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Abstract: The high pilot overhead of channel estimation ( CE) poses a significant challenge that hinders the wider application of
reconfigurable intelligent surfaces (RIS) in wireless systems. Two timescale CE strategy can reduce the pilot overhead effectively by
leveraging the semi-stationary characteristic of the base station (BS) -RIS channels. However, this strategy is unsuitable for real-time CE
due to its reliance on an iterative optimization algorithm for BS-RIS CE, which entails high computational complexity. This paper
reconsiders the optimization method within the framework of two timescale CE strategy for BS-RIS channels. Firstly, after completing the
received pilot data matrix, the CE equations are simplified to a second-order nonlinear rank-one optimization problem. Subsequently, the
complex-valued matrix of received pilots in the gradient equations is decomposed in blocks and represented in real terms, and an
optimization method based on principal eigenvalue approximation is proposed. The proposed method establishes a semi-closed-form
relation between the received pilots and the channel parameters. For the scenario of Rician channel and typical antenna configurations,
the simulation results show that the proposed method has lower computational complexity compared to the referenced iterative method.
And it can reduce more than 85% pilot overhead when the channel coherent time of BS-RIS is 4 times of RIS-User channels. When the
signal-to-noise ratio (SNR) of received pilots is less than 16 dB, the estimation accuracy surpasses that of the iterative algorithm.
Consequently, the proposed CE method is more competitive in scenarios requiring high real-time CE or the scenarios that RIS is located
far away from BS and close to users.

Keywords : reconfigurable intelligent surfaces (RIS) ; channel estimation (CE) ; least square estimation (LSE) ; eigen decomposition;

two timescale method

Wk B . 2024-09-07 Received Date: 2024-09-07



55 3

B RE S R I B G R G R il il D7 ik gE £ 263 -

0 35l

il

26 I 2R ( reconfigurable intelligent surfaces,
RIS) &2 F B ahafE EEBE AR Z —, RIS HI TG E
PARH R TR 0 2 1K, 308 5 i b o) 8 4% [ 37) B0 118 S i
FREORUGE LA F 1, ok R M2 255,
P2 R e S BERLCR I 45 25, B Bk
TIRE , RO B 1 5 B Al T 125 JCBE R F 2110, e )
XTI R 2 R R G RNETE5% 04k
HAE, RIS B B AY JCL RGUHT 4G 1 B uhi-RIS-HH 7 8] /Y 2
W a{F1E, JF H RIS IR &1, A B & (55 4 2 fg
1B, R, X RIS 4 Bh JG 4R R 48 (s a8 Al Oy sk b AT
TREM,

SCHRL 6 ] AFF I X456 RIS FEIT RS 2%k, 7E(R1E
it SR B — I B, A — T2 5 Bk ul-RIS-H
FUEIGORAF ERA T, SR E B L R R ARG
JEUT MR, SCHRL 7 )il i oAl RIS (4 ST R Bk B L
R SE T — N A T SR /N T 25 T A T
TR TASTHRS BE L 1B RIS 40T S 5 28 B0 B R AH A3z
FEAEFRAR SR E, SCHR[ 8] X RIS B HIUH (AR A s i R
AR AW AT T AIFSE . SCHR[ 9-10 ] 4 F TR B2 2 ) i
R DB T GOBAR TE A TR B (A S B I
b R AR T U AR TN 3l o v 22 A B A
Froest . SCHR[ 11 ] % Z2 R 58 AT SR AT 1 R 4h 48
H Bt il R 26 FI RIS S5 B e i (9 349, ek /{5 1
TR SROT R B, P, SCBk[ 12 ] BT EES
Kb SCHR[ 13 ) 5 T 2 A 50 i £ 18 AR, SCHik[ 14 ] 2
T RIS FEAEHR 50 A IR TR, 45 B 48 1 s 505
FEESEE AT

T TS 43 SRk 2 0 35 - RIS-FH 7 (o) 0 06K 5 1 1
N DEEARFEATAG T, T SCRR[ 15 4 87— ot i) )R
B fli 1T (two timescale channel estimation, TTCE) J7
Bio WO BA AN T (5 B RRAE R BT 37 5 Bk
RIS J2 [ R B, 5 T AT AR I (0] f v i 25 0
PR s, 5 RIS FELuf [E] 45 1 2 PR 28 {5 .
DARAT AEA TR0 - RIS (1] Fr /35 48 R P 5 0, DA i Ao
fhTH I 5 RIS FEE s, AR 4E J< 505008, AT LU 4 K
T, OB T Rz e, SCHER[ 16 ]
F TTCE, #58 T—4~ WL RIS Hi BhAYJCLk RS0 DL s
B AT SCHRL 17-18 ] % TTCE J7 ¥: /4 RIS SR B
T AT TR, DABIAR S de R R i

TTCE J7 15 (14 OGS 2 A i 2 R0 Al 11353 -RIS 1] Js
] B OB T8, R T Y 2 B T FE Ak AR AL 7 ¥, %)
TRIMBIRL Z #ok R e, &K M 20K AT
4 ST s PR LA il S DRI SR TE IR o O HLIZ A IR

NE IR B R EES ST R R

£ TTCE J5 B 5 hl b, %t 3k 5 RIS 6] 45 38 £4 11
BIPAET TEEAT T FSE, B 0 T — Fh 3L T R AF (5 07
BT T 5, B RRAR T R 2R B A Sl 3o X 3
B n TR R AN 2 S KR AR S o — A
M AR PERR— LR R ; $2 10 T — o 35 TR AR 53 1)
AT T V5 52 2% B A, A T 1KG B s 4y, LA R
TSI

1 XA iE) R E 1 3R &

1.1 REGHER
R RIS $ B CLE RS RGN 1 iR,

RIS (N AN 4 #.T)
i (MARE)
G- e = SIS
[\
[
- \ D I:I D \R[S%Eb
&1’ N fEih,x
\
T Yy, Y \
Y, N D
| \ag
[N Ak
————— pgEEs— — — — — @

BT RIS MBI JCL R SR
Fig. 1 RIS-aided wireless system model

S AL M AR RIS A N AU IETT, 75 RIS (1
BN B S K D RRAR S G, RXRSER
A SRR RTER Y TAE R 47, X T 13053 5 F (orthogonal
frequency division multiplexing, OFDM) £ 5 N &4~ F 2%,
WA RIVEF- T 4B, S i (55 y e €7 2R
KA P55 R RIS RAHE S Z 0, il Fm R

y=Y (h,, +Gdiag(¢)h, ,)s, +w (1)

b hy, e O FoRE kAP SR R (5 T R i
G e C"" RIR RIS FHEsb A FIE 4 ; by, € CV' IR
% EAHPS RIS BfGFIERE; s, € CEARE kAN
RIEW T p = [, by, ¢y ]" JE RIS KIS F
BE B, ¢ e CZEH n A LW IR R K,
diag(p) e CV" Fmht b T WXL w2
RS, KR, Tk~ KRN @, =
p.e IHp, e [0,1] RIEE, 6, e [0,1] RAf,
X TAEG B Te Ll B 58, RIS B TG R Gt 1
PIAEIE,G Fl b, o T5TAR SR AR 44 B 20K RIS
HARREE TG Ty, #5 E SCHE IS -RIS-FH P[] 1 42
BAGIE N €, & Gdiag(h,,) , REBEMFRN .



. 264 - S 1[I I IV = 3

39 &

y:;[hn,k+ck¢]sk+w (2)

L diag(h, ) e CV" FRW b, TR AR TR
Ko KEBFOREIGGIRATIE C, VE R EAT AT M
KMBERLE RS €, g e, SHFa KK,

RS E AR A B, P Rk, i
iRk HZ R OFDM 2 4 vl H 7 ik A (5 18 C,
R, 1200 i SE-RIS (05 E G A S HUS 8k £
PEMREAR I, R 4 7 A1t
1.2 WAtiE R ERBE

SEBR 3 Rl Al RIS o7 B — k[ {518 G
SRR SR B R AL T, TR P R ),
RIS-FH P R 3l - FE P 10045 38 2 DR A8 49, 75 DA /IN B[] [
Fafhiih, LT LR (8 R SCERT 15 ] 32 T XU i)
ROBEAFIEAG T, FEISARUCR AN [R] ) B R R G
FHE S48 RIS, RIS LAY E 0 R 5 2R 40, I 1) B 5 0
EReRAE SN LI SRS (kNS P
{55 RSkl TR o8 B A TR ER , BXEIE G i
Attt X RIS-FH P FISESs - P (50, R AL S0
AR RAG T, BT EER G 48 K T
FUEIE, AR5 AE A5 20 BH S/ B[R] R {5 3 A
THigs e 2 frs .,

i b B g -RIS )% 1 B P-RIS F B
EpNEI NG T R 58 £ /0N 1R R S350
-\
Tl AT
RIS: &, | RiS:é | RIS: &y
7
BS: Tx 1 BS: Tx2 BS: TxL
RIS: &, RIS: &, | RIS: &, |
BB 1 I BR2 IR L

K2 S

Fig.2 The pilot frame structure

P2 B e B N A AL LS
B, TESS ¢ TN RIS U RER N ¢, € CV,
55 om, BB SIS m, AN KRG T 2 JHARTF
f9 M—1 A Bt RE[R] I RIS SR B9 A5 5

5 my DS RN AT AR R

Yo = (80 O, )b N5 + i

(3)

Apem, =1,2,,L,my,=1,2,--- M, Hm, #m,, El%
MR R PR A R AL R g, =
G(m,,:)" e C™ g, =G(m,,:)" e C™' HFIRMRIS
E55 m, W, WS RL R 0, ~ CN(O,
on) TR m, KRERGS, m, KEHMO i Ik s 8
P 7 (additive Gaussian white noise, AWGN) ; im,,mz,z %=
A TR G S35k 8 A T, AR E

WA E TR %, F P nT A AL
3 dB 5, UL R AT YN AWGN, D3R g bl
MR 1A

2 ETHEESBHRNLTTE

2.1 (EEER

PG RSB CR AN F S HESR S 2 | (m,,
m) 1 1<m <L1<m,<M,m, #m,} Fmn, I
N AN W55 %ym],,w I (m,,m,) € §,1 <1<
N, HEEREE m, DREEP B m, DREILH N A
AR R

Yoy 2 Lt sV 5 Yy} (4)

R HeE, TR SR BN 5, | = /Py S
P SE B RO FIUE S VR B UE SRR R w P
KX (5) PR,

Yoim, =~/NPy (g, Og,) '@ +i, , +n, . (5
K, O /R Hadmard S @ = [, 0,,,d,] €
C st = Lo st ] 1 = [0 0,
1" o B SCHRT7 146 RIS F55 2 BOR Ly 26 (7
B R REE 2, DU A S A B R, X
F(m,,m,) es, AlfE:

(gml ngz) T= [gm],lgmz,l ’“"gmlv:‘\/gmzp\’] =
1 1
— P (i, tn, )P (6)
NPBS 1°72 NPBS 172 1°72
; 1 B
ﬁgx [aml,mz,l "“’am] 2 \’J A . (‘D 1? E[]
NP
1
= T 1=} — ] 2a N .T
JE(g, Og, )" Wi/ Ffliil, N (o +
1 2 m 1°M2
n' ) -1
my,my o

MFRERM n, 1 <n<N,g, g, , JIRTFHn A
RIS BT, 5 MBS T TE G, BT LUKHERI S5 6
A TR D N AN IS TR, A RUESEAS 1)
BUNAE R E FRRALL,BOR | S| = M, BIERRGT RS
L=2,

PR PR TEAR T RS 1 R R b4 B
SEARAIEATT i R 4 & R R R IE SRS el T
P 5 Rk, WiE m, = m, B ITRIT
2

L

Yoy =

(7)
Yoy

:T:tl:’j:t: 1’2"“9Na(m1,m2> € S,(ml’m3) € S’(mz’
m3) ES,Hmz;ém_zo
SE S n A RIS B PR J6 A Q1 17 18 2 408



55 3

B RE S R I B G R G R il il D7 ik gE £ 265 -

g, L (8,808, » BEMEEHFE G W5 n 51, [F]
W a, .. EHONHERE A, e €, FLICX A (0 B i (B
(7)) Mk, BE n DO ES .

8. = argn}{fln@( g.)

0(g,)= 1A, -g8E, | (8)
K. E, =[e,,e,,-,e,] € C"" e, € C"' W 1 IT
AR 1, HAMIZ 05 || - |, R Frobenius {4k, K
IR T AEJG L5 n MUAF R ER A, 30 A
fig Ba, fig,.
2.2 ETHUEESBORLER
IR AR R — b TR (R 53 A oK A S R AR
/N e R, B 0lg) BRI,
Olg} =Tr{AA" - AE(g"g" - gg"E, A" +

g¢'E,Eg"g"| (9)
K Trl | FoRMEFERE, T g KT, IFSHR 0,15,
90 ig| =_gT(ELAH " (ELAH) Ty 4
og
g'(g'¢"EE, +EE g ¢g")=0,, (10)
B ST .
Ag=(g ¢"EE, +EE g’ ¢g")g (11)
Hr A, e " H—XFFRHEE, & XN .
A, A sym{A'E" =(A'E")" +A"E! (12)

) AT SR M AR AR R4, £
iR g MM AE TR, YR REEE KRR (M >
1), Bk iz gl E AR K, T G a5
BRI B AR RS AL R SR RE TR 2, 49 51 1 255 0 3R
ik,

A TR PR

A, Al
A, (13)

A, =
O( M-L) x(M-L)

A Ay, e CF RHENE A, W LAT L SR T4
W i J5 M-L AT L AR —A (M - L) x LiFE
Ay o HLx 151G g, & [[g]i[gl,, . [g],]" &
mg e CMETLAICER R M-L IR EM (M -
L) x 14egitt g, & [[g],. [g],... [g]l,]" Fmw,
(1) ATES R,

T
AEL AEL— 8 5 g,
=g 7 .|+
AEE O(M—L)X(M—L) 8; 8

g
gl 2[0 } (14)
(M-L)x1

PR 0 14) P 9 B0 M 32 SRR K, 454

N 2M AR N

‘Q{AEL} Q{AE,} 8,
Q{Agf} 02(M7L)><2(MfL) 8ri_

L

02L><2(M—L) gR["
g, | 2Iz(M—L) g“’j

{(I& 1>+ g™,

02( M-L) x2L

(15)
K
Re{A,} - Im{A,|
04} £ [—Imm I —Reld J (16)
Hrb Rel « |l Im | | 387 HURE B B8 ) o 1Y) S0

Re{gl,} 20x1 Re{gf}
%u&%%ﬂg,ﬂ_gmL = |:Im{g %:| e R*™™ ,gRl, = Im§g_} e

R BRI IR  Z T M AN RO R
QR AR LM Y S RO R A
(gl P gl z)gRIL :ZngRIL + Z;VLgRI_ (17)
ZngRlL =gl 2gR,7 (18)
Xz, & A} e RZL“L,ZZL A 0DIA, | €
R Q- R S P A SR MR AR e, S A

Rel{g } |
8r = =— 7,82
n Im{gi} g, | 240, 8k, (19)
A (15) T —45 4
Zogu =Clel” = le.l e, (20)
1Ll )G |, 15 B E A ) S B Rk 5
ZngRIL =21 g, zgmL (21)

2 21) U S0 A (4349 R, o i
8o, SEITRAIE 2, H9FEFUAFER 2 || g, || * BRI )
FFERE . JFH, g =Relg] +jimig] e €™, By
AT £ 70 2 B S5 Rk T R P (22) 3157

Rei[gl,} ] [rs, [P0
S L VYi=1,2,-,L
mi{[g],| 2 Vs, I
(22)
Kb v, e C™FIRZ, WK A, ISR 4
fEf I g B9JE TR M—-L ASeEn a8 (19) 1158,
HER(12)F(16) T AT sym| - | AT QY - |
BRI E X, Mok AT g, bR L EXT R Z, =
DAL = Qlsym{A"E;} RFFAE M &, K X (19)

F(22) i G — KR g = WIZ, | R, il fgdkuh
RIS M55 n ASHATT, BT RHR AR B < & g Wi/ T 5 Al

Q>




. 266 - S 1[I I IV = 3

539 &

i, R s

g=V{0{sym{A E}}}| (23)
3 itig

3.1 tEACERE R

bR b, BARIM T B RAR T (FIE S5 g 2 R/
THAG T g ARAEAEAR IR Al B JC R g P4
ATCERMIER S, EEE C, = Gdiag(h, ) , WA R
FEAREANTHIG 21 AT A TSR 2 o R A T
G M h,, . REFARBERCEE N, X G AR a2
b, Tl Xt N R R BEAE B S8 b, HEAT 2046 T O
IARPAEESE C, . WA, BR G BN, [F
BF by, ALRER S A ] RO AR, T ik il 5 2
REAF B S5 C, k3L P B K A5 M L (signal to noise
ratio, SNR) & IFFIG A% RO . Ak 2 i, X H AR &
i F W& TR AN Gdiag(h, ) BF, A ASOR 1) ARG 25
HHETH
3.2 B4RFFH

Fuhi-RIS RIMHEFRSFIEA MN NS, R ERR
JERH AR TR B 2 o AR S E N AT, BT
Wit L ASB B, SO T = NL, K NS
RIS, 52wl Ml A58, 73 54 NK FI MK S 507 24l
Tho BT M A REN IS 761 B BR Py U 8 MK A5
BT S T2 [ (M + N)K/MK = [ N/M |+ 147 i, H
Wl ] R G IR A B A TS T
Bh T, =K[ N/MT+ K, 53—, AU RE R B A
Mg ST B I TR SR E S B B EE W H M
THIE A o« = T,/Ts o SR SHITR R T =
NL/oa + KT N/M]+K .,
3.3 HHESXRE

TEXTOLAL I R AN R B (X (8) ) S8 58 U AR
By, 52 0 A 1 S R I A 40, L R R 1) 6 R AR A 0 i
J& , 2 E SO AL TR DL A R s 2B U R
M 225 18, BTN 2L x 2L AESRRE Z, SEl—
YIRS, AR — U Z, g, POTRIEIZE

RIS 1 28] ATUR TR, 58 BUAE 14 4500 4
A TR R B 2LN W BTk 5 8LN W LT 12
55 2 R (22) T g BT L ASJCEK sym | - | A
0f -} B8 H S A MR, R IR B AR R AR
Yo Wi - IBRURSCHEN — 22 BIXT 2L x 2L S Z,
SEM—RBFE 43 i, A5 AR QR AR 15 TR E
FPBERE OALPN) WIBTRE 4 3 B RFETH(19)
T g WG M-L AME, X2 — AR kiz B, %

2L(M - L)N RFHORE . B, SR i+ 352 = i 2
O2L*N + 2L(M + 4)N) B AR F3CHk [ 15] kAR y
2,k 1R,
x1 HEEZRE
Table 1 Computation complexity
Fik TR R
SR AT O kT O(N* + MLN® + MLNI,.)
1 A BT ARRAE A0 i B O(2L*N + 2L(M + 4)N)

4 SLIGEHR

4.1 ZIWSH

SRS SCHRT 15 ] /N FH 3 55 R S AR AL 14 T 52 56
5T, LAA R LA R ik PR BE . LI FH 3 5t RIS
AT AR SR P P I I S v i S i R TR B, H S
[P 7 i F sl 1) A IR A R A, 50 5 RIS [A] B R R
Wikt p, =p(d,/dy) "™ B Hrfp =-20 dB, jZ LA
dy=1 m HSHIE BT TSR 5 1R
a, =2.1,d, =20 m, /NROBEE R ARy S {0, 1L
SNR 8= (24) B,

Pyp,

ol +ao’
K, Py RIS LS SHE S %, A TR EBUA
LMY 3 dB 55, B o2 = 202 DAk EERIEEA
WHLT,, =5, 30230k 15 MR, HL Ok BT RE IS 45
ARG
4.2 SLIHER

K34 RN K=8,L=2,a=4F, FHITHY
BEILE REE M A RIS AT B ICE N AR fb i il £,
o /N Ie A T S AR T A A NK+K T 26T K
AR FAR BT H " K+ N + max{K - 1,
[(K-1)/N1i,

600 -

SNR = 101g

(24)

500 - © © © © © ©

400 - e SR ) FRUBE SR
—6—MVUf# i
m —o— Z P MBI
§ 300
il

B3 FIRFFEY R, RE M AL (N=64)
Fig. 3 Pilot overhead with different M (N=64)



55 3

B RE S R I B G R G R il il D7 ik gE £ 267 -

e SO ) FOBE S
500l O MVUfHHHD
—— L PG

Ol 5 é 0 é 5 3‘0 3‘5 4‘ 0 4‘ 5 5‘0 5‘5 6‘0 6‘5
N2 v
El 4 SATFFEERE RIS BT80N RSN (M=16)
Fig. 4 Pilot overhead with different N (M=16)

25 R A HE TR JE RIS P (5 0 1R Ry — A 4
PRHATAG TG MVU J5 3%, 43 5357745 18 Al 3 0 BU ] R
FERBEBEI B TS, 2 M=16, N=64, K=8,
o =4 B BET A 85% LI E S H A, (HRESTE
&, o IR g U, T vk =2 B LLRE 19 44 0
TEAY SRR T S 5 RIS [ fER S5, KA
KX —&F, MHILTFZ P sl o5k, sk S0
FEEIEATR , (E T 2R AR 1A 7R 25 Bl e, il T4 4%
T 2K 2 R 5, H I 0 7 ik B a3 5
RIS [ 1 & fAEEMER SR B 5

&5 ftonh M=16,N=64 ,L=4 B}, % R4 0 5 s
FUFL A A VR AT A5 A A T, A TR 3 B 2 0 5 4t
{EWE AR A iy h 2, P (5B B G 190 —1e 3 75 iR
7 (NMSE) #1158 (25) iz .

1G-G3
NMSE & ———————— (25)
(Keali

SR B A A A MU T AE TR AT Bl i Al
THERE 40U TR B & S R 2] L[R2 RIS 3R
LRGS0, I SRR 2. 2 T AR B BE TR T, SRR 2 e
e L IABPI R G T 2 T 4 T4 m, =m, B EE 7,
XTI RE R ER A &, B3 T IEH 5B T A TTRS
B PR TS W LUK T 16 dB BFA kAR AT
AR RS 7R T 16 dB LTS ERY 25, 3 o
PEOTIRES 1 AR R R b 4, 5T B AU TU A B Oy
B IR AR A T i 9 2 A B ks U AR 3
HEREE,

HEE] RIS —N B N H S 0 A 2 Sk vk
7 F 5300 P P A 05 1, SEBAR sl (S A
T R S AR RE , b W S ol 2 D W IR
AR MR LIS, R R B 0 5 vk T B R 2 R P B R
WA 338 00 S P A T A T SR i 1 [ 1 ik R RIS
Yk, 25 TR BER AR T8 AL 110 52 B 1 AR5 00 48 F 4

—e— R (B TATE)
ot e BV (EH )
—o— TR

o

NMSE /dB

203 20 10 0 10 20 30
SNR /dB
E5 AREMEMEET RS

Fig. 5 Estimation error with different SNR

75 M S TP P R A TG, U5 i o2 R G R A 2
TER X TAFTE R M 7k o 18] 6 Jirm Sy Bl 22080 1) 5 0t
55 SNR J—10.0 F1 10 dB s, fili 115 22 B 56 v % 5 K
LA L BRI TE L

—e— SR 7 (R THTE)
8 —o— B )77 (EHHTE)
6l —— BT

NMSE /dB

RGTFHUREH L
6 AR REREL L XAl T L ) S g

Fig. 6 Estimation error with different L

SCYGZE R T S R L TR B —
ERRFE RIS, L Bk NMSE 8| KA 8 280805 07 12
AT TFEEA T IF H SNR MR, R L Aok,
HHZE7E (51 E ol 10 dB B R B B2 B B AR F 0 dB K,
PRI, 7 SI2 B I FH 0 28 1), IO A 0 66 3l 22 A0 5 491 1Y) SNR
SR, BT SRV AR T 8 2 /0 IEAT TR 43 BB E AL, AR
A BRI, AT A S RZREL L, DI KA A T B

5 % it

X} RIS B BIICE 2 40 19 3L -RIS 8] 52 1) HUR 2086 5
AR AT T 9T, 3 2 O Ak ) R R o
[ | o S R A L IO A E =S EY 8 A | B 07 5 2 N
P T — R R T M AR AR B A A A A Ty



- 268 -

N ¢

5 A8 2 4R

539 &

Beo BB S EAR A TR AR A A RS
FIESELIE G FRB B LR, Xq‘?ﬁﬁ:ﬁm%éﬁ
RO B I A U T ARG, 38 10 09 O I e S0 T T3
O = P FAG T1ORG B 5 T AR AR S X FIE R, S
B 7 5 B T SR A AL T, H RIS A R I g 3
ﬁﬁﬁﬁﬁ%i&ﬁﬁ)ﬂ%%ﬁﬁﬁ%%o Je SR, W A 0 )

W

— I UE R GRS I AN AT A S B R Y

AR, ﬁ%TXﬂ‘%Iﬁ RIS [E {538 A ZEHHRE R LA 2

ATk A

TR

£ 3Lk

(1]

(2]

[3]

[4]

[5]

[6]

WU Q, ZHANG R. Towards smart and reconfigurable

environment: Intelligent reflecting surface aided wireless

Network [ J ]. TEEE Communications Magazine, 2020,
58(1): 106-112.

AR, BRiR. IRGHE fi%]‘%%ﬁ?ﬁ LTINS EP ST
A T[] fE 52 i, 2021, 42.(10):
189-196.

FU Y H, CHEN D. Channel estimation for hybrid
intelligent reflecting surface structure assisted mmWave
communications| J]. Journal on Communications, 2021,
42(10) : 189-196.

HEPRBE, 8, AR, 5. R TR A P 4 et
AR IE S B K Pl A 2 8 A T 5 A T
TR, AR, 2021, 42(4) : 67-74.
HONG D Y, WANG W, ZHOU CH Y, et al.

estimation and

Doppler
compensation method for orthogonal
frequency division multiplexing underwater acoustic

communication based on non-uniform fast Fourier

transform[ J ]. Chinese Journal of Scientific Instrument,
2021, 42(4) . 67-74.

WRE, 90, RS, 45 5C TM {5 S Lk (S i F 4
WIFE ST ]. A I S A =Rk, 2023, 37(11):
91-9.

CHEN CH, FEI D, ZHENG P,
implement of wireless channel measurement platform
based on 5G TM signal [ J].
Measurement and Instrumentation

91-99.
WEI X, SHEN D, DAI L. Channel estimation for RIS

et al. Research and

Journal of Electronic

2023, 37 (11):

assisted wireless communications part 1: Fundamentals,
opportunities [ J ]. IEEE
Communications Letters, 2021, 25(5) ; 1398-1402.
DEEPAK M, HAKAN J. Channel estimation and low-
complexity beamforming design for passive intelligent
2019
IEEE International Conference on Acoustics, Speech and
Signal Processing (ICASSP), 2019 4659-4663.

solutions, and future

surface assisted MISO wireless energy transfer[ C].

[7]

[8]

(9]

[10]

[(11]

(12]

[13]

[14]

[15]

[16]

(17]

(18]

JENSEN T L, CARVALHO E D. An optimal channel
estimation scheme for intelligent reflecting surfaces based
2020
Speech and

on a minimum variance unbiased estimator [ C ].
IEEE International Conference on Acoustics,
Signal Processing (ICASSP), 2020 5000-5004.
CHENG J, WANG G, ZHANG Q. On the optimal discrete
phase values of reconfigurable intelligent surfaces [ J ].
IEEE Antennas and Wireless Propagation Letters, 2024,
23(7): 2111-2114.

AHMET M E, ANASTASIOS P, PANDELIS K
Deep channel learning for large intelligent surfaces aided
mm-wave massive MIMO systems [ J]. IEEE Wireless
Communications Letters, 2020, 9(9) :1447-1451.
JIN'Y, ZHANG J Y, HUANG C W,
residual dense networks for reconfigurable intelligent
TIEEE
Transactions on Vehicular Technology, 2022, 71(2):
2134-2139.

HE Z Q, YUAN X. Cascaded channel estimation for large
intelligent meta-surface assisted massive MIMO[J]. IEEE
2020, 9 (2):

et al.

)

et al. Multiple

surfaces cascaded channel estimation [ J ].

Wireless Communications Letters,
210-214.
DU J, LUO X, LI X,

estimation and symbol detection for RIS-empowered

et al. Semi-blind joint channel

multiuser mmWave systems[ J]. IEEE Communications
Letters, 2023, 27(1) :362-366.

WEI X, SHEN D, DAI L. Channel estimation for RIS
An improved
solution based on double-structured sparsity [ J]. IEEE
25(5) : 1403-1407.
LONG R Z, LIANG Y C, PET Y Y, et al.

reconfigurable

assisted wireless communications part II.

Communications Letters, 2021,
Active
wireless

intelligent  surface-aided

communications [ J ]. TEEE Transactions on Wireless
2021, 20(8) :4962-4975.
HU C, DAI L, HAN S,

estimation for reconfigurable intelligent surface aided

Communications ,
et al. Two-timescale channel
wireless communications [ J |]. IEEE Transactions on
2021, 69(11) . 7736-7747.

YANG S, LYU W, XIU Y, et al. Active 3D double-RIS-

Communications ,
aided multi-User communications: Two- timescale-based
separate channel estimation via Bayesian learning [ J].
IEEE Transactions on Communications, 2023, 71(6) :
3605-3620.

HUANG H. Two-timescale-based beam training for RIS-
aided millimeter-wave multi-user MISO systems [ J ].
IEEE Transactions on Vehicular Technology, 2023,
72(9) . 11884-11897.

CHEN W, WEN C K, LI X, et al. Multi-timescale

il



55 3

B RE S R I B G R G R il il D7 ik gE £ 269 -

[19]

[20]

[21]

channel customization for transmission design in RIS-
assisted MIMO systems [ J]. IEEE Journal on Selected
Areas in Communications, 2023, 41(8) . 2397-2413.
MISHRA D, LARSSON E G. Optimal channel estimation
for reciprocity-based backscattering with a full-duplex
MIMO reader [ J ]. IEEE Transactions on Signal
Processing, 2019, 67(6) : 1662-1677.

CHEN Z, LIU Z, GENG X, et al. Attention guided
multi-task network for joint CFO and channel estimation
in OFDM systems [ J]. IEEE Transactions on Wireless
Communications, 2024, 23(1) :321-333.

NEO V W, REDIF S, MCWHIRTER J G, et al
Polynomial eigenvalue decomposition for multichannel

broadband signal processing: A mathematical technique

offering new insights and solutions [ J ]. IEEE Signal
Processing Magazine, 2023, 40(7) .18-37.
EEE T

RIFCAEAFES) 73 2003 4F- 2006 4
2012 AT KA ARG 0 27 il
L BRI R AR, 32 255 1)
VSl Chwvs il R MiN] ERe B % NS
E-mail; shekai@ 126. com

She Kai ( Corresponding author) received
his B. Sc. degree, M. Sc. degree, and Ph. D. in 2003, 2006,
and 2012 all from Hunan University, respectively. Now he is a
lecturer in Hunan University of Science and Technology. His
main research interests include signal processing technologies in

backscattered wireless communication.



