
Yd = B V PP ( gsrgld Qird gy + vV Gsirgrd N( )

3/2
Qiq Oty gy

© Ol d Or Oy + vV GsrGrid M( )
+ Vv gsirgridMN4aidariairasi> T

+ 6\/> (\/ = 9rdOird + \/QTM aldarl) Ny + Ng

(19)
A B R ZE S IR ENREE T,
A b ENUE SR S



142 B 7 5 F

2 %

AT %

3/2
yd - 5 V P P < gbrgrd ardabr + vV gslrgrdN( )
- Qg Qi Ol SINC ( ) + Vs Gria M

TN 3/2
. (§> ldanaerlHC (Qk )

+ Vv gsirgridMNl

smc(zk )51 C(Qk ))
+mf<¢gwm+ﬁhM

- 04qOgsine (2k )) ny + ng (20)

Qi ey Oy Ol

3/2
yd_ﬁ\/PP< gslgrd ardasr"‘\/mN( )

1 3/2
© Ol Op Oy (1 6 (271) ) + V Gsr9rid M( )

1/« 2
© OGid O Qg <1 6 (272) ) + vV gsirgridMNI

L)) (- é(;;f))
B
(3G ) e &

Horpr, ke FORIRS-2( AL LU EL

© QGO0 Oy Ot (1 -

7E X
01 = /GG N (1/2)* agqaias,
V2 = 4/ gsrgridM(’N/2)3/2aidariasr (22)

U3 = \/GsirGria M N cvaonicir g /4,
vy = 52Pr(\/ GrdT/200q + mMaidariﬁ/2>203 + 02
(23)
T (19). A(22) M (23), Zuikb T A
TR I S e L s o

SNRy = 2 P.Py(\/GsrGra ea Qe ™/2 + 01 + v + v3)° 04

(24)
7E X
u; = vysinc (ﬁ/?kl) , U = Va8INc (’[T/ka) ,
ug = vgsinc (m/2"") sinc (m/2%2) (25)
uy = B2P, (\/mard + VriaM g ou;
sine (r/252) 7/2)° 02 + o2 (26)

U 2% 3 b A 1 BE A SR IS 45 MR L Rk 30

SNRd :B2Prf)s(\/ gsrgrdoﬁ'dOlsr“/2 +up +uz + U3)2/U4
(27)

N

=0 (1-5()):
= (1-5(5) ).
=0 (1 é(%) ) ( (2: )2) (28)
01 = P, (Vg o + ViMoo

.(1 - (ﬁ/2k2)2/6) 1‘(/2) o2 + o2 (29
FrA(21). A (28)Mx(29), A Luiibix
[

~—

LM R 5 2K A5 R L s 0N
SNRd = szrps(\/mardasrﬂ/2 + q1 + q2 + %)2/(]4
(30)

PRI, 2 b 1) 28 G 1tk RE A0 SR AT LML B 451 2K

P S v v I
[A/ SNRd ’U,452 (\/ gsrgrdardasr“/2 + v +v2+ ’U3)2
"TSNRy 02 (VGG et /2 + 1 + ug + uz)”
(31)
i SNRd Q452 (\/ gsrgrdardasrﬁ/2 + U1 + (%) + U3)2
SNRd U4B2 (\/ gsrgrdardOésrTr/2 + q1 + q2 + (J3>2
(32)
FHR M, FET0(19)—30(21), AIfSTETEMERE
R A PERE 2 SO AL B0 2 I 1) JR Gt P T

AN

Rd = 10g2 (1 + BQPrPs (’\/ gsrgrdardasr“/2

“+v1 + vo + U3)2 /’1)4) (33)
éd = 10g2 (1 + BQPrPs (’\/ gsrgrdardasr“/2
+up + up + ug)’ /'I.L4> (34)

Rd = 10g2 (1 + /B2P1Ps (\/ gsrgrdardasr“/2

o+ g+ ) [0 (35)

4 HEER

TR, AT HTRC & B R A AR RS B T
FAALASUCE X 2R Ge 45 e b AT SR SR SR 5 . B
PE B N do M BE R FER B N g(dy) = PLo — 104log,,
do/dy, ', PLy=-30 dBmEBERESHIE
do = LI BSR40 FE, N RE R T AE TR £, Bk ik 3



1 IR RO R IR S BIOR 56 e vh 4K 1 25 1) 1k e 20 A 143

IRS-1. IRS-1Z|H 4k, F14kFITRS-2. TRS-2F % i
Joo A ok B 28 iy 45 TE 1 B AR BOFEFE 20 il 2.6, 2.6,
3.5,2.6, 2.6f13.5. FEuk, Figk. A, IRS-1FIIRS-2
43 AT (0 m, 0 m), (150 m, 0 m), (300 m, 0 m),
(25v/2 m, 25v/2 m)FI((150 + 25v/2) m, 25v/2 m).
Ui E P, =30 dBm, HTHINEP =35dBm. T
B 5G] A1 S 53515 E 0.5,

Pl 2 5 ¢ ity A {5 W EU 1 B 453 G B TR S- 1R oo AN 44
N R R MK . BBIRS-21 Bt A%
M =N. MWEHRTE, Tieref e kic &7
IPERE PR BB TE T, RAERIEME LI Re i k35
BE & A ECR R 3G R T T 80N, T BEE N I
BT IRWE K. Yk =10, RENMEREBLS
T ALLYE BEF 2R P 22 BE A IV A3 KT G K. 124
k> 20, PERIZEN BIEATT. Mk =48, RS
45 e LE 325/ F-0.06 dB. b4k, BEENET K
UL, RG0S e LU BE A 2R AN I AL B4 2R ek P
BTN o

Pl 350 2 i b ] Ik T R FH TR S- 15 o AN N A2 4L
kAWML, He, IRS-2/FE 6 HM SIRS-
LHIRE A EEE, BIM = No WET 5, Lig
TETPERETUR . A MEREI S 2 i U RE P R 1 T
N, RGN AR E RSB N G KT S T K.
XAEHTREE NI K, IRS-1FIRS-2RE45 R4 4R
BEEE ZRPEREIG RS . Yk = 1IN, REGAEA TR
ST A RE A3 2 B 1 ] Ok TR ) 22 B N G K
TMRWE R . BEFE KRG R, A P RE 2k A A
53 2% 1 BT 328 S 6 320 ¥ 36 30 T M R A5 2R I 1 ATk
Ko Blhn, BN =10240F, RGHIATIEH KRR
PARAE R = 20 21°40.15 bit/(s-Hz), MifEk = 30
2 40.03 bit/(s-Hz).

478 Z 40 1 A IA o 6 o 5 A LU ARe 25 72 1 )

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

tetkBERIR (dB)

it

e
[Eh~ S

S 5

%5
o

3 4 5 6 7 8 9 10
IRS-1IFETEAN L (log,N)
—— LRI, k=1 —— T IPEREIR K, k=3
BRI, k=1 HPEREBIE, =3
—— AR R, k=2 —— MR R, k=4
AR, k=2 BRI, k=4

2 {5 M LA BEFUR BEIR S-1 K5 S0 H02E 14 Hh 25 181

6.5
6.0
5.5
5.0
4.5
4.0
3.5 A
3.0 | A

25 ¥

2.0

B ISR (bit/ (s-Ha))

3 4 5 6 7 8 9 10
IRS-1(¥ BTN (log, V)
PREREIPN —— A PEREIR R, k=3
- M REBR R, =3 AL, k=2
e ST REBR R, k=2 —— A PEREAR R, k=1
MBI RES R, k=1

3 FIAE R EEIRS- 15 7oA $2n 1k il 28 P

=70

jun

= 6.5 .

S 60 U Vet 024

£ 55 A M=1 024

M 5.0 S

I N V=1 024

N M=128

= 40 ~

£ 35 e

2 o304 U\NZIZS

o M=1 024

& 2.5

1 2 3 4 5 6

=A%

—TelkReIR R - A EREUR TRk REAR R
P 4 AT R A LR B A R 2 1

R IWEIHRRTR I, RG]k R M R ok b
FHIRS-1HFE 7T H N AIIRS-2 B 70N 5 M 48 K
MRH K. k=30, HETLEHERERKE
T, RGHTTIAHE R LA M RE 10 R AT A R 45 2k
&I N YK 70.04 bit/(s-Hz)o Mk = 18, FE#EH
NHMEIEKR, RGELHRERK. A e LA
A BE A SR T T B4 AT Ik T 6 2 ) 1) 22 R T 4
Ko TRIEMMIEIL T, RAMAEN=1024, M =128
TR ERZIM T N =128, M = 102481
AR, s T 530 M AL, NN X RTiAs
BRI E B E .

5 ZE®RiE

ARSCREGE T — M IRS il B RIS e rh 4k 1
&, ot TAERAIEES, T RGBS RS A AR
IRSHIN AL IR ZE T F B RS IERERI R . BT 59
RBOERE WP LR A, T T ERR
RETR R AT IA S AR P & 2RIk 50 eAh, IRYE—Fir
TaylorZ BT RIE, T T H BT AUTE RES
K ERIEN. TRERERY: RGKER AT
IR AR NE RS R AL M REA R I BB R Ak EL R L



144

G

o

=]

¥k

AT %

I AT /N, TREAE TRSTCAFH R n i 12
WK . MR R EONART, RS LRI T
R B 2 405/ F0.06 dBAN0.03 bit/(s-Hz) .
PRIk, 7 4 LR PR A A7 55 A B A 25 BT S B0 AT 24
W (1 R GV RE K o

(1]

2]

8]

(4]

5]

(6]

[7]

(8]

(9]

& E x|

LIN Ruiquan, QIU Hangding, WANG Jun, et al. Physical-
layer security enhancement in energy-harvesting-based
cognitive internet of things: A GAN-powered deep
reinforcement learning approach[J]. IEEE Internet of Things
Journal, 2024, 11(3): 4899-4913. doi: 10.1109/JI0T.2023.
3300770.

LIN Ruiquan, LI Fushuai, WANG Jun, et al. A blockchain-
based method to defend against massive SSDF attacks in
cognitive internet of vehicles[J]. IEEE Transactions on
Vehicular Technology, 2024, 73(5): 6954-6967. doi: 10.1109/
TVT.2023.3347430.

COVER T and GAMAL A E. Capacity theorems for the
relay channel(J]. IEEE Transactions on Information
Theory, 1979, 25(5): 572-584. doi: 10.1109/TIT.1979.1056084.
DING Haiyang, GE Jianhua, DA COSTA D B, et al.
Diversity and coding gains of fixed-gain amplify-and-
forward with partial relay selection in Nakagami-m
fading[J]. IEEE Communications Letters, 2010, 14(8):
734-736. doi: 10.1109/LCOMM.2010.08.100530.

BLETSAS A, SHIN H, and WIN M Z. Cooperative
communications with outage-optimal opportunistic
relaying[J]. IEEE Transactions
Communications, 2007, 6(9): 3450-3460. doi: 10.1109/TWC.
2007.06020050.

LANEMAN J N and WORNELL G W. Distributed space-

on Wireless

time-coded protocols for exploiting cooperative diversity in
wireless networks[J]. IEEE Transactions on Information
Theory, 2023, 49(10): 2415-2425. doi: 10.1109/TIT.2003.
817829.

ARTHI M, JOY J J, ARULMOZHIVARMAN P, et al. An
efficient relay station deployment scheme based on the
coverage and budget constraints in multi-hop relay
networks[C]. 2015 International Conference on
Communications and Signal Processing (ICCSP),
Melmaruvathur, India, 2015: 124-128. doi: 10.1109/
ICCSP.2015.7322702.

YILMAZ E, ZAKHOUR R, GESBERT D, et al. Multi-pair
two-way relay channel with multiple antenna relay
station[C]. 2010 IEEE International Conference on
Communications, Cape Town, South Africa, 2010: 1-5. doi:
10.1109/1CC.2010.5502396.

RANKOV B and WITTNEBEN A. Spectral efficient

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

protocols for half-duplex fading relay channels[J]. IEEFE
Journal on Selected Areas in Communications, 2007, 25(2):
379-389. doi: 10.1109/JSAC.2007.070213.

ZHANG Zhang, LU Tiejun, and SU Xin. Combining
cooperative diversity and multiuser diversity: a fair
scheduling scheme for multi-source multi-relay networks[J].
IEEE Communications Letters, 2011, 15(12): 1353-1355.
doi: 10.1109/LCOMM.2011.102611.111715.

FRAEER, ILis. B REER MR T AN RERCEEEE A
FESIHLEL S BT[], B34, 2023, 51(10): 2623-2634. doi:
10.12263/DZXB.20221352.

ZHANG Zaichen and JIANG Hao. Channel modeling and
characteristics analysis for high energy-efficient RIS-assisted
UAV communications[J]. Acta Electronica Sinica, 2023,
51(10): 2623-2634. doi: 10.12263/DZXB.20221352.

CHEN Kangjian, QI Chenhao, DOBRE O A, et al.
Simultaneous beam training and target sensing in ISAC
systems with RIS[J]. IEEE Transactions on Wireless
Communications, 2024, 23(4): 2696-2710. doi: 10.1109/
TWC.2023.3302319.

JIANG Hao, RUAN Chengyao, ZHANG Zaichen, et al. A
general wideband non-stationary stochastic channel model
for intelligent reflecting surface-assisted MIMO
communications[J]. IEEE Transactions on Wireless
Communications, 2021, 20(8): 5314-5328. doi: 10.1109/
TWC.2021.3066806.

ZHANG Chencheng, QI Chenhao, and NALLANATHAN A.
Fast multibeam training for RIS-assisted millimeter wave
massive MIMO[J|. IEEE Communications Letters, 2024,
28(1): 168-172. doi: 10.1109/LCOMM.2023.3333683.

PAN Cunhua, REN Hong, WANG Kezhi, et al. Multicell
MIMO communications relying on intelligent reflecting
surfaces[J]. IEEE Transactions
Communications, 2020, 19(8): 5218-5233. doi: 10.1109/
TWC.2020.2990766.

NIU Hehao, CHU Zheng, ZHOU Fuhui, et al. Weighted

on Wireless

sum secrecy rate maximization using intelligent reflecting
surface[J]. IEEE Transactions on Communications, 2021,
69(9): 6170-6184. doi: 10.1109/TCOMM.2021.3085780.
YILDIRIM I, KILINC F, BASAR E, et al. Hybrid RIS-
empowered reflection and decode-and-forward relaying for
coverage extension[J]. IEEE Communications Letters, 2021,
25(5): 1692-1696. doi: 10.1109/LCOMM.2021.3054819.
GALAPPATHTHIGE D L, DEVKOTA A,
AMARASURIYA G. On the performance of IRS-assisted
relay systems[C]. 2021 IEEE Global Communications
Conference (GLOBECOM), Madrid, Spain, 2021: 1-6. doi:
10.1109/GLOBECOM46510.2021.9685500.

LIU Chang, ZHOU Jiayu, GAO Ying, et al. IRS-aided

and


https://doi.org/10.1109/JIOT.2023.3300770
https://doi.org/10.1109/JIOT.2023.3300770
https://doi.org/10.1109/TVT.2023.3347430
https://doi.org/10.1109/TVT.2023.3347430
https://doi.org/10.1109/TIT.1979.1056084
https://doi.org/10.1109/LCOMM.2010.08.100530
https://doi.org/10.1109/TWC.2007.06020050
https://doi.org/10.1109/TWC.2007.06020050
https://doi.org/10.1109/TIT.2003.817829
https://doi.org/10.1109/TIT.2003.817829
https://doi.org/10.1109/ICCSP.2015.7322702
https://doi.org/10.1109/ICCSP.2015.7322702
https://doi.org/10.1109/ICC.2010.5502396
https://doi.org/10.1109/JSAC.2007.070213
https://doi.org/10.1109/LCOMM.2011.102611.111715
https://doi.org/10.12263/DZXB.20221352
https://doi.org/10.12263/DZXB.20221352
https://doi.org/10.1109/TWC.2023.3302319
https://doi.org/10.1109/TWC.2023.3302319
https://doi.org/10.1109/TWC.2021.3066806
https://doi.org/10.1109/TWC.2021.3066806
https://doi.org/10.1109/LCOMM.2023.3333683
https://doi.org/10.1109/TWC.2020.2990766
https://doi.org/10.1109/TWC.2020.2990766
https://doi.org/10.1109/TCOMM.2021.3085780
https://doi.org/10.1109/LCOMM.2021.3054819
https://doi.org/10.1109/GLOBECOM46510.2021.9685500

1 IR RO R IR S BIOR 56 e vh 4K 1 25 1) 1k e 20 A

20]

(21]

(22]

secure communications over an untrusted AF relay 1109/TVT.2022.3152807.

system[J]. IEEE Transactions on Wireless Communications, 23] DONG Rongen, TENG Yin, SUN Zhongwen, et al.
2023, 22(12): 8620-8633. doi: 10.1109/TWC.2023.3264626. Performance analysis of wireless network aided by discrete-
TALWAR S, JING Yindi, and SHAHBAZPANAHTI S. Joint phase-shifter IRS[J]. Journal of Communications and
relay selection and power allocation for two-way relay Networks, 2022, 24(5): 603-612. doi: 10.23919/JCN.2022.
networks[J]. IEEE Signal Processing Letters, 2011, 18(2): 000029.

91-94. doi: 10.1109/LSP.2010.2096466.

TAO Ye, LI Qiang, and GE Xiaohu. Sum rate optimization EHWHR: 2o, WG, W7 AT MR IRSHEBI TG M 4% .
for IRS-aided two-way AF relay systems[C]. 2021 Wk 5, Bk, WH MOAIRSHBI G L@ .
IEEE/CIC International Conference on Communications in g B, SRR, W5 LS.

China (ICCC), Xiamen, China, 2021: 823-828. doi: BT 5, BORGEHLARIN, WIS IR A A B R
10.1109/ICCC52777.2021.9580369. M. BahdfE. HHmgs.

DONG Rongen, SHI Baihua, ZHAN Xichao, et al. WO B, WMLAERW, BRI AR LS. FERAe.
Performance analysis of massive hybrid directional KIAEMIMOM [ 55

modulation with mixed phase shifters[J]. IEEE Transactions

on Vehicular Technology, 2022, 71(5): 5604-5608. doi: 10. TALGE: D5

Performance Analysis of Discrete-Phase-Shifter IRS-aided
Amplify-and-Forward Relay Network
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®(School of Information and Communication Engineering, Hainan University, Haikou 570228, China)
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Abstract:

Objective  Most existing research assumes that the Intelligent Reflecting Surface (IRS) is equipped with
continuous phase shifters, which neglects the phase quantization error. However, in practice, IRS devices are
typically equipped with discrete phase shifters due to hardware and cost constraints. Similar to the performance
degradation caused by finite quantization bit shifters in directional modulation networks, discrete phase shifters
in IRS systems introduce phase quantization errors, potentially affecting system performance. This paper
analyzes the performance loss and approximate performance loss in a double IRS-aided amplify-and-forward
relay network, focusing on Signal-to-Noise Ratio (SNR) and achievable rate under Rayleigh fading channels.
The findings provide valuable guidance on selecting the appropriate number of quantization bit for IRS in
practical applications.

Methods Based on the weak law of large numbers, Euler’s formula, and Rayleigh distribution, closed-form
expressions for the SNR performance loss and achievable rate of the discrete phase shifter IRS-aided amplify-
and-forward relay network are derived. Additionally, corresponding approximate expressions for the
performance loss are derived using the first-order Taylor series expansion.

Results and Discussions The SNR performance loss at the destination is evaluated as a function of the
number of IRS-1 elements (N), assuming that the number of IRS-2 elements (M) equals N (Fig. 2). It is evident
that, regardless of whether the scenario involves actual or approximate performance loss, the SNR performance
loss decreases as the number of quantization bit (k) increases but increases as N grows. When k = 1, the gap
between the actual performance loss and the approximate performance loss widens with increasing N. This gap
becomes negligible when £ is greater than or equal to 2. Notably, when k£ = 4, the SNR performance loss is less
than 0.06 dB. Furthermore, both the SNR performance loss and approximate performance loss gradually
decelerate as N increases towards a larger scale. The achievable rate at the destination is evaluated as a
function of the N, where M equals N (Fig. 3). It can be observed that, in all scenarios—whether there is no

performance loss, with performance loss, or approximate performance loss—the achievable rate increases
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gradually as N increases. This is because both IRS-1 and IRS-2 provide greater performance gains as N grows.
When £k = 1, the difference in achievable rate between the performance loss and approximate performance loss
scenarios increases with N. As k increases, the achievable rate with performance loss and approximate
performance loss converge towards the no-performance-loss scenario. For example, when N = 1 024, the
performance loss in achievable rate is about 0.15 bit/(s-Hz) at £ = 2 and only 0.03 bit/(s-Hz) at k = 3. The
achievable rate is evaluated as a function of k (Fig. 4). The performance loss in achievable rate increases with N
and M. When k = 3, the achievable rate with performance loss and approximate performance loss decrease by
0.04 bit/(s-Hz) compared to the no performance loss scenario. When k = 1, the differences in achievable rate
between the no performance loss, performance loss, and approximate performance loss scenarios grow with
increasing N and M. Remarkably, the achievable rate for the system with N = 1 024 and M = 128 outperforms
that of N = 128 and M = 1 024. This suggests that increasing N provides a more significant improvement in
rate performance than increasing M.

Conclusions  This paper investigates a double IRS-assisted amplify-and-forward relay network and analyzes
the system performance loss caused by phase quantization errors in IRS equipped with discrete phase shifters
under Rayleigh fading channels. Using the weak law of large numbers, Euler’s formula, and Rayleigh
distribution, closed-form expressions for SNR, performance loss and achievable rate are derived. Approximate
performance loss expressions are also derived based on a first-order Taylor series expansion. Simulation results
show that the performance losses in SNR and achievable rate decrease with increasing quantization bit, but
increase with the number of IRS elements. When the number of quantization bit is 4, the performance losses in
SNR and achievable rate are less than 0.06 dB and 0.03 bit/(s-Hz), respectively, suggesting that the system
performance loss is negligible when using 4-bit phase quantization shifters.

Key words: Intelligent Reflecting Surface (IRS); Amplify-and-forward relay; Signal-to-Noise Ratio (SNR);

Achievable rate
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