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1. B

B SG LA I AL BERE AW INIE,  BE%F N —1X 6G TELR M 48 4R 22 M0t 70t b
Z HaEHm, EXFERHEARIETERT, 6G MR T 7 AR T AR Jo Lk M 48 5 2 K i
IR SR B GE B br . ARG TLLIBEEMSE (1G £ 5G) FEMKWT 6GHz LA R, HER
3GHz DL R SZ PR T, G b o 2% 38 R T BN ) R 2R B o AR 2 R 2R P 51
SRR ML S, W RIS E N E R IR T HOK, HERBEK. Fik, 457
LRIBME RGUMTHE A T m . TR ARk 6G M4, TR Z AR LT mdi B
KR (Bltn, KB 2R RRMES) , XERIT R R E N EE . tsh, W
BAGERE (RIS MR K MIMOM, A3 KB, Tl E M4 (Cell-free) [©
SRR TIN, WAE AT 37 AR AR R K To 2 W) 45 AR 15 5 g i, A% 495 100322 7 ~F T g
RBCH ARG T AR SRR I M R, RELGLAIRE KRG CA LTy 6 %
PRAFZIRANR LB T 52 O, AR 3 s 1R SR IR R — PR R S B T o e 2kl
GRS RB I ER A M YERE . I, 76 6G MR, I3 X O A T 2088, IXOR T X
AR B Wt 7L
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I RN AT AR G TR ERE B2, RE SR RIS B BN A 7 B X Y RGBT A
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2. iZ N R

2023 4F 6 F 5 pr s AS B Jo 2R s 5 500 5D TAE4L (ITU-R WP5D) & A 7 IMT [H] i)
2030 SR KK AR ZE R G AR HAR ), 42 T 66 SRl soRIge i fabnik & (8],
K 2.1 fon. 66 375 BAR TR FGEME . BOCMIRBGES: . Mm T SR e . N T8 e S5l fE 1
R BN SIBAE IR G RN . 66 SRR IR IR ELEE 9 T 5G BE ISR LA L 6 TUHT
WIREIUERE, RIS MER . PRI R . SE SR X E ERE . Bk, i
W APEEME. e ARRRAERIE. B AR OCHERR . AL MEOGHRRR. TRREEMERIEALL9]. 66
tH4STE 5G-A [FEAl b4k SRIHE, 4k 1 5m 2 F P (6 ERS, I3 BAT AR A3 RE (100 .

Capabilities of IMT-2030 - capabilities of gy 204

NOTE: The range of values given for
estimats =dn ets for research and i
IMT-2030,

-9;,’ = A — ;‘: 5
'Cy
®d Capabiities fof ™

[l 2.1 IMT-2030 [ 3% 5 A DG HEERE 70 P b

N A2 IMT-2030 X A5 1 A A8 (05K, 7 Ml St it Bk — R R S v D B! B ORI 1
FIRLHIVE 71, S OCRIS, S e SRB BIT A P R AR 27 e s SRl 3 RS o 3 3 RN R R AE
R ST T, P REIRAE I 7 P AR BEAS P BOL, 1 7R AR O BRI A Y, BRI
AT AR R, SIS WSS R, ML AE M IR BE B I L [RIIN 2R 45, TR RL
PR RAEN, RIFESAH BN, 7T AT A7 SR 3 IMT-2030 55 2 [ 37 se RO PERE SR AR
PIOnER SEE RIS EAL. Zath. Bathss. AR T Rl drxd i i 8 Y 5
BEAT R o

2AFEPERIUERE (SRR SR
SR R I 4 A T A0 15 2R SR K A T O 5T A L

2G. 3G. 4G. 5G 5 RGC KM %5079 0.2 MHz. 5 MHz. 20 MHz. 100 MHz, AKXk
6G T Z K ¥ 58 o

2023 4F 5 5, FRE TAVAME AR R AHR (e N BRFLANE oL v i &) 43 00 5E )
(LALAME BB A5 62 %) , FERBRFESEN 6425-7125 MHz Sl B3t 700 MHz 1177 5 42 1
5 T 5G-A/6G R4, [ 12 7, EBRE AR TU) 72T i FE A IF 1 57
Tk iifE Kex, Sem Tx CRLHRBMMD B —5MEiT, NERRHs B S T
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6425-7125 MHz 3t 700 MHz 77 & (1 AT B 6G A BEiRl, 2023 4 12 A, EFrbrifEfbdlgl
3GPP EYE[EH % TR A&, 5L T 5G-Advanced 55 ~ MR UERAS Rel-19 (& LI H , £
& 7-24 GHz FAE 15 E A R0 755 8 AN,

FHECT 5G 72 R 1) sub-6 GHz (XM, PAACRK 6G W e 2 K I 2Kk . K24
ST, PIBGERE S AR, X 6G M A R i A e EENME,
AERCH 6G BB 2 —, WK 2.2 fis.

A

| ) )

OHz { [6GHz 30GHz~~ * 100GHz~ Tl 7 10THz
i £ A400MHz- < 20GHz
20MHz | W | ‘
U6GHT 3%

K 2.2 KK 6GIHE. A1 IREABE
Kk 6G mi. L RSB ERIR T REWS Ll s g5t . 2022 4F 6 H, EE 6G B K
AR SR “6G Technologies” WHARAAEHE 6G v 1\ RSB FUiT 17 (1) 00 EEAE D),

2.1.1 ESBAER

AR (mmWave) FUKHFZE (THz) o (5 vl DU HECK AT H# 58, $emsl
PEALHNE R, & T —REE RGN ARz —06, T Rt m AL i B ke, 7EiX
SR BZ AT (MG (Base Station, BS) PC#& RMBLRZERES . i FH ORI R 265 51) 22 T B
ESGERAS T I P KRR TR LT ) XI5, 1A% 42 T0 2k 32 el i A2 18 336 B 1) o AE 2K
KR 2EFAE R, AERTEUNIR S/ I FE B B n ik JL oK, IX B 78 Se bR e B Xt
HAL 10 17 PR 328 12~ T AR AN PO 5 T2 A8 FH B T U8 (1 3 S B 2R SR 4 B 2 oK B/ R 2 o 4%
G R G WHE T BRI AT IS B Ao RIS R IR 6E /), 2= A R SR AR AE
R e AL B R GRIREREE) |, A RARAEIT I 55 A T I8 I A% 42 (1) R % 1) R SR AR AE T
SEITT IR o PR IR A W] SCREAEAR [R] A1 B2 b 22 [ B[R] 590 P ik % AH ELIE A2

REFEHIRE TR BRE VIR R g TR Z AL (MIMO) &R4: 58
IR AP OTAT Y, AR R AL BERE 71 & ARl . X T-45 78 HIFE S o RES ), R
T AR T e T e, b A RE TS B -G (RE) BEAHE . 7EIXFhEsHy
H, CRHLRENS [RII42 To IR 2 AN J7 [ R, TR oK R & 18 () R GG PE . 2T, £E 5G
S SR IR AE JR G0 S KRR SIS, BT AR A D RE 3G 0, S 4 K - B A BBk
M. T X — R, KR ZHAZ 5T (MIMO) 1518 W K AL/ IR & 48
Fo IXFR G LM S5 G TARYER 7 A PN = AE AR AU T A, 30 3 FH S A 2 ELIDOR S, A



A P R SR B R T2 o 53— i RS IR R R 21 (R0 X B AR 2 B A R T R 2k
RG] LUK R AR MO R AR AT T AR gzl RIS SR G SE E RIS 5 A B Re 71, JF
FEAMGE & FORLDL A B (RS 00 S B AR SEBLS IR Aok, I HLAT B T R et (K g4k, M
PR RAETERE . SCHRI7IERVT 1 IR & AR 420K, BB r e, SE TR AR IR
BRI MBS BR IR L, WL s S0t 2 (s, BRI SO SR AU X N AT RER%
Z M RGN

a) , b) wt y Notable In!erfereﬁce
y b B
P v E
S g
X A
» c) ® Minor Interference —
|
0 g
z

Kl 23 ZHPigEE, sAmENHPRRER (a) Z48700: (b @iyt IR R, 3
MIFfAE LA PR T (o EmRit FRBERERESE, THin

2.1.2 B AL

10GHz LB Fy oA L K3 02 6G A3 ) A S BB AN B2 5o LK e L = 5 1018
SR B U PR 5 AT S ORI TR R A R AR R A AR TR LA, K
e ELAT MO ARA B AR G, 7T DASK BT KV R i B 2, RIS AR RS T sub-6G 4B HLAT T/
R, A A S S AL B MR 5 R IR 2

L3 R R B ARG e K L B AR S TR 2, B R R i A P £ T DA B o
2 BT, B LA S S 2 P B A I A, AT 3955 £ £ 2 I e R,
24 BB R 3 L B4 P 3 B s £ P I e AT, % R A B B
7% 1) 5 1] R TE 925 70 40 K 2 R 2k R BE R A0t 0 2 ) 1 o1 2, 7315 190 24 o B A
AMCTFEIE R R T B4, 7T LA 2R THE S RGEI0 1 BB . %87 50 F 106 1 R
REMER BB AME . B SR BIZ P MIMO R Zii TP et AR B, SRR
TR R ~H B SR B 2 2 R SR 5 IR P I A A i, DA I A i 2.
2.1.3 RAAB AL

{E4B: (FR1, Sub-6GHz) 5 ST W W44 ¥ 3L £k 78 3 5 FEl . 6G 16 1 S8 i ATER (1 7
I, A5 S0 R PRI SB G & T 2 B AR B R, SR s Ok, e
WA, EARAIB T U FE MBS MIMO, ZEA%IES 2 T 36 10 FIR, 3275 6G RS

ANBERL -



66 LG BAZHRK G LB/ FUTURE 7% 4%

RSB AR 2B A% 2 KA MIMO F) 3 2 ) i Bk B Bl vl 728 0 R R AT RS R 1) o
G B A A KR MIMO, - DA B R T R 2 B2 e AR RO BR 1), 385 55 e R Ak 71
PEAR R R B TC 2 AP KBRS R o 53 —J7 T, T/ DX A% Gt 8 28 SR 2 SR T AT
KEPRAN SR SR 2% FE SRR, P AERAIBE ) K RS MIMO 5 mTRERH 2 AR . 2 WSO A
Tode B AN A 3 A1 s 28 B3« AEIX AT R T, 7 20— Wit 7E 70 A U0 28 s,
ARE 5 R LG AR AT REXT BT (B B ) 755K, K AR A1 LK 7 T RESE UL /U (3837
BONSER R AR, $xhziEs(Eil, R ERNSHRE S RO EERIESE, 3P0
N TR B TE R L 55

22 R ERRITS

22,1 FEEEREEREITS

B REHIR T (Reconfigurable Intelligent Surface) #iA A2 6G BB A2 —,
e R R AR 1 1 EE R B G RS, E TC R 4 rh i RIS W DAAG 25 1 SR LRz
WL B TC AT TE , AT H e i A5 o7 B M7 o Y B 100 RIS HoAR 1 M R N Y 22— i il
D ZRBCT S IUH A3 08 0k R 5 F T 2 oK SRR 225815 P I B R AN B o K
¥) RIS BEFIAIEE i (0 TAESRER, 3E—259 K 7 RIS SHBIE S5 (L3 [X 35200, RIS 3@ %
THER WAL 2 (B @ L EEEIE . Ry X8, EEMPEE RN, X TEER
RIS SRS, BT BRI RIS 5 08 B DL SR AL AR A Ay, I (S8 AT
FRRR, T LU A R G B R I AR DL S R E R S AL TR S I X
B 22 A P+ T S, A1 T Ll e kR il 3 T B S (R (A S A, S it i o
RAERIRBEFGIE T, RN AN IERHR, L s 20k, Wk 2.4 fis. [H
B, TR BRT L AT SRAE 0 B B2, [RIES #5730 £ B2 A5 SR BE 2545 R e S 0, b — b4 o
T e LIRS HE FERUR ARSI, W] 2.5 B 53— J5 T, X v (FE K 2 4EF i
PEANEL, XA EE M AARTE . WA E T B (54 B S A R
Pk o



GO H1 EN EE EN EE BE

Sy mE EE EE ER
;" EELEEN EE EE Em

Kl 2.5 Iy g 7 s R

222 ERHMERERESE AL

U 2.6 () (b)Y s » DUAT P T 00 IR K 51 2y 7 ) 2 i 3Gl KOS R 2
BAN A 2 K AR R LB [24] - 4R PR KRR R 2 [ 41 (4 R 2 e e ) BEE 5 D i

N T A TR S P AN A FOB U R ZERE A1 28, SCHR[25][26]48 i 1B A e ik
R R LR 5 280 o &l 2.6 ()P, T R B TC #2 HRASLER AL P 7 O] 3 748 28 7 [+
— G Lk, HR MR b SRR R R R AL, HIRZR M BOE RO, AN RIS
B B R TR G, T SEBL S R . il BEA i KRR 4 51 AT LA
RN B 8 7 3 B AN SR K B rh, by T B A BRI SR T . AR LE TAH A
REREI S AFEFI L5, BB AR R 2B 51 AN B 38 S0 R4, HE B RTHEK,
BT RO SN I BAT S e R A ] 0 R o SR, BB R R 2R B A1 PR A B
AR K T2, S B . BeAh, AHELT A SRS 454, AR AR R 2k
FEFE T PATIC A5 5 A 2R, 1A 7 B A He sl Wy R il (B4 ., X T AR AR R I /5K JF
BEARR A5 731 2R 510 5 R P B RS/ R B B A G R AR P AR o AR DA I 24 91 %o
N2 A48 S M i e KA 1) o

)5 R B A A AR B ORI 51 A (R R 1, ] 2.6 ()T, LR 2GR ol
URZE R TP I EAE o I SIRR B R 51 A0 AT 1o VD BAT S A 10 e, AT i A 5 e 1
IR, R A B AE I 5l R B2 A TG 25 27). SR, BT AEAER
TR PR TC IR B, 35 SR LR 271 th [ A A il R

TR DU B B E 5 AN R RO R o Bildn, SR o, AR AN SO M K AR
TR K HHR AT LA SRR i 58 FA RO A5, HOBLHAL AL ST BB KRS IS 26 B 47 AT 2 25 3R e
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..........................

{m  l [ O O O O

mf - O |

o o i oo (| O O O
|

o e o o O O O O

o o

____________________ (| [ | (| (| (| O

oo o |

o v o [ o [ O O O O

(o) MEBRALEE KUK 264 57 (d) BI5IRmn R AR R £k F: 31
2.6 A [FIEE R HURE R 51 SR 2 501 [24]

223 TEEITHERE

ANTE T4 B g /N GBS 284, TCIE S (Cell-Free) A5 42 M5 7347 200 8 K &%
ARG SEBLUUR P Oy B 5 v, A RO iR/ X TE TP, 8 Sl (5 i, 2Pk
TR 6G ¥ zhi@ 5 PEfE6]. 2T Iole s IB =280, b ZFEARM A E T, K
SR IR YR, IEIHERIBN R 2 [N, BTN S d
fEEE R A, PR AR i R A ATV B s Ak, H T e g a4 A (1 R A
RUP AT RERE 2 AN AN R R ZRAUARE . AR B AR s[RI R 55 HLnT B T AN s i3
BT, T S N R IR ImiL iR Sl s . Bk, iR I mi@E s A R ok 6G i
HENHYRZ —,

A7 TR A5 38 AR T LA T e 5 3 5 2R e i O R S A oy - LT I BR T 9 RN 2 2%
B AT BRI RRF L AT — 2D R T T 83 ZM T NI U AU BE s[RI, Sl 33 BT 9
AN 37V T (A R T 125 « o Rt 3 37 T W6 3 A3 5 A TH AN RO 25077 28 7T LR 47 o
Bl Imid 5, #— PRI RS KRG HTERE.



224 AIBHREMAEITIZER SR
B

;7f
BIRBEN RS T e

2.7 WREEN RSB I8 S 5 A
T, AIHEIRE (Movable Antenna, MA) 5 ARBE 5 NTCEEAE RS, @I F2] K5/
PO R R iR sl (LB SRR , PABGE L EE AR M AE G TERE28]. IZBARAZ
Fsi 750 T SEBLR &5y, anbUaRsl . WL RS (MEMS) 5. il T RIGH#
ENRES, W BREN ULz M LA TER 2 838 . B, 54 Sl e A B R,
ISR T L 2 R A (A RV RE BRI 5 DU AR T T P [29](30]. X
T2 RS RAH B MIMO 50 Jl P85 R 48, 7T LLUER R LA B AL B2 E AR,
M2 6] 52 R 3 2 DA R C RS TE A & [31]-[33]. Sb4bh, I 2 A rI B3 R 2 4 i 2
e, n] DA I 15 BT 81 ) LA TSR AT SR MM Ok R S T B AR R AR I [341[35] - 1
ToLIBAE BUR AN I 5, A RS D AR R LT RERE B X IR/, 7R REB B IX

SR AR S BT RN HUARHL L XIS G K, Wl 2.7 B
575 BERE R MGG o (1 K A RS AR, WIRgsh R BEidd, H
ABEREALETEH 2 . Ik, Sl KRR AR SIAR L, RIR2 3R 4 n] AT B BEARAE 1
ARG FE . FIREERE R GIVERENL S, U0 ) A (8] 70 AR B = AT 2 A B R
W IBARIE R, 1E 6G LTIl {5 5 B 51 77, TRy  BRT 0 O A R 7 22 ) S I HY B O &
FWEIERA. MAh, A AT RSB R W] LATC AR i BT 8 5 A5 R, ek 6G K
VRSB R ER AL B . B H . £ 6G ToZ BN AE K — AL N, AT B R
LR ARG DUA RO KR L A2, TS I 2 /BE B AT RS o X T 78 70 RI R e 3l IX
IR, WIREENR LA M AR SR DLSEBLI Il o R S . Bz, WIREEIREHIARN 6G il
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66 LG BAZHRK G LB/ FUTURE 7% 4%

ERABE T RE TIN5 . AEFRRT A FORIRR . KRG Bt KR BIEAR L TR =
TR EE L NS, DR REAEARK 6G L 1) 45 7).

2. 3B R— 4L

bR 7R RS A, T ARICEM 4510 A7 B LB ks B i N, DRIl 5 R —
&4k Cintegrated sensing and communication, ISAC) AR WL 5] T 2R E Tk A2
FENHR[36]. S HELEIITELE E A A HAR B, ToZ A T o B b S S [m1 38 45 5
TIA A U5 46 KR SAE 5 o B AT, YF 22 O A T8 S AR 9 7T DASEF T IE 2 Jn
il 40 IE A 454> 5 B Corthogonal frequency-division multiplexing, OFDM) F 1F 32 I 451 %% [A]
(orthogonal time frequency space, OTFS) [37][38], X Ui BB AIThAE AT LAY L4248 i B LA
[ TC LR ImAE 2

TEIE RN, IR 2R B A1) 1) FUSH AR A X REER o A JEE Ak o e, D P 89 A S 2 1
3 IR L BRI AR 5 B AR R S R o AELE I X I P, R THT I8 A 43R e 19 AR R 2
B 5 AT AR Tl v R I BE B R RE Sl B . — 5T, RIMETEA BRS8N, L3 SR ae i
AROOESIEREE, AW RGPS PR S—J7H, HAREE R K
T2 WM. Sz A L, 3 BN AR 7 g LI R SRS R 22 4 1) A
PEATIE K AN R LR, W REEA B AR 1 22 2 B A , D bk v 334 i onl A% 2l 2 (¥4 113911407,
W 2.8 Fivse BT RIRDIE, T R0N B 78 B AR U2 BR A 00 T (a3t e s IR e 1 7
Jo P, iR — A — TR BT S BOR

x
S [ s, = [nd, 0]" .
H T - g Target/Us
[ - : :;.""' r = [rcos8 9]
Qi » 7
£ 8 T
£ 3
2
£l
g !
£ : | ¥
= 0 1 i 7 3
<: X / 2 H
i ' Gt e Rayleigh distance 2 i
R | i >
S, [ i
e Near-field region Far-field region H
s H
¥

ISAC BS

& 2.8 it ISAC £45[39]

2.4To LR EAL

ARG SIE 5 R gt rh, BT Tl EEEE A THE 544 B AR BIE A A 2]
B TE], SRERICH BRI TR 00OR B A FEATER B A5 2 [41], 1Z3738 15 RS E i E 2 ML
WAy s S A R MR 2 AN AR AR AR R, Al 6 H AR =4k bR. N 73R4
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SRR F EEABE BB S, @ (R R GUIE R 7 N E B IR S . BRI AT EE
AR BESE MRS 5 BORF LA 4R SO3EAT R A th A — R WK SE L5V, fEIZ i (5
WAHBTL[42]. (BT, BT ERIBAER, REREH A R X R R R IT 15 518 H s
Kb ¥ BTE A FEANFN o A XA AT IR A5 5 M farke 1, U375 R GuiE i R FESIAN
DX ASRA T8 1 L K 22 52 R AT HARE AL, AT R AR 7 X6 TN B A5 5 71 SE IO /K (431, W 2.9 B
o [, KRR R E B B A A T — D MR A B e, AR XA S it
IR R, AT SLBL 6G 2 BhIEE 1 ks € A [44].

Reconfigurable intelligent surfaces (RIS) —> Planar Wave Model
—#> Spherical Wave Model
* Direct (LOS) Channel
— RIS Channel
Sensing Channel

Spherical wave model

NF
Localization Spatial Non-Stationarity Distributed-MIMO

Extremely large antenna array (ELAA) (D-MIMO)

Kl 2.9 idge i B, w] Do i AR R ZeBE 41 ELAAs, 2 REHEZR I RIS F14r A1 K MIMO 45 2 FE
AR I 1 ks 2 8 IR 55

i AE RSN LR SEG TG RRAE T RS (SERRAE AR5 TT
MEA AR —FHET R Mg . i, 7FEEEESIEE RG22 A8 7 e
R 2% Rl 5925, DARRARTC 4% 2 A0 R 55 [451[46].  S7A4 R 57 W0 5% 1 b £ 4 T 58 K B2 Al it
L SEIL[47][48]. X T BI85 RGE N I IXEUE N RS, 8 ALk BEEIE T LUK e
AT YR 5[49], PASCRE A AL R G0 (B MO R ) BARAER . “3mha” 0 “Riy)
#” [50]

2515 REFME

T A5 P BE A SE LT SR A A 0 1k A R, K BOR A B AR XA v A H AR e 2 M
T S A0 5 PR e e R 28 38 A IEK IR 2 5 FR) R e UAC 1 o 1) FH U 47 ) B TR SR A R PR R v G
RN B R, R BEREITLRBAME, M IR RREIRY . (£ENY
S B R G2 R 5 b, o2l S RS0 rT DOl 3 fe i R ORI @ (50, K
FRERMGE TR IR B R E W Al 54, EIREE RS, BRI R 2 M5 w]
DAL T BRI AR 7Y ) J0 2 A5 JE AR 4 Vi 1] P9 3R A5 B R 2 1) 23 9 232, (A kel ] DA SCfr B vy
B E AL [FIfE (Simultaneous Wireless Information and Power Transfer, SWIPT) %, SWIPT
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66 3 %W R AR G Z B/ FuTURE 76 7%

SO F VA AT B B4 RO R, 44 RE B BV A I, BRI
SR A I P ARV BEIA BB 3T R 511152

Eggg Radiating near-field WPT

2.10 Tk rtnE A
2.6 E A

M T TR B RIR) T R AN B R, IS4 I 25 vh A A P B AR IR 2 S i B AR
R E YT RSG,  a iR — ELAR R S AN E A R L. ARl s, Wk
Gl & S EEM TR, JCHAE eI e Rl S, AR A LLSEEL
51338 15 B AT R 07 18 R EEVEANF], AR R HUSERE 51 5 B A 738 45 v FEuH T B
PR BA KA B IR AN, XM KO S R R IR SEA A B
EMASGREER 5 L, AR TR RS P A E R, =TT T ARG LA
FIERE. W R AR R BN BT, AT CATE /230 Il (5 e 1 s ) B R 22 Uy I
(K198 71

Normalized strength of the received signal power Normalized strength of the received signal power

K211 el MERBORE R IEy 2 ailfE: AE: HBCREERILY % 4ailE
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2IEREEE A

ZHEEORIE A N A A DL A R AT YR O, SEIAR R SRR e R, 2
P T —ARTC e W 28 A5 Ja 1 2 1R QB o 7 5G KRR MIMO R4, 741 Z ik (spatial division
multiple access, SDMA) F M FEIR I IE A2 B2 IR SC I T AR A X 43 JEIER ZHEEA
(Non-Orthogonal Multiple Access, NOMA) FiA M3 —2 s vF 24~ 72 2 FAH R B 525 8,
F Ty 23k B I bR P T4 i E A P bR R BE AL B N B (Wnts ) (SRSl
i, LT RN 2LEE (massive machine-type communications, mMTC) i H P 556
BEALH T 75 1 B IR T4

5720 Z U EEAR T TR AR s A L, s R B “ MR —
YEIR AR R AR R 7 (8] B B2, AR S BT R OR G N . DRI, 3 3 0 e 1 2 H
T2UEARE, FEIA R T REHEEH AT R, BRI RGPS R

K 2.12 gL~ EE

2.8 F7 LRLESE

A ETELiEE (On-chip Wireless Communications) #&48F] ] H b K £L skt 08 &4
Ly, S IRV AN RIS ) B S e R TE 2Rl A5, AR i Bd o N T
lem, HAMRIFE. Sffnl ., mEsEEMma. F LBEMAT SRRz, mEwEk
M (LoT) 4k, WJLASEIRRES . BAeda . Wik & B E IR, KKIREEE R
B, WOMEERE, (RS R TR A N 22 R EE . DOFEI SRR . AT
TAESEE ETF BRI R, A BRI R KGN, & A TR AN ik
R TR R B30, TELR A XHE 5 IR B B R RN R 5 e, (1545 B A
i 2 AT SR B AR T, RORKFRAR 1 v LI i85 RGBT HERE[54].

AT A G A Leid (s 7 20, SR To i@ 15 U7 U T ek o B AR S 4R BT 5 N IK s 43R s
o AR T B 2 AR AN A . WP 213, SRS A PR B R, (BSEm TRt
TG Lok, oA PRI TR E RIS, MR 7 B RIS 4 Fr B4, e
G 1A LR ELI A R (BRI [55]

sk, B ETRZEEN T RAGOE i ANFESHRL (Chiplet) Z M5 S & E A HEMEH .
WK 2.14 Fiox, @S5 RRWERER A L &S (System-on-a-chip, SoC) I}, HF45H#)
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66 3 %W R AR G Z B/ FuTURE 76 7%

AN PR, A5 ORI LA S N X, AR SE 0 5l et & 55 07 e ™
HBALE S 5E R, R A T2 (5 2R SEBLEREMLEAL 8] (4 i s (= B8 ) 5 o 57
LR LI, 3R] DA RICHh 5 vy KA 7 4 2 4 1 12 [56] -

2.14 A USRI F 18] (T2 T
FAh, BT ETREGEER TR B IR AR S N B AT R RO, A A 2 )
T ARG 2 LI 3 BUK — 0 — i A da i o, R ARy T, e S ) R A 8
Vs BENSBEAT — X 2 I AR Aa , D SIEEIL i 8 P T80 4% TR M 2 U 46 2 ) PR Bt S e B S
DRI i A AL PR e v SR T B IR AT e, Wl 2.15 R,

Cores with L1 and L2 caches
Cores with L1 ‘1o

Gas or vacuum

Vi Vi ya Va ya
WV A 8 &% &

y/ A/ A

\

/A A/ A

/O
L3 cachée

~._ 3
_—

Microantennas

Me:‘imry

and L2 caches | ==
-~

Amplifiey :“‘ "Mmll‘

T

E_\f’ﬂ'l—'—“m'&ﬁ
Trpler -;‘,(((

Microantennas

controller
2.15 v EICZIEAE BOR I B 2 A% A PR
gi Epng, B BB E R N T AR s i AR AR R G T, WERETFHL. T
PR, BRETR. WM BIESE, IREEE RSN, A EELOEFENA T 6G, TR
RIEERE, SEAE PR IR BE 7, RIS R SE PEARE B ACR . i = A
Fr AR K 6G ToLEAE R G0 AH 2R S AL DA R0 A B S ELIRR 3 17 T AT 07 %6
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3. L3 ERNE B

Wi 5G 3 6G A5 MEARBRE, v 17— DI mPOR U AR B (E 3 A, RRIEE
Hh 2 TSR ) R R R B LA AN B g AR IE B 0, X A VR 2 1% 4 LI 7l (5 I = kN
TR b SOREE B EVEE . AR EAE T, LB TR A Y ER T, AR AEHEAT
ST AL o X AROHT OB AN AT G, I ELAEOR VR 2 BT B R RN, s (] AP AR
BOR R =AWl . Rk, VF 2 AR 9085 SRR Il 5 1 b A7 AR = S 1 1k
REBA R, TCVEA RTB RIS BRI e o AEARE T R, IRATA B RAEER 25 (ML e SCH K
ST RN AT 0 A, BB T HRIEAS DA RGP AR s Pk, AN
WRE H AT A RIE i@ (5 18 a4 1 58I RN Ja 815 R Gu it A se I R e 1L, JF &
LEOVEIRAE B b EEALEE A B MR

M3 R At B T B I 58 S I MR S BN L ATl RS
I TR 37 1 BE AT DY B 2

3.1E3 XI5

FEARTT, JATE e/ AT 785 A8 A5 Z I XA S8J5, JATHE 14814
7R NE P 37 5% v i 5 3 3 AN 3 X S5k ) TR

ik 3.1 Fro, MRYE R EAE AR EREAE, RIS HUE BN v] 0 Niksp iicdy, L
AIRE— 253 0 S BT 3 DX S AN I 7 X 4581 Her, e BT 3 X SN PR TS 0 R Qi)
6] CNFARE/REERD , FEX — X e 5 2 A, AR I AN DURR SR B T SR
LA 55 o AR A7 XA B R LA DA ¥ X 38 CHE I /R B 2 A i A B 2 22 TR DD
FEREDCIR N, AR R ZG _F 1 R AE BN B 21 L PR 22 3 AN 2, (ELRE (S AR AU Bl R 2k R 4R
HRARLNEARAL, (55 AL AU BRI PR R A . 328 37 X3l B BB 8 A A 0 X 3
FESZ 37y R T AT ADRE 9~ T R o P T S RS 3y IX g0l o 0y, ELAGadiip bt o 2 &2 4
P OE, AR SR RL 71815 R ge b, @ 1 ZOGERR N XA o205, B i
W — AR RS IL Y X

AT, B2 A MARVENRRILL Y 5 XA 7, F R,
R ENEERE=TME.

® AL ZE S LI v L Rl

FE A BRI HURZ R AR P 2 S B A o KA AL 22, K
RN 22 K2 — e e AL N O 2 s A 303 X 3

WAHBLZE AL, 1T858 2 18] 28 330 SR AR PR R IR R 3% (Fraunhofer) B ) 5l £

mwmg)ﬁ%ﬁﬂ(%%%kmﬁﬁﬁﬁﬁlw,%ﬁﬁﬁiiﬁj%ﬁ%%%%ﬁﬂ

1, ARERBGMIC . TR P SRR 2 I BB K T Em A EE B, ] DA P b T b
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66 LG BAZHRK G LB/ FUTURE 7% 4%

DX, FEIZIXIHN, A5 5 (AR AT DL ST ok o G R 7 5 2k o 2 18] A B 8 /N T3 R
B, ATRAAON AR g X

s 067 s 222

3.1 378 320 T T30 S0 PR T 0 7 ot 40 80 5 U — e i

ST 55 BRTED U BT LA 50 2 () A o B = (¥ R 2R B D0 AN IR] o SE R DI G, S I 2 BRI
U (2L PR RS AL o TR I8 1 X 3, R RIBE PO AR P DL SR 2 0 e T P R e 011 e ik e Bt A
IO A ] ¥ 1) R A A ST PSP P TR B T R 5 NS A B O DRI, ) P T BT S 32 32 9B SR A
TERT LATE AR BE 85 A IR R B e 1) R AR, I ORI R e 1) o GBI, X T
(FI 28 AR A TE T2 AR A BR T I8 (1045 2. o AR 3 X 35, BT 988 PO RR S IS AR 48 420 B8 ) LA DR
WS, TRREGIEHOILIERS. BS Ml UE 2 [a4E 5 B8 42 (NS 4 AR 25 (5 B
EAEX AR MEAR AL T o R BRI BT MBS I B A5 2., Ik SR ST RE 8 K U TR R B SR A
TEREE LS, T8 FEUREE BOCATRE SE L R R AR 6 T aX — 4, T3 R U AR
BRESE .

i ) B B 1) 2 L ST AR U T [S8] 0 PRI (1 L S A A7 A ZURR 4R A A 110 35K T e AL AR A
BS RN EHH . (EImpIEHL T, 1X— AR AL 5 50 o 7 [ T A () — B 2 3 R T
SRATAUTH LI o X AT Ty 122 T B AL 22 , T AH A7 25 22 BB 2 B B RO/ T 3G K. 24 T BS
M UE REZIAREARAMA 253 /81, BS FEFIF.OA UE FEFI 02 ]2 B4
SCMERFIBE S o PR, R E(E B S T EG R BE RS, BORARNL 22K KT /8. TEIXFMEIL T,
T IEAN G AAER, PRI 2R I e 4 A2

RAEX— 5 X, ALMR R R 2 (SIMO) « ZHAFHIH (MISO) FIZHANZE
i (MIMO) {5 REERIESTEE . W 3.2 Fiok, SIMO/MISO 35 36 373t i 4
(3 A BE RS R U, TR AR S BS BEFIFLARMF 7 RUER . X T MIMO ¥5%, H
THE BS-UE BEESHIPIMIACRA T ELAA, Bt BS BEFIFLAEA UE FE5FLARH 5 A R
BTk, MR, ITVEES BS FEAILAER UE FEFILAEZ AP 5 OB . % T
RIS #4iiMi 5, 2Bt BS-RIS-UE {5ifH BS-RIS Ml RIS-UE #E#4mk. Kk, fEi+5AHLL
ZEW, FREXS BS-RIS FEEA RIS-UE KRAFTHE /8 KM Z, RIS REGMILIEH H
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BS-RIS HEE A1 RIS-UE FREES P FIE MR E, WK 3.2 fim. IWE 3.2 rfbLdE—0F H,
OB AR B R AR — N T ER R RE B, RIS S Bhil s mife i X s iz tr. K,
A% A4 v fie R AELE RIS R24i9[60].

SIMO/MISO MIMO RIS Aperture D
Wavelength A » Wavelength 1 Wavelength 1
Communication O& O
. IO~ o R
scenarios ;‘/ [ o o o [ [ N
A0 RS OX
Near-field ranges < E ric M == < z
B A A r1+72 A

3.2 SR 53 500 B

© I N k5

FEAE IR LA 0F (MRC) I, SR B R e 676 0 £35S 5
WTEE I A 22 0 B D 0B AT, SEBRT AR5 3 MFIE ff, MRC AT A LA 4
AL . I, 518 SChR RGN SRR, SCRRIG2IR R e RISE B 347 T IETE,
B T A1 R B BOR R GE T 96 5

S8 MRC R £ AR G X SO S RO S0 I, BT K/ PR R 2 8 T e
BUA PO FE U252 5% 28 HE ) — S SR HL R LRI 81 2 ) R 28 TE O WA S22 5%, SCHRT63]
FIGATH 1 T Critical 26 A1 ST AERRBE RS, WIS 4 B8 TERY O3 22 40 FE A0 1 385 T
FIVE L 9 2 5, eSO HL AR R 1 S 5 0 5 5 3 4 2 76 2 60 ) B o L 4 s
b e, Critical BB RS RAFRANN, FERIE T IERAA G LR ML T 5]
Bl B S 38— 0 1 R4 K RO RS 0 050 1 5 D 3, O X 24 44 S0
LSS -

WSS, 28 BT T 5 AR 5 BRI S B (R B oh 28 5, SCR[65157 91
LTS5 et RAES ULA RIS ST FHRE S UCPA 558, 5 T I35 1K 11 ) 5 2
JI, 20 T 5

® (IG5

WA R AT S, FTLAG A (51020 66]. HFAE(I67). RRI68]. ZUAEHIRFIE
(691 B4 2 1 Fh [ TOR 2L 5330 ], VP A45328 F T 5JE0 BRTT B S T X 8k, 38
1, SCHRI6S I 4RI th 7 T35 X BRINTLSR, T BAE R 75 P 4 b 5 ML BE A UL R
S5 BACSR CHR  SETAE, FLCE A B PR M 0 B35 % H B o S, SCAR[69)
Bt TR B T ) R TEREOEIRLE (SNR) T, {58 A L Ao i
BEYY m AT BB S . W EB, SCRR70J4K S AL RO LA 5 (5
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66 LG BAZHRK G LB/ FUTURE 7% 4%

[T R E 40 T HE 0 SR SE S, SEW T AR B AN R R SIAL AT X, R
LR TTHOR I
3.230 3% B ER R YT N

TETRLRATIAIC I, T (55 10 o B B S A4 R 220 o PSR, H B
B R HIHR LR . AR N % . Rl BV A s i R R Sy e
S 500 48 75 e T 9 20

3.2.1 iE¥HRE{E SEE

Bt I i R

K 3.3 idy st sR S R4 K

R 3.3, TEHRRAER R OXYZ . i8R RLER T A p, =(x,0.2) » HAH
WHBEI(p,) ., EWXKIKR , RO RS REIH M CHRA AL KLk, B A — ik
WIRRB = k+1,§+12 (K. §+ 2 NEATERR) o BURRLRE) EREA SRR N

p, =(xr,yr,0) .
Z eI, ZirEESNRRERRE A, £ZE (r) B¥EERER—5

B, 2 EEETWETH(XOY T B (r) = E (r)|exp (jk,r), 4
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W Z 77 18 (¥ BE RS 2 RE

SaeE p )
HW@H e
|| pr _pt ||

G.1)

1 z 1 2 2
=F> iy (tx, =ty )+ X (tl,+1,0,)
in 472'7"2 B 7"2 vt xyr,t (@.Bel a’p B a ’
— -
EREER{UIE 3§ SRS NS —FE AL

He, M ={(z,x),(z,»)} £, =x, 0 L, =y l, =z, X =X, =X Vo =V, — Vo
E, =’7°2“‘ SRR AR, B0 R

A

R, SR REWIIEY fRiLn, Ft=y, XQG.DLRH:

2 2
1 z X +Zt
2 It
B (0)] =E2 e —— (3.2)

——
H Hﬂ’ﬂ—fl'ﬂﬁ‘ﬂz At B SR B0y [ AR AL

il B EFRACRTAME, 8 x, =y, =0 R =S=], LG 5:
r

2 2
1 X +z,
4 r’ r’
%,_J
E] Eh”’ 150 ZE B Y 75 1) W Ak 3

Es,Y,v (r)‘z =Ei§

. (3.3)

X

+z?
By =y, B tﬂ,ﬁN&ﬁW%ﬁﬁ,@@%ﬁﬁ:

2 1
E,y., ()| =E; ik (.4)

—_—
1 72 ) 2

ANI(3.4) R L I[P Friis A

N, A ez E T AR

E,
B, (r) = exp| jky| r,, — 2 XY 3.5)
2N 7r r

po

o, r = xRyt MR T I AR TT . A, (3.5 LU

Eq.(r)= \/_r exp(Jkr ) (3.6)
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6G L BAZR K @ B/ FuTURE 735

MIAEGE SR (3.1)-(3. 4) ML I (5 SR (3.5)-(3.6), FATAT LA i

o X TILIME SR, JRIETUEE & REMIMALHIRE. B8R MUGT REOH B S E
ARAE R T, AR AL IO EH 7EE A ) R B B B R E

o nyfs SRS SR XTI s SRR, PRIR I A [ E 1
2 (AR DR, AL I F S 2 A [ v 1 R S o B i 2 2% )R Y

WAh, A A P A FE N, S AL HE AR R R R, X k)
HUREEHT AT LU 325 Green BRI 47 %1 [ 73]
3.2.2 L3 ERBARRL

E Y SRR, SCHR[73] P 28 T 5% B bR B B ) ) 25 18 T S 3 BR T A T R 22 A%
BRNE, FEAE ML FEAMl b A T 20 AR 4 BT A5 T8 DA K 372t T 1) AR A A0 45 38 ) SO0 . T
%, HERMAZGEWE 3.4 PR,

¥ User 1

LY
|

ransmitted wave
Loy = N3OS 5
T Y,
BS with TP
HMIMOS Transmitter * ——
H

I-st user with 4
TP HMIMOS Receiver  BS with HMIMOS

x

HK-th user with
I'P HMIMOS Receiver

Wl 3.4 T35 2 AR AL BR TR A

PIAEERAEN], AT 31815 T 1) 2 AN RS RS E A B & IR m R A B (8 3.5).

150 150 -

; —@— TP HMIMOS (SNR—10 dB)

| st DI HMIMOS (SNR=10 dB) ‘—G—TP HMIMOS (2 =0.51)
1+r_‘==.1\i-,|>i.,m.: HMIMOS (SNR=10 dB) ‘—n—DI HMIMOS (= = 0.54)
= | == Conventional HMIMOS (z = 0.54)

'H

el capacity (bits/s/Hz)

nel capacity (bits/s

'k
o
S
- - -
o
ey

0
SNR (dB)

(b) Channel capacity v.s. distance 2 (a) Channel capacity v.s. SNR
Kl 3.5 iy = A EEA E
T 7 6% T B 50N RGN J SN 3 HGEAE H H FE RIS B, RATHAE T — /N h g AT B0k .
XTI AR RSN, AR RIS, B TR AH &% AR O 4% Be 8 7 AR 0 HE Ry
BB W ARBOR, TR B R AEE f . XA R BUE a8 7 RGP AR R A7 SR,
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TR RS, WA T LSRRI A, A FEER K EROR 2 R EAE AR 1
YRR b, AR IR Sy RN o X RN 22 T B R AR AR, A AN
BRI R TCVE SR E AL B K B AR P X5, X — mfE R KRGt h & EZ A 4% &

EIRVE R BN S A3 0 R i Re = B MEXT HE L /1, S B ARBUE ERE R, R
X RLAIF AL s E T HE ) S AR S et B AR s ) ) AN, DRIE I Bt R S8, W)
LA )RR AN RIS b 1) 78 35 A BV Tl . 1938 Tk, P DAFEIZE I S L Al PRI CST 3R
B, SEBPOH I A R sk R R o A Gt i A5 Hh ok 1A 10 R ORI 90 B B0 2 A
58— RHEOR A B IR 1 R 53 206G R R F1) I B 404 2k, T R BT G50 v 5| NN S H i
RSN S AR e S SRR Gl L MU S VG E A T ST RN €2 IPNEZ 1y
AP RE IR CS.

3% R 5y BB R AN ] 3.6 BT, R LA BUFEIL ) B i@ AS I 2 1) B 2 AN R 5
i

A The normalized array gain in the physical space
Band-
width
Wide ¢
45
Narrow &
Far-field beam I Near-field beam
0 20 (ﬂ) 40 (mﬁpr) 1.5 25 (b) 35 45
* * >
Far-field Near- field  Field Region

P 3.6 LSRR A AR08
SCHR[74]F XT3 R 5 BEENGEAT 13 SCRGp A R T SE (Time delay, TD)
AR AR SO A R S R IX — 2R e FATTRE KR AN RS 9 N 2 A T8, SRR e P AT
BAFEB LI B A, (BAL TS T BES 3 377 B Y o CEIEEE b, ST LUK SE RS H
SR OR AN S BRI 11 51 A2 A ANR) 7 B 50 2 TR ARSI o AT, B 5 AR D oRT DUR R
TERI 5 (02 o) i BERBRES b, T30t Aoy 208 N AR BT 21 2248 o
323 IEHBPRFEE
FEILSRAEZ A, 3T AR IS R R R AT 73, S5O T =i T3 B
. BRES T I AR AR TR 51 B P R SR AR 1
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66 3 %W R AR G Z B/ FuTURE 76 7%

TG, ERTIT e s IR AR, (751 T R AEIREE (DF, depth-of-focus) 45 A
VLHCJER X BB A F B R ST SR EERS, DF A:

[ 1 (3.7

+10 ' -10
Hrdea e N AR EGFIEE RS, Wil 3.7 Fras, PO 00U B B T- UL BC e 2 SR AR AL B .
MFE SN T dea/10 B, T3 AR IR R A PRI

g

a3 ’ T

2’_3 i { % * —+

z < dra

5 0.75 %

= T

g 05 e
5 e Maximum gain

g - —Focus at z = dp

N 025 - — Focus at z = dy4/10|7
= —-=-Focus at z = 0o

5 0 e 8| e, SR

7 10dy 102 103, 104 10°dp

Propagation distance (z)
B 3.7 A as BB B B AR A 3
AT 7 YR R SR A T DA B R e e B P L eh AR PR R B E R e A O T R A
V) 2 B 4 R VR e IS R, TN SR AE[130]HH Uk B 1 30 17 B 471 i 37 O 8 PR 30 TR A2
BB RAE AT PLR R 9

~| O+ ()l 3.8)

Hrh B = J“2d2(1 PUE 3 sk SR M N BT RS AR, B T

FIK, T 0. Wik 3.8 firow, BEE RLBOE K, (7 AT EEAN R IR P A B 47 i L 2K
Z IR AR T 0.

Xt

0 100 200 300 400 500 600

REH
K 3.8 fRIEAM R MERE R 248 1 fh £k
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DL PRSI R 1 2R FE B 41 (Uniform linear array, ULA) FHRIS &L, 42 T SKEFRIR
JERE%] (Uniform circular array, UCA) iR iF B3R AR [76]. UCA 35 NI AR R
FEIA IO RN 5 — 2R LR 4. B8 3.9 AT LU H, ULA U AR IE 1 25 b PR 250501
SRR BE, T UCA I RT3 25 1 F BRI BESE B, X B UCA REWE 7E 50 /1N (¥ Y [ A 3R
BESIIE, WEDRIRE.

=]
w
T

Beamforming Gain
© o © o o o
[ £ w o ~l (==}
T T T T T T

o
3%}
T

0.1

0 1 1
0 20 40 60 80 100

Distance

K 3.9 UCA F1 ULA [P35 FHE 3 26 Lh 45
33153 H HEE R

(BT RN 2 FEAFAE T ENE VO B Y o BT SL -1 T T (B 18 s, [77]7 0
BT IL S KRR Z R 2 (R O EAE BEAT 1 SER (KB 7C, e WF 7C 1 237388 45 o
RONLREW A R H FERE S A R o, Horp Bl B 2R B A 3,10 o, RV R
LS X AT 30%38 2. 20 b 6 ik A Ux e 3 8 AE T P T, SRR
R 7l R EL R0 <l 8l & SRR AN N SO B3 % NI NCI DN D R SciiR) 8% 8

¥
a

A 4= Power Ratio = 10
i @ Power Ratio = 10
. w=-Power Ratio = 10"
sty
)
i
; " Radiating
Reactive Near-Field NI
s Near-Fielc
@< 0.62 v’i(i y :
In 062/5 <d <P
27
\
L
.8
N i‘i_
L 3 i‘
) 't“‘:"i:'slﬂ»lﬁlzlﬁm ..
3 04 05 06 07 06 09
Distance(m)

K 3.10 ia3mAish E
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66 LG BAZHRK G LB/ FUTURE 7% 4%

SCHR[42]4R T —FiE S22 M5k, AR ZBITRERAE I A B0 TR R RUN 26 1F F i
B HESE LK 3.0 . HeRaE B RETT NS BERFE AL I UK R B %
RERAE R NIEAE E . FEA I RIVER IR 2R AE N, BB KR L, BT JRK
B> T 13%. BEAE BN RO M LRI 0, X —Z2BR 2t oK, N RORBEAR 7 = k.

Qp = (q*D,lv q*D,z)

abs = (2, —3)7

(mmmmm@m@wmmmmmm (b) Hexagonal sampling in the spatial domain.
B30 ) [F) P AR 4 T 3R 2 e R A

INFH I LoS 518 T, BEHFLAE MIMO B M B AT L —AMETEAERE H k%
ST B LA MIMO 1 5, B 10 B S TR H AR 75 5780 10 8 o O . HHD Rk .
e R AT, FEERERRA 1, R E R 1, XA KHHIL T RAE AR,
FEIE Sl E T, FHEAE T AR (T8 BT A4k, XG55 S 7EAN R B i L AR RS A 2
BEIARL AR X — P AEFIE Y MIMO {5 T8 5 BT A — N RREE R, 0 S H R
BT RS R Z DA B SOR 2R i B /ME o DA b g SR WAL 37 R AT DL 25 4R T MIMO {515 1
SR . BT HHEZRTREMEE, SR ZH0T DA o B b EE[78].

100 - — R&H =64 -
\ R =128
E & ¥ =256
\ \ X &3 =1024
105+ 1EHBES =5 ‘i \
2 |
j;\; C HEE =15m. ‘&P ‘T
" %%ﬁ%=mn‘\ \
O
S
]0—15 \\X
10° 10! 10? 10°
¥ A& 5]

B 3.12 BEALAE MIMO 31538 14 8
SR, XS T45 € B PIFLART 5 i EaG N R 2 i) s B sl iai /b R 2k ) BE O A 2 155 1
BEFFERINN . HREAHBGEOLIN , BUR G F K ToVE TR H ARG T . KEHT
T, 1E45 7€ MEH FLARI , [F I8 1) 27 S 2 I I B R i3 S o= 0,2 oy
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TR HINAT R WIS EET S, 2 nBUMT, o B n Z8HE0/N, B2 niAFEA
FLEME e MILIZBIMESG, o «SPURIRE 0. XA FRE AN RGN A RE B,
51 3.12 FiR[78]. BERWCA REHEIININ, XA R L[N @%, A%AHE
BAEMERER. BEEKko,=0,= =0, 0gq= oy=0, ATLUHHMEHH

JEBEAT AT, R eztrZ(HHH)/||HHH||'2:[79] teAh, MBI 312 iTLUE H, B EEA KA

F B LB B R D TN . T RO, r2(HHM /R A T A 42

Verdfie H A T 221 £ e EL A A B Bl LU RR (5 R EL AR AL (1 R 2% (801 R IL A RA L&
RIAEFEIETRER Lo = 0,= =0, 0= oy=0MAET, X—Atdn]
RIRAG T R G RE B

X IESARI MIMO RIS, RE I FEEE AT LA TE T3, X B AL
MIMO [ — R FRIEDL . i T IR SO AL R BT AN TE 55K, RGEI E H it
IR AR, KEMHESEREY], ELmFr T, E84E MIMO 518 177 7 th 23
K312 Fos il “PIRT B %811, Bk, X TiELf42RE MIMO (FIETN &, #
SGUPEREIKIAZ IR T RGMA A T . 5EEALE MIMO EIEARF, E8:4048 MIMO {5
TEASRE R — N BRAEEL AR FEREAT 200 o G, 75 20 DR MR o OR 2 11 A S 22 [ FR) P
PEAE BRI, SREUFAT 705 18 75 2O AR BRSO s B AT R 208, TH SR R i (81

N T AlHES: AL MIMO 337 H 7 —IUW’\Eﬁe~trZ(HHH)/||HHH|| TR E E RS H

B MR EL[79]. BEAL, RAE CA MRS R, WS TR Iy A R E L
EE TR BLALAR AR SRR, B bl T WSCA ML 8] F A B 25 78]

3413t R AT 5 &

3.4.1 LR T

M 5G KK REFIIEAE 2 6G MU RE SIS R AL, AU R e sl 41 R
SRR RGN, R AEARA O TASIERYE, B0 AR SRR 3 S P T A A i AR
BISIERTIBE . AN B R 3 AR 2 (AR~ AR L [82]-[84]. PRIk, B T-A& Gzt iz 3h &)~ T ik
BRI A 1 Re M Clnidrid (BB ) 75 2R B I S 2 o B gk AT i

TEAE G A v, 35 50 V-1 B 91 (1) 55 20 (5 TE 3 2 B A B 51 RS 8t/ — ik CGFJ7) 3
K, BB T IR, R0 BAAFT SV B Oy 113 20508 1 1) 4510, SCHER[82]-[84]
55 SCHR[851[86] 73 il 155 68 R IASTAG Y5t B 51 0 8 DRSS TG Y5 B B 42t 17 30 0 3 B v W A% 1%
A, I L& T A IR/ JCUR RS RS T J6 75 K (R ik It BE o 76 2k T 10T 37 388 A5 1 BR T I A
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66 LG BAZHRK G LB/ FUTURE 7% 4%

R, SRR A S B AT OS2/ E R T SR I N R I AR, 2T
PEIXANHZH87], H AT IR R L/ IR e H &+ I8 55 KW sl &= — AN 5E (B [82]-[86].

B 1 S SR OCHURAT IRFE 51, Wi KRR R 2 MR8 BT R P B AL 42, Hambn ks
PESE NG . SCHR[88IHT T 1 ¥ SRl KA R 2R 1), i 24 2 18] h 7 A 22
MIAREISINE, BIE T AR R K RIS IR 2R K 51 LA B A F) T I 4] 578 20 9 2 2 ) o g
K303 19303 e TP RUS B SR M R LR SE (S R N B HRZE RS, T
& AR S A R S A% e A AR AR T

1E

——E |
—O— Bz

0.9

0.8}

0.7F

0.6f

CDF

0.51

0.4

0.31

0.21

01F

IBfSEE (bpsiHz)

313 SRS S Mg R OB F R IHRZE R HOC R [88)

BEAk, SCHRI891-[921WF FT 1 — it UL BRAL M 21 45 4 DL - OB R 2R 512, A
DIREERA RIS R L 81 AR IO R 2 P 471 (0 FIT AT % 6 A1 42 R B A 1)y s 28
FEF] 1 G b o FL AR AR B A S 2k 8] BEIE 5 D 2, M0 AS RIS R 18] Bz K K 4 n
BETSEIL S IAEILTE . STHR[891[901 5T X B B AL KB R R [ 51, 3Rt 1 i3 AR 2 2] 2R i
PR, JEHES TR N AL E MR L & RIE S, E— DR 1 HA5 e B4 e S AT
BEERE, UL S G S B S R Z S . W 3014 aTRAE ), SR EAGE
TIETT, ML TP, AR SIERmEEAEAL N (450 bt 1 Bom AR BRI K. 9178
XESAL ISR i, SR T R I T B AR A A A SO BRI AR Y, IR i Hl
YRR . W 305 RTBUE !, 5 EAMRAREEE ST PRI AL,
MR KRR 2 B A7) T LG 25 418 i RN R A P8 (Y 22 ) R, (H P 2 . Dy 1 ik —
G M IR L, [921% 3 22 Y P AR B AL K IR MIMO A5 R 48, $EH 1 36+ S48 5k
P o3 LSRG, AEAF O F P ANV AE M, RO 7 P T 0. 1 3016 i LU
FER PN AGTEOL T, MR SIS, BEUE IR MIMO W] & 2 52 THE 5
PERE
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65 :
— PSS
60 = = TEIRHTL T KIS HEEL
— £ FHE
55 [| —— BHILERLL, S
= - = RPYLERELL, HEiE
S50
R e e
Ea5¢
{io
40
35}
30 ‘ ; :
102 103 10*
R HIUEH, MN

B 3.14 AR SR A e LE BE R 2 B H 326 0% 2R [89]

10 — PRSI
0 < 7 —— Bk, TEER
% —— LR, TS
or S —— SRR, S ERI
= -4 ;m\fmvm -~ ﬁ,}ﬂ#
) -0.05 0 BT 7 BN
< -0} ‘ J ]
Lo ‘ b M'm
o “
-30 ‘
|
-40 v
-1 0.5 0 0.5 1
AH
(a) T3 o 5 A PR I 2 TR A% 22 AR b o A&
5
—— b ), YA ER T R
— b, TREIE
—_ — kg, TR
S 5 st by, BRI
&
T
T
z
E‘ -5
o
-10 : ‘ : :
0 200 400 600 800
A (m)

(b) 37l o TR A PR B B 2 22 1 ARk o &R

K 3.15 ANFIFESI S5 AT R T i R B AR K [91]92]
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6G L BAZR K @ B/ FuTURE 735

300 ‘
< SR
oo ‘vt il PP TRy
= ;
T
&
2 200
14
E —e— L5514, MMSE
= 150 —— Bk, ZF
—s— kg5 ), MRC
8454504 - -o-- 4L R ), MMSE @
100 - P —- G, ZF ||
- e A4, MRC

0 5 10 15 20 45 75
=W Al Ao
VS D s e - S (1))

B 3.16 FEERAL AN b R R IR R 26 B 21 R S BLAER R i Y P A AR AR SR 2R [92]

T KRR LRES] CHIEREFD , B RGER CLlEFEFD d T HARSA . fKhe
SRSy, AT AT REAE SERR R SERUE R IES o i R R B 2 I 7028 T i sl ) (13 £
R (i 307 Fron) B B0 REER R T A I f 1) B S AT A I AU A, i L
REAE R RS AL K, T 2R S8 10 S A B s 5 L S 5 1) S8 A B R AR R /MR 2 U
I, HH TR A A AR T - 2 B B R O A ) RER RS i 2 H —F B  RE R SR
REARR I T RS, 33 & BRI B S i B T DAE — 0 S BRLAEL (9 A8 0 BRI 25931 [94] . 4+
5 FE BRI Be it I AR A rh bl SR R 2R 1 1Y) R i B AN B S A S AR ST
CPITBRGERT [95], MR SR BT R T 7T KIS E (A [94][96] -

B % 4] RER I v
B 3.17 RSTIERR K (0 e B 3% T i BOE A5 R 4t
BEAh, CAT AR IR, AR RR AR 10RE E B (G 0 2 B R NMRAE I - o O 2
ML CH HE RS , BIEEE R KT J7 2 1 SCER[94] & IR BL: I % AT
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T, A BRI R T I3 R, 23t 2 I o T 1) s e B 26 R o AR BURE AN B B
B AR, B LI 220 e NFRER 7 o O 1 CJE] 3.18 A B4 RLEDIE T iX— 4518
StF 2 A EE T O MIMO 3815, 2 [AIA M T I Gi i S B R M 2 G
FEZES I 50 TR R, 2 (A AH DG PR R o T U R A BETh 30, I HL 2B S AR
Rt (SWSS, Spatial Wide-Sense Stationarity) . SATMI{EITAIE SIERIHBAEAL R, =584
M E T HU A A, 65 BUR R BIA RS K BE 25 A ¢, RITHERAT B 1 (PLS, Power
Location Spectrum) o ML, 03778 A SCMEA T 20 S ()P RRRFIE[97] . 3 — 20 Hh,
25 R 3 A3 ST BRI A0 4 T AR P, 23 AU OSSR B AN T 2 I ) S A P AR R P 98]
bR T imdniElE, BB Z ML E (Multiple-Input-Multiple-Output, MIMO)  fJi##
150 4% [ 6 A Ay S P B L T BT LI . AR A, I3 S 3 B O S B
(L RE AR OE 1991 H 24 RIS RE 51 p i) K2R B H e T T8 95 K, i3 MIMO 515 £ &
it Ef3E 2 ¢ (Cramer-Rao Bound, CRB) AN FJGFR /N, 1028 T —A @ {H[100].

P s £ MR WM TNTHR — oo
20 B :::ii'-b\’ oy
30 .‘tt;\\\“‘x\_‘_‘
2 | B OIS0
il 7 (=1)
® *
B 5ol
¢ S
E 60 .
x e BERRHCTIIIER
= o Tl (a=2)
e N y
N IS 5 R 2 B A e )
B ﬁ%%%%ﬁ%%ﬁ% (i&{WE) iat? ~<q
-+ - B EEANEE

-100 :
10” 10! 107 10°

BRI S ) EER ()

B 3.18 25 fis 2 TH 00 0 00 175 2R 495 P 125 5 408 2 B X7 [ B 220 05 P R
N T RN R G E AR L AR IR, [101]1E & 7E75 2 R &R S B 5L
PG T REEEHEME (FIMD) Fehitg® R (CRLB) .« T4 R, 2EE BHE MR
HRIS fR/NE IR K(E 3.19).
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6G L BAZR K @ B/ FuTURE 735

1012
—a— f. = 28 GHz
! —s—f. = 35 GHz
100 F AT 0 OH,
H A— f. = 50 GHz
} —+—f. =60 GHz
10°F T E
4
10°F
!
104}
N
T e 102}
HHEE I
10 T T I
100}
i
10 | L 102k \ L | | |
5 10 15 20 25 0 02 0.4 0.6 08 1 12 14
The power transmitted by the BS (dB) The radius R of the RIS (m)

P 3.19 HRIS i€ Aok g
Pizzo, Marzetta %5 %% 3 £ SCHR[102]-[104] 1 4 £ 35 A8 X 3y KA IR 26 [ 51 % 1o
AR A5 5 TE HEAT E AR o JHL 3 SRR R R 80 A5 0 1 A PR AR AR R o, T B e T
H ) HMIMO 1518, W& 3.20 s, 5 Ansie 2 m]) i (il B AR 28 48h, 2 1) SR 4
def 2 A) ) O 2Rt A R AR R, A T P DA e i 0 £ ) e L AR R R ALE
E V)

1

(7):W (7) (l [ )(7) (39)

Hepo (0, )ERSBEEMEE, (O ORTFERBGRE,  (, OREREBER
o Oy )REEEREIE. B BT, (FIERA i = AN, BRI AR R
BRI EE . I, A AR T A AT LA R T O TE i B A, R s
H

gl

(, k,k)= %( ;o kk) (0, Kk Kk) (3.10)
HoA 5 T DU SO B R A AR B e (., 0 )REN
(. . B REEMEENRE.  BEEEE—RAME S, BDE RS R

TRHONE. FETRAHEE, TP RRA > AT B SR, @ KIsfEiE. (H1E
EACURE FE B R TAZ IR R ) i B BTSSR L I, AT AT Blodiad A e BE 22 1
FEAARSAT L HE (S IE R
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D Reactive Radiative Far field :
near field ” near field "
Y

‘ s 1
Space domain A
i(s) W—

Fourier
transfonnl/‘_, Transmit HMIMOS Pass channel Receive HMIMOS
y

Wavenumber
domain

Wavenumber domain
channel model

] 3.20 37 ISP THT 90 125 1 g
BRI A 18 GRS N (K45 B 45 R 3.21, 7] LA B i35 Rayleigh FEVE AL (L4
ANHEIEH, RN FTEEREEREE S Clarke HEAAHYI & .

10

——1i.d. Rayleigh fading
------- Clarke isotropic model

8 [-=-Plane-wave model Fig. 3(a)
-+ Plane-wave model Fig. 4(a)

Capacity [Kbit/s/Hz]

snr (dB)

3.21 L[ R 5 TE A B )

SCHR[105 1R T3 26 1 T 2 T R AL RS B B S B A B R . BTy
REZH K 2] ] P B e A R R ) R 207 R, SCRR[105 MRHE R oA AR BR O 5L 1 SRR AL R
AT L PRI 3 K R B 4 PR AR TR . B, X TR P s, MR HESSRI T 2
FEB BA R ALARS , D33 A 5 T ROEIR A& ERR, JFHRE T REM AL R BC AT B HLALAR XS &
GEMEREMPR AVREM o RIS, /R 2T P 5t (R M A BT i i 17 S8 N S B 1) 30 37 it 4 B
PERIK, ZIm A5 S M A AN S SR T D) AR AR A X i i SR . i — 2B, X
TR s, AR FIR R 55 T SR AR P RRRF I, SR 1 ARk T T AL X ST
PR AR R ELRME TR, AT RO LR 17 R IR R I 510 I ) v i R 2 B AL
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66 3 %W R AR G Z B/ FuTURE 76 7%

110

100 -
90
______________________

I e —

70 -

SNR (dB)

60

Proposed in (12)
Continuous Aperture
= Without Polarization
- Far-field
— — Limit p/26? in (17)
— — Limit np/3c? in (16)
A Sum in (11)

50
40 -

s

2

10° 10! 102 10° 104 10° 10° 107 108
Number of Antennas M

K 3.22 iEY R EER 2R
CHR[1061%) H #f HMIMO FEF 371845 5 EE . HR WA FEEF 2 RT3 T 1 41 1
MECER, BAHRT 75 7 RIS IE37iB E MR SRR R T7 1)

e
\

I 3.23 RIS {5 M H 75t

3.4.2 LN E 5ingR %k

PR FBURS R 2 i 2 R Bt S B DA IS, 0 2 T U8 B FL A A A S T RSP IO 38k B
AL S B o LR RS AR T 0 A R R e S B AN R B Ml 3 1 A R E B 1 5
TR S LG v R AR TR S LG TR I o AR IO FE RS . 22U 0 70 A1 4545 B [107][108].
RAENIE B AR, w5 m s R4 AL & .

T3 R BRI B R22dY,  (H d M EHBRR AR S, MATRE K , Wik, &
TR i 23 10] . =AM A 7 2 o5 F RS L B, (W) I hads 2 2 3 oK B
TREE MR KIS BRI QIR =N E il & BAR R T WA T4, HiE R
TR R = @5, KAV SRR, XA @ W AR 5 4 A = B
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iy A HO s & 5 PNt . SR, RARIA N SEILE R ZE R i, R X AR
AW, AREHAT K AR RN BN, R SRAKIAIR &, 20T I &R
I+

= NI R LR AR — R I 77 2 4R 2 N leh B /N T 2 iz g o5
(R<2d¥A) WIMEIAEE . = NI A R E 2 245, Frill B 5 s sm AR vy s
S UAFAE—E MZER, AR BN B AREUN R . 208 T ) R HHR, Kl
SRR I DU SR AR e Iz 1 2 A T SRAS 00 E AR IO T . DR, AR R v AR nim
Wy AR AR S e % AT IR P 8 00 S OCBRE R 3R - & A AR A $3 4 07 RT3 F
T 30430  FE T 3 40 R 5 BRI S 42 48, B b 7 =0 75 EAH X 8L 1 30 128 47 A8 8 B
VLA, UTE 37 A et AR BN 1 A6 B FR RPN U AT i B e o S D A
377 (General Dynamics) %7 LaHaier B 7% (1) 2% T & i ALAR G i 7 B e 5%, DI
SRR ARHORE L R IIRE ISR R OB ORI A

LA B AR I B RS2 IR A B & s B, AR R R A ARk
AT . ELERE 2N, A i B 5 o )z (R T T TR 3t B3 5 10 H AR kAT 4%
AP [87]0 A% s P& v T I R 4 R IR VR AT - M AR DB [88] L A5 A% 48 — U m i
WAI89] PUBE /R AMEVL[90][91]%%

AN DT R R Z IR T A . R R R B T —E
AR, X S BOHIE VS 2 31 7 IR o X B AR EAT 95 T 0 B B % SR 22 4R 1) FRUR BT
ek, ML REE TE24EMBOHER, Ret it m Rubinm iy & B R EE[90]. Fii Il
T 3 AR e R BR T A SXHC Ah HE B R (Circular Near-field to Far-Field
Transformation, CNFFFT) . CNFFFT %% LaHaie 4] PA#2 HH[91][92][96][97][98], & —F
o e B AR L) iZ M 3 B e vk
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66 3 %W R AR G Z B/ FuTURE 76 7%

4. B EENES K

TESGETX, 3D MIMO#IA & —FP EZ RS R, $27F TI8(E RAMPERE[109]. 4
BEh A P 2 ) (R 3045 P R KT i R EE BB, PP A Tl (1328 3 X 4l o b 380 3K 3l B 371
{14 B T T DA AL AR AL R~ TR 38 o e oz DU)81) A ks A 271 ) PRI 8% 75 B A A BRI 8 [ 1107
EAT, B i sl 7l AR R SR )2 R [111]. 20234E12 7, 5l i E
RIE £ FHARHEWH LU = AAE TR THRI CBU R TEFR3GPP) #i5E [ Rel-19FH #1617 RAN
AU R SE IV, 1 7-24 GHzAS AR BUBE 0350 0 6048 T 30 3 R0 2% ) P A 045 3 0 = A0
B, 75N —AREME KRG, FEFIRBFIINARG 4R 8E b, B 51 K 28 (Extremely Large
Aperture Array, ELAA) R Gt U377 Bl ] DUA B LK EE 2 LB K, 7R B 5 b A
BRI IEE112][113]. HEREE R EE @G KRG W REARVEN TR, Fit,
7 LA THI P15 T 000 S R A 115 TR PSR AIE o AR5 10 S T 0 S A5 1 @ A R 4 FE A R
WETETTT, AFEEENE. Gty e AL, g EE AR P AR S
TUIEIERAY . SR TSI Y A
4.1 5 fEENE

T8 W A A FH T R B I iy WA i X 6 1R 4 T ik e B (Channel Impulse Response,
CIR). WIE4. 1R, FIEMNE TG EEA P, e T I I 4ol f 30 Wl & A A A5 1 ) &
BT R B TE M 51 & BAT KRS T AL OR S/ RS AR A, (BB AU BRAE AT FE A R
G ASVOEE R, Wk 2 (8] R 25 2 A2 [114][115][116] . 3 T 2% 8 W 2% 5 BT {X (Vector
Network Analyzer, VNA) {5 & I &1 & J& T HUSAE BRI RS, 0 LIRS AT % v
I, ShATa i, 5 TR, (H R IX PP SR BRI 2 Gt i A5 2 4 B TR0 38 3 AR [117][ 18]
Blth, BT VNAMGEENEFa@EFREEHRSY b . X T k% MMO
(Multiple-Input-Multiple-Output) {538 &, BN % (5 18 25 A =68 77, B v
] B 4 b R P 2 () 4 25 2 I 3 MIMOH AR (1 B AT 55

N1 SEIGE S EERIE, BT JURREFE T B MREN TR, BRFESER
LMD VIR GRS A% R DA ROE LR ERES . SR, 408 A H0E SRR eI i
BN ER, X RZHOTZMZH TR T ESE RS FFBEF RS, B
THREEGWELRSTREES, B AT V15 4R o LR 2 M it —
AR TC(EHE N RGBSR R TT), B AL 3 RE UL BC— AN R B R 2 B
[109][119][120][121] %5 ¥E 0] LAJ5 (@M SEIL AT J I FEFIAC B, 75 KRS MIMO {538 I &
R AT, BTSN ZEE, BLR AR & 52 R T s S .

Metallic ‘ i |

<>
/__/E"E‘\
A y—y

(a) MG (b) Ak &
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Bl 4.1 B3R ) 5 3 I 2 5 [109][122]

WK 4.2 s, FETREMFESE VNA BT E a0 . 18 heks 2% 0] LASE A [ 245
IS TERES . S FRAFE, Wit VNA FESCREEE pp N .. 78 Harrmsd, Uk
RIn#HLE T — N R, BEBEMIE RN 6.5 m. EWR KL AE 1T —Hhe BRAE
NEERFYI . Rx KL HUFE S 0° 2 360° JERs, RN 0.5 m BRI 51 B FERE
blo JREEILK N 0.15° LR 2400 N REFE G, MEATRTEE Y 95 GHz ~ 105 GHz. W45 R
OISR, BT DAERINE] LA “SY TR 2R, ax L gl £k iR B A TEAN R FE oo B B A F I ZE (1) 2
10y B o IR SR I BRI AT RN 5| AL B o 8] 2 A2 A6 R B B AR5 5 . thabh, fEIXFh
THOLT, K 2 E SRR M Eami AR “S” ik, XERW TEEM
AR RS o B0 RS I G2 T i3 s b — e B RSP A IR R S B2 R A R e 2 AE
B REES e 2. g5 0380, R MR MIMO 1518 AT I A (B P Ra e
SCHR[1231E TS E &V &, 78 3.5 GHz BT 7 EE(LOS)FAEMEE(NLOS) & 1F
BT 256 FETTI ARSI &, I T #E H LRI SR B A2 Ak, T AR RGOS AR ST TR R
B,

-80

Delay 7 [ns]

B 4.2 (a) 3T S VNA BRESEEIE, (b) FEoc IS [ 124]
4.2 EEHE

UL — AR IR, X T KRR 2R 51 R 26T 5, ik T2 25 R 2 vt R 38 7T
PAGR A=A, 205 P X | 5@ I35 X (Fresnel zone) 4% 4§13 X (Fraunhofer
zone) o RETEHHUITIA X (4R 577 7] B BISFIADA0, TR AN K TER S 1 77
1] BB A i LA I B a3 s TEFR ST 3 X E RGN O 2 e URRL . AEA T3 54
G322 47 ) 3 1 E B A B A B R BE B o EIX B BN, R R R BT R SOR R B 1 2 T84
W S ST 2

St F ISR R E B0 2 A (¥ BE B AT B LR, AR B0 BLAE R 4.3 R .
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66 LG BAZHRK G LB/ FUTURE 7% 4%

B 4.3 () AKTHALKE FAE A BRA M . (b) T ELRALRE T35 5 B B% 2 1

W 4.3 FT7R s o KRR A B e R -5 3 AR X L TR /E 3T 3 0.3 I 37 WAk 1) 3 A
T o TR rf O b BB 0 LR SRR B R T 1, 200 2R 2 7 PR 7 00 B O R AR B £ 3 st PRI T F )
W, B LR AR 0 P R R R U E 7 s BRI T R T8 . W LA, MR R BRI I 3R
BUNMREIR AL, BRI A A B 3 5 sy a B b b 33 . WA B 3 AN T,
TR R R IUNAR T MR, XERE, BNFRERELY R — N RRE, X
REMET R S R PRI — A EE R R

AR A BER A, R O 51, R R 2 B0 Bl 1 R B U R 2 F R 1 2 [ iz
By AR — R AT AT A2

Xt F ISR R LR bl 3 FLA5 BEF 2 18] (¥ LOS/NLOS R fRFF— S i, FHEET IR
KRR LA T E IR SAG THIUR R R HAR 0 2 10 S TR A, B R A s 8
ZLABTE ) NLOS 1% LUBE I S o 32 BTG AG T8 A KGR P ARy, ) DLIE T XUF8 2y 7 [|] —
B AR HE T R USOR R AT R PN BTG TR R TE IR

St T 6GHz, 33 R LEREFHUN 1024 M KA R L ST E1E (| 4. 4) [IFE
FIE) A ] — B A B R 4.5-1 4.8 (R & RN BE TR 50) »
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B 4.4 JOMERLZEIE 5 HER (6GHZ, 1024 B0)

Absoluta Dalay{ns) with cno:1

26
3
25
245
24
235
30
& 0 15 20 25 30 &

&

Absolute Dalay(ns) with cno-2

K45 (a) REKFET-55 1 AR-ZENIRE (b)) REHFE -5 2 18- 0T 4E

ADA with cno=1

5 184
10 193
15 182
20 191
i 190
0

189

i 20 30

AOD with cno=1

5 50
10 i
15 48

4T
20

46
25

45
30

44

w2 %

100
a3
96
a4
92
a0
10 20 30
107
106
105
104
103
10 20 30 e

Z0A with cno=1

200 with eno=1 ADD vith cno=2

20 30

435

s
10 i
15

425
20
25 42 25
k] kL]
10 20 30

Z0A with cno=2
735
173
1725
172
78
10 20 30
200 with cna=

2
30

10 20

Kl 4.6 (a) RESFET-55 1 4£-A0OA/AOD/ZOA/ZOD (b) K& [5-1--4 2 12-A0A/AOD/ZOA/ZOD

38

65.5

645

635

107

106.5

1055

108

1045



66 3 %W R AR G Z B/ FuTURE 76 7%

Cluster Power{dB} with cno:1 Cluster Power[dB) with cno:2

-351

-3.615

- Er

-31525

-153

Pe-3.535

K 4.7 (a) REAFET-5 1 R-H I (b)) REEFET-55 2 18- X D&

Phas: Sy {r d] with cno:1 PhaseSys(rad) with cno:2
. =

51
_. |

10 I-ll .:-Ilhllﬁll.ﬁ.. .:
S .l_." o I”;-

e,

....-‘.' LA

A i A

0 I.ll '.'Il.ﬁ.h r I I

30

25

5 tO 20 25

Kl 4.8 () REAFET-58 1 ML () REAFE 156 2 1AL
X T REMETEIAAFAE RS R BIIE O, T B T MU B O™ R Al . DA e 4 it
HUEM WHFZIAFN, K TC LS & BE-1 7] T4 A5 18 H A SRR
WK 4.9 s, NERAE PEC SABRAE R HUBIE I BEIT, S e A S8 R 2 1] v i i 4 B
J7R s BEFIR e B sl RO NS RO OB R A 7, 200 R R GE 4 1 X3
NGB UN AT S S« AT i, AR 28 BT AR 2 B 4 5 A Az 475 45 2R L 4,10~

4.11,
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Position of elements, Mear Distance:32m

0.4

02
K] ()

K 4.9 PEC Bk SFEFIRE KIS AL B, MG RTT 17

H-POL V-POL

T I 25 (dB)

B 4.10 FEFEGREHI R L& SICkE 74k, H A Sz VAR BO N 15 5 50 B2 4 28 70 A1

Y HIRY (rad)

4,11 AEMEERE IR 0 TERE T4, HOMRH I V AL BRSO 5 5 3R 25 A
WP 4.12 R, B HURL B P e A B GUBE, AT S 5 P e €624
BT R W91 e o 0 NS SRR B AR 0, 40 6 s R R B P T 0
NSO AR R« ATSIR 76 R 6 0 (0 I 4 AR 3045 L P 4,13~

4.14.
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6G 3L @ AE K & B/ FuTURE 76 4%

Position of elements, Mear Distance: 16m

EERRENE (dB)
Bl 4.13 ERESEREIIRER BICHE 1AL, v AN O I )5 5 o

241
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X AHAL (rad)
Bl 4.14 ERESEREIIRER IO TAE, VAN I (5 5 5 B 1 28 7 A1

4.3 FERE R

FESCHR T A 1R 2 25 T 2 R0 1R HRE MIMO 2538 R TAE . o T-# e VS il i,
METIS I H [125138 7 — i TS 28 FREE ) KRB MIMO {ZE B8, AT DAFRAE 7S [A] 4E-~F- 42
Fibh. SR, THEEE LT, B YRR b B AR B R PR T R 1
R AR N @SR STt EE AL, COST 2100 AERI[126] 1 K H
H T A] DL X IR SR R AE MIMO R4 1) 73 (Bl HE-FARME 18, K A2 Bl ) A% PR 1 42— AN B
MIXIR o FE[127]F, AF DLIX SRR &t — 2057 2 B OMAE MIMO RZFES . HAAR L,
AW DL X3 A () R BE oA Re T Bk, 17 ] WL IX 382 A R E6FE T B AR 2T
AL XS R, AE[128] 0 I B 51 Sl b 1 A st R [B) JE P AR M R AT it R AE . N
THAEREAL, X Grit et EET T BB T, WO BET BRI . £E[129]9,
SET(S TR 0 7B KRR 51 b (0 P Ra X T R 4 ik . AE[130]7F 32 H — Fft o2 1 3 2%
SR B 0 TR U T 7 L7V, AEARAE NG FE IO 26 1F R S B KRR R 2k 30 8 R ke . & [ 3R F
(S ERCE I

FE[122]7, $&H T — R A KL MIMO {5 IE R AIAESE, 2SR ARRE 1 I3 A2 [k
SRR o I Ik BRI I8 A R R A B 22 AR A AR AL B R L AT T 3 0 s ) R ST R ) A
MIMO {538 . F&T15 M B AR (R IGIEIE ] T HoAg 2k, B SCRiEN4.

Spherical wave

| Near—field region
o — e 5
EH.\' _ ( 20212 )
° \ - - g
= Diffraction M
° S 4
Tx Array /\§\ scatterer Path # K ~
2 B ath # K ™ 8
y Rcfer_e]:c .<, e S Rx
SEEEL =S Path # 1 o,
&f%;& [ @\_ ___________ Rt B e e :é. D
A3 kSN @ T B 7
. R L
3 e LoS -
e Blockage Path # k_~
e . ™
L . L O N L .
- x \[Ch 7,d, s} Pt s LoS path —————»
... B -~
° é/(\\ /// Reflected
pa L4 #. . 3 path
il . S Diffracted
fo, ¥ L path .
[ A - Reflection scatterer
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6G 3L @ AE K & B/ FuTURE 76 4%

B 415 FUA 2 AR T R e A S BR T £
B 7E Tx SR R 2 A7 15 K 428 1A PAABRT (G HE B 2 0 R U AU MIMO
(il DU REA R A1 K A B RO 15 R R (B, LA 7 R i A
()= ) O @.1)
fih,  OBEMAEHME, B () € CMxILf € [, JFRRHEGH, %5
SSEAR, (EMHE SRR 3N T —ANFHIAERE S | o WL it I TR T TR 2

FfE, H(f) € CRIRIRNSH S K FKEET A1 520 B .

H(f)=[ae >, ae’>% - ae ] “.2)
H, Ao, 7, RS k F AR EIRBAEIRILIR . A(F) € CMWKRIRBRIPAL
FHIRTERE, A 055, BTG @, , o TTBL T3 m AR TTAIR T 2% 5 6 2 %
&, W

] et "

Fob, o B, || RERJLEAEEG d, RIS H S K S R 15— ot
VIO, d,,, FR A m TR TEAE 1 O A R

Measured-OLoS1
a3 ]

g i
et
0w 1
W |
W &
1A
(i \
A

W

\

Antenna element index

n w & w [o2]

o o o o o

o o (=] o (=]
Power [dB]

=
[=}
o

/ B £
0 10 20 30 40 50 60 70 80
Propagation delay [ns]

(2)

Modeling-smyk>=0

X
[ ] ~
o O o
e © o

-
g
Power [dB]

300

Antenna element inde:
N
o
o

o
o

0 10 20 30 40 50 60 70 80
Propagation delay [ns]

(b)
[ 4.16 (ST R, (b) GBI
4. 16 8oR 7 HIESE R . BRSO S8 i B4 16505, 3R 790 B s 21 i fy

FHEARFRILR . B 1€ BRARAh, KSR R T T 78 Dh 3 AR A AN B AL R 87y B 571 L
A7 WA R PR E) PR A . BRER EE R S I TR
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R KHEMIMOE & A 3, SCHR[1311/E3GPPE TE B R JE Al B3R M 1 —Fif

'J?‘ﬂﬁﬁi”” B0 7R KR HEMIMOAS 8 25 [ JE-~F AR, DAL R0 L SRR, 58

W7 R A& 7 (B HEF R AR B ORI MIMOAE 18 R & ERA A ik, % TARIKIE T 6GIRIE
i E#BUPTCMCCCMG-IMT20305¢ /% Chttps://hpc.bupt.edu.cn/dataset-public’home-page) -

KR MIMO REEFEAIRHBOR, A H P SEIE SRS, (518 B A ThE 3 4 K2R
b, XERAME B A B IBE SR A AT AL X 4K (visibility region, VR [132][133]. 3CHik
[1341[135TVR & S i 9 f5e KA T B 8k L A9 (0350 43 WA 7 K 22« 25 PR A 7E U Pl s 1 400 1 52
bRz, BON R B A2 AN, SCHRI136][1371[138TKF VR 5& SN P - P % 22 18] (g

iz P ue mgon tmope sz o s o pogem, Pue g Pon symzem g par
UL R B R TR 2, P 417 B,

Cl \/ e

B ST NS
AP 1VR A 2VR
(Cc1, ¢ (C2, C3)

B a.17 B3R AL X o =

LR A IR S E AL, BRI MIMO FE- PR R A L 5 RIS E AL AR L,
EEWBAARS FRREAROTE, B, EEFIMNEL, b rmcEinsgai, @
KEHREATUR AL FEERTIBCE AR . UG, RN TCER BIIRIE BT B ) AR AT
AR 3RS B 470 2 18] RO AH ELAE R T AN B ). RE, B KRS MIMO &R 48 ) k 3 ]
BT RA R EEEE R RN

S,
) Z A (44
ey s=1

Hrb, . RN ¢ PR s PERBR R E REL MBRRZE RS R LRI R,

e CV RiZgAM S Ag. #—EH5I N VR, A MRZEEBA A N[138][139].

s,
= > 2B.a,0p. 4.5)

cedye, s=1
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6G 3L @ AE K & B/ FuTURE 76 4%

L, if ned,,
[Pc]n={ /7€ D 4.6)

0, else

Horfrp, = {0,V SRR HUR % c BT LR 26

BEAk, HEORHEE MIMO #4¢n] U 2 58 Uy ZHE R S E @ p oy 2, s (5iE
W7 ZHEREAREL VR AG o EIE W7 ZHERE RBAN R R R RSB MGt U T 2, £ 2 REASE

RA c CNXN DRS c CSXS

EEERAR TN H. H G
W, BRI S 5B V5 ZZ R R 2 RS TR R
1 1

h =R2H Rh 4.7)

wots Twk

BTN KB M AT A0 (0 1 5 2258

NxS h Sx1
o, sgorto ks, Ho € 7 g Mo C NN R ZETE ZBGERE o i T AR U

WIERAAFMVR, EZREAEFRS ST, kSRl 2 w I EERRN:
1

h=[G,...,G.|R2Dh,, 4.8)

1

Gc = DCA,CRCEA,CHW,C € CNXSC (49)

sob, Ceaemmen e M, C FomBUAmmEcRE, O Fom i e st

C X
et i S =S | H ST eC

RCA,C c C‘CDC‘A,(‘X‘CDCA,C‘

‘(DUC,I:‘Xl
NN RBE 3% R BUERE

DUC,k = {0’ l}sx‘%c’k‘

o % i Pone gy g 2 By 2 4 il

D, :{O’I}NX‘(DCAYC‘QH — g2 T dp

’ IR FH P AT L PRI A A R e Tl L R 28

WE418FTR, X REFEFIEGE TR B oM e R HTH (RIS) , HAEMIESE
T AT AR @O AN R B R 2R (TA) HECRZE (RA) Z (BT 45 18 M & R
XS B R R AR O AR S BRI (NUSW) AR H9[140]. b ixfpor X, R FE 5] i
W EIET] DUFH — M B AR R R, A5 RE I 4E RS 7 i N B R 2R R R S R 26 8. iE 34518
(1) E H R X AME TE AR MR R v, R DR B B U R A7 AE I35 (5 18 A6 Rt mT LA 3]
Wikk. EEERSEE (CSD SkEUsH, HimlpEEmtt, EmEEREEmRBEA kR
Oy PGSR B R . 6T ARK U IMIMO 5245, W] LRI T 1 FE8) (Al it i . %
T A B R 2k, NUSWAE TE B E K 22 B0 00 B AERS R AR & e M 2 IR ) 738 24 (1) P 1l
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AMAAAAAAAARA

NUSWiEE!

L AAAARAAANAR

Kl 4.18 BSHFE o5 E B AR 2 K

AR, AR T SR I AR )R 8 1) S A F LA, AT (R gk 4 B R TR . 5
G RIS F AR L, @i iES:fL1E (continuous-aperture, CAP) R ZkSEHL A4 B WK
R A R ) (8] R [140]0 X TR LR RO, 1EI7 45 18 AR n] DU T 4% Ak
BRECTTIE[141] BAARSKRUL, EXFREAId, A% AR e HOnT DU 9 i 82 B To R O A S ik I
WL 2 18] () 225 T) g 2 R . an 4.9 7, B AS AR BR B T8, S T 25 ) R S v LU
GyAT, AT RATHS S DX I 1 R B A A o T AR AR FE SO R R N LR MRS, 45 BRI
Wy B S HLR  AT o R X AN, n] RIS B T — AN ER AR BRI (RIS 4
BRI BB A AR o AR TAR G RO R, X PR RS2 44 BIA R RS 7] DL 78 7
FIHIESAEEE 1 E B 5 EEUR LA L, SR e R 7 B R RN EERESE R
BRI A BT (10 45 3 e AR A8t T4 AR bR ORI 3 (R0 AR 3, S B 0 R R I E TR S5 BR BV Kok
BIF 0 I — > B PRk R R

P

i(®) o (D)
K EwR BRGEAT I B R
22 i) 250 i)
SRR .
2\979&‘ % [l
G(r,t)
JCAP-TX *ﬁﬁ lgl & CAP-RX

U

K419 &8 ufEE AR E
IR A A R E S AR R 2K RABARIEA S MIMO (HMIMO) , BB Mk fE 480
LASEA TR R, HPTLLAERHEIAEE LA R E B, NI EELSgR T, iR
KPS EE RS NS TG 8 =[142]. H A tssa 20 i 2 7 20N
R EAE IS R, RATEE RS TR, Mg EEzm LR, 466
BRI S, HEWE S T BRI (E BRI A MTRESE, E T KR MIMO T8 1E 135 % 7%
XL
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6G 3L @ AE K & B/ FuTURE 76 4%

A H B A (EIE: Qi 4.20 B, 85 IR o8 LR 25 18 1 I3 BRI A T8
MZRARIN, FFAE BRI EE AL T 2R AT BRI AEIE -

¥
Loy = NZA
et
Loy = NZA? \ )
2 ¥
= B ALHMIMO 2 125 i -
X TTT
) . ek
z D H—AF R R
= B AL HMIMOBe i
A i LR i ¥
L.,

L.y ]

b3
KA PO R =
HEALEMIMOE: Vi

4.20 T3 % B ALER T AR
Hi& i HMIMO FEALE IR I ] LR IR Y

E(r) = Z/ dr! G (r,r)) - J (r}) z:/A&/Z/AS/2 [ ngV] ‘kornJ(n),

As/2
(4.10)

55 0 ANRIEH HMIMO 4 7556 IR IS A b 1 3530 7T D 32
H, = £(R.)C, = £(R,) (cl(Rn)I + CQ(Rn)fnfn) , (4.11)

Cl(Rn):(H‘koRn kgne,) cz(R")_(_'__En,.’_ , (4.12)
P HMIMO [0 RT3 5 2 b R 32 3 (14 /0y, DRI T DA 8 A st 5 A 22 Wi i

HMIMO F48 i IF b Feliip R gk RF A" = AgAy, Hk, T n A% % HMIMO
FERFNN S m ANBEUAOHR HMIMO K48 2 /i E 18 7] LR R N

H,..=A°AT e(ikofimn) M”"’”")A; sing Folrmyn)Ay IV Con

4nHRmn "~ 2Rpn Hi, Hie, Her

mn)’ mn? mn

H*= LLnﬂ’};zz

mn)’

[H#.‘i., Heb, Hff.’i.]

(4.13)
sirtt, Cran 2 1(Ronn) L+ Co(Bonn) FrnnFn € C° g g e s s ey 1 22

H,, H,, H,,
H’y-’E H?J’y Hyz
H,, H, H, (4.14)
Hop i i Hpy € CVNe,p, g € {2, y, 2}527% p Wb 7 100 10 3% 30 4> B 31 g WAL,
7 16 B 43 5 2 7 45

c (:3N}X3A@

H =

)
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AH LT XU AL HMIMO F4% 4: i 8.4k 4k HMIMO, =#%4k HMIMO W58 F EE E &
[143].

150

= TP HMIMOS (2 = 0.5})
e DP HMIMOS (2 = (.0A)
g Conventional HMIMOS (2 = 0.5A)

100 -

Channel capacity (bits/s/Hz)

1 1 L 1 ]
2 4 6 8 10

-0 8 6 4 -2

0
SNR (dB)

K 4.21 ZHRUGERE

A B 7 A5 T8 AR A R O R AL T Y, B AR Ty, R S bR
KB MIMO R4 HHAEEIR AT E L, RIS 8O A0 T3, 380 BUR AL T8
s 2, HAME MIMO {5188 5 iz Mgk a s e A k. WALpEiais(EiE
B AN RE VAL IX MR A 1 1T 15 TERFAE, DR R RGBS 475 F i b 5 i 1 (R (5 A

W37 532837 1) SRR K 70 6 TE 2l AE RGEHIIR 2 07 THERAT 52, AnPES R ZGRAE . &4k
fGIE . RHANAE[144]. NELRGRITEERA, JATEEIRIT 5 i) AR5 .
MR WO AL B HAC B 2 R nT LI 24140 9 MISO/SIMO, MIMO W35, R4/ 431X
WK RS I 3 37 SR

MISO/SIMO £%t: &ML RLITITn A S (Rayleigh distance) , 2 2/ , H
D FORFESIFLAE, RN ER K.

MIMO #%t: 4T MIMO &5t i FlE &5 (4 R 8 281 7Tz AmL Bl 2+ )%/,
He o, SRR BRSO RS IR 5 KB A LA

Field

B 4. 22 HAHIE MIMO VR &1 iE /L 1B S
W 4,22, BRI MIMO RGATAE R U %, 3 ZE b iR A Ty X,
FEA I R, SRR RS EA TR X, AR R . XMEE, BRSNS
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66 LG BAZHRK G LB/ FUTURE 7% 4%

Bz, BAREIERARE Ty &, (AEE W Rk ERE g &, Hit
WA B SIE YR A I .
N T IR EIE L IR A RIE, RS EER A AT

L (I-y)L
hhyhrid—ﬁeld = \/%{2 @A (Q’f )+ : alnb ( 1 )J
= Z

l,=1

2

(4.15)
sop, Lxrses, 70 parmn ey, mTmminmsmammows, % ond

a(g,)

%%%ﬁ%b%@%%%%%@ﬁﬁﬁﬂﬁﬁ, %E%ﬁ%%@%%ﬂﬁﬁ%%,

a b, .1,

W, O g sy b i e e R R R 2% f RIS, ) a0, g 4

SRR S, 47 T e, R e w27 = O,

NI RL . L, 2R G IR AR — AN RS TER A, BT 13 A b R A n] AR
NE KR -

49



5. L tEmBoR

T AR 5 BT 1T 38 A5 BOR AL, LA I35 HOR AR ) X S A7 AL ™
MIPERE FRE. ARFKMEEM T BRI BRI A%, ZHHAR, T35 RG%
1) 5 A0 AR HE S M S5 7 T AR IT A bR o

5.13a% 58

FEHA R EIRAE B BT 6G AR5 5 AL PR BRI PR s, 2 SEIL 6G i i R 2 1
KRR AR, TR R, SRR EE A TR TP

LI 5G KMEFEI S R Gi, W TN ROH A RT3 (51818 Ay S R ok A A
s 246 0 SR DU A F A S 1 M S A SR 508 LA 5 B R B A N : SR
LR ISRA T HEAT 8 FL AR I, R LR B A S, 3 (0 IS L P3G 5 5 (Orthogonal
Matching Pursuit, OMP) S5H 8 {5 5 B A 5 P06 il EAL M AR 8 . 2810, m3pRIT 8 15
TE b T T ST 10 A SRR G T A PSR R 1) — A T B AT SR AL 8 8 T T R AR
FR TR R AL 1) (1) 30 37 13 T8 Pl BRTIBAG B, SEE S BR TR P R AR M 3 B0 B 5.1 s i
LS R RE RS BN, RVRESRIT I IR I BE R I M B 2 % 5 . g
B RCONRER 1 AT (S IE A A SRR i, D, B RSB AS TH7 AR 5 R
AEAE T B ARG T R o I e
FBE

=l
il —ce

B 5.1 UTIAETE M RE B T UK,

N R BRI 115 T8 A PR RE B RS A, T 3 T BRI A R R M A I I A
PUERE, KT (S E A A AR R I, AR I 3845 1 S5 A A e 4 i an 77 v . ARk
Yl AT 07 {8 LM AR PR P8 3o SRR RO AR o b0 2 ) A P 3 23 0, PRAEE 3 {5 18
FE A FES AR R o Dyl MNEBR TR AL SR A1, AT LRI SO0 70 20 18] £ B R LAt b, A4 M Tnnoxs
7 B) R B AR A R 53, I ORUERD 76 PR B IAE B2 B SRR W] R, DT ] 4 A G A A
JE-REERS” PIANERE (RRARFRIED ERER, MET AR AR SRS A . JE T SRR R I Ll ATk
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6G L BAZR K @ B/ FuTURE 735

WY, 3 R AR RIS 7 T AT TG I A A A G, DRAIEIT 745 T8 RO AR SR i P [145]
I S5 T M A R A R A3, IR R 3 (5 8 A AR A sk rP (R A 2, ) P s 24 R S B
RIS TE A T

SCHR[146)H FH 45 58 WL A5 5 16 BRI A% 4k A E A B B XA 5 1k S B 8 S 0 A 35K
Mt 7 SRR R IT A58, JFat— D4R K& 7 S5 SRR i 0 SR Sk AT Ay A R A 1T
L EE. SANESEERR TSNS, U M LR AT R 5 3k,
TR AR T AR AL BRI T VA AE 1) S AE AT RS A A TR B, ] 5.2 s . 5 R 3%
AADRIGT TEAE 7 SR AP AE A IR, 14717k — 2D 3 Hh R TR R (R P 2 ST I S (5 TE Al
THI7 %, IR ML EE 27 3] — AN RO R 7 R RS G 18, JER 24 5T 1
AR AR B 510 SEBUE TE SRR R

K52 FUAHTHEX L (2). BEESEACAIET AL, (b). AR dL([F]— AN A RS A2 AL 1)

B 1 R AR AL IR RS AR CRUEIE S (S IE R g v, [148] P IE I M i — N A %
BAERE, KL EE R IEEr TanEiE . —ETHRONESEIE, 5 RATE s B Az
#e (DFT) JERRRHEIESE R MR b, PRESE RRE. AR T aaEEr sy, T
WL EE S TSN B AR, BIAFIREFE S BT AN ZE - 9 T S AR 22 1)
SONE, AT DA T (5 TE NI (5 TE R SR AE , A — N2 B Tt b 3 o) S B AR B i 2 7
(A AR AT T R R, e R O 3 SR 1) — M PR REL R » (RIS IO VA — AL AR R (0T F e 3R
VRO RS (R0 R B AR o AR R RO B K I, AT SRR I 5 A A B A ok, [
A5 T A A TH IR Z R AL T F[148]
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{6:,7,} TCAAIESRE {6} TIFRIEERE

A
LTS
)

X3
5.3 kA fhsl- M A b R

AT BRIy B R E B AT RS EEBR, [149]7h 4Rt T T ) T 9 B0 B 1 i 5
WG TEAG T . HO I e A5 TE AT A AR - R A 1A 4. B0 248 R R 10 A 46 B[R]
Y T SRR EMNEY SRR E. WK 53 s, ST RE&ERENIESaE, RIHEY
) SR 7 DRI B AT AR Tz X, R A T R R TR AT — 4R
FEo TERRUIEANH,  HRIN B — 253 1/ 1 3 B A2 7E A0 BE SR AR I P i S el (R0,
AR LS OMP TR A3 20D , 35wl il oF IF 78 BRIz B AR AE 53 — N i D S 80
B X T AT T T 58— YRR ARIT , AR o 157 B G R P85 K A B 42 Th 2R K
YO PR BE ), BRI R DL IERARINZ R A, SRAUEEARBRIPAAT o

T4 S5 30T 3 45 208 A A i e R R 2 25 o0 SV AS A T D T e PR R R I
[150] 42 T P RMEE AL 17 %, BRI TR I8 2 HAR Z % S M 45 (polar-domain multiple
residual dense network, P-MRDN) HItAbIs 2 R 72 % £ M %% (polar-domain multi-scale
residual dense network, P-MSRDN) [FI{EE G117 % [, K FT4@ i 5 VAR AL 1F
ZVLIRIE B 5% (polar-domain orthogonal matching pursuit, P-OMP) %} Eb[145], Z0#7 715
T P 00 A 38 SRR R B2 2 2] B ME RE TR 5

R AR
Y { MRDN M(Ya) HEEH
vl |z |z z i s i
y—| = grier -2 §§ AE * |-h

K 5.4 %:T MRDN [f{ZiEfhit 75 &

BT RIAR AR
i A M(Yp)

K 5.5 3T P-MRDN [F{SiE i 5 &
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6G 3L @ AE K & B/ FuTURE 76 4%

Kl 5.4 Pros AL SR FE T MRDN [15 1S E AT 7 5. %07 % B (Rl o fd BLkAg
Bl B USSR B M, T 78 0 R B AR M S R R e . SRS, il MRDN
TE A0 FEI PR S S M A5 38, JLh, MRDN (LB B 5.6 Fios. 4R, T EiE e
PSRBT . M, LT m s 5 B M ei e, SR iT i (58 AR AL
R — E BRI .

W 5.5 iR, AT R R G AR IS E R BT, JE4R T P-MRDN [f)
EIEA 7 R AE e (polar-domain transform, PT) BHEU(E 5 4 SR ALIR F,
XHAUT B 1A He . 56T MRDN F13E T P-MRDN F{5 38 {15 3 2 (R f) <8 X A 7E T8
AR A5 {5 B R R R T AR ). 36T MRDN [R5 BT 7 B S B s e 2 A
I R 37 T ) B SRR B o AU, J5T P-MRDN FOME 38 b 77 805 B e B A

F R R EERR G T AR MR B« D T B — PR S A THIRS BE, g LT ASPP Al
RDN [ HATHE, Fx 3T ASPP i) RDN Catrous spatial pyramid pooling-based residual dense
network, ASPP-RDN) , 4% 5.6 s, @Ky ASPP 454 It i) P-MRDN 1, i
B TE A5 S8 T LA B i (1) A — 4639 77 1% % (normalized mean-square error, NMSE) 45

1 2 3 M
A(x),
< R 2 A= 2 2l x oy ol 4 4 7 RDN
X)) e(x) ¢,(x)
Ny 2/
RDN CBAM ASPP
Conv 3x3 + Relu Conv 1x1 Linear + Relu Conv 7x7 + Relu Conv 3x3 +Relu ' Conv Ix1 © Pooling  Conv Rate 6 Conv Rate 12

¥ 5.6 RDN. CMAM F1 ASPP-RDN Z Zifi#l

C‘ \/ O

Feuh Rk
AP 1VR A 2VR
(C1, C2) (c2, C3

5.7 W R P AT IK e i I
BEAh, I ETE R 53— e R R AR, BIAN[R) R 48R 51) H AT AN T3] F) A AR X ek
(visibility region, VR) , iXff154% 48 2R A5 8 A2 M R E 77 ZPERe N RE[152]. @&
5.7 iz, VR AJ5E SCR AP -8 e 22 T8 ) ) R0 DX 30T AT A2 - 27 2 i) (T ML . 2 il
SPRRUN TE BR R B AS . FH P BN R R 2R B BR AR RN AR AS, BT RESI RSk, A P
SRS 2 [ BE RSN T SRR FRE B, R T RRI AR R, B P Bz i R 2R R R 59
BB A 124 5 A 1 15 38 T 3R 40 A ANy, AN [R]85 0 815 3 1T 6 2 RS A S B 347
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W, AR EARVE F DI ™, HAE T8 o AT B 21 FR) 38 70 X I R G I 4, G4
S TAEEDR AT A . AT AR, 25 P A EAT ORI B RS R KA R 2R 57
EAE I, AT — B WL BB 5 TE BT (1 7 PR 21 Re s Bl B4 K 2 B 5 S e, 1 KD
DEEFIRTRRZ A R AEER R A EEAR, W eI RIS IS S REE .

N T RIS AR AR S T IR B AR AT 2. 7 BB ZN AT = 0] 44 B2 s B
RS VR U o BEXT RSN VR R0 18, 5 A7 A 5 — ™ HL Ak ki SR 4=
T AT, TR VR AT BLER EATRIE SIUE S, FRAE R I 51 B T N T AR
SRAX[139][153]. 4R, FH T3 3% RN 08 5 H BLLE T IR A T4 05 S48 18 AR R 5] R 4t
T, BERERIUREAN R L TR MRS 5 DR A ROR . ik, [154]5 58 T 6 R A 1
FEF 28K 0 VR R IR, 5 SRR 28U (5 8 M A TR BRI (5 1E S 4, A 45
B EMEEMEREAE A THS 2] VR YEE . B RIS FIFE AT /E 9l K MIMO £ 4¢
MseBly SRz —, ERRIUAE RIS M FIRE & S| NI 2 (TR i . DR Ie[1551% & 1
R RIS A i) VR R R 15 Sefli T 45 2 M 7 -RIS-JEul (U 7518, BEJRAIH VR
ReERAETE, MR EMEE AR RS VR MG EEXE MR VR IR R R, SOk
[156]K VR {0y —3h 3 B X I, H5FEF) E R E RERITE GRS, RIS AT
VR MBI, HA5 5 0] DA RS B R RE s TRl A EEA 53— VR X, (55
A AR 51 b ) FeAt R 2 RGeS AR . SCRR[156138 ik £ D B S AR 7 (1 VR 45
BB e IAE S, IR BBt TAZE VR M, FIRIZR e UK 4%, DA
RAE AR FERA A Il VR

5.2 35 R IR

PRI & — P i R F R 2R B 51 TE 2R A5 5 5 )R S R IO o B T Lt A
AFEI RIS BA AR ARG (15 5, FERE AL AR AR KA FUE S BURE T3,
171 44 588 T 75 1555 A TR m B @B . AT SR ST, TEILA A AR
WAE RS, BT BRI, WARBIE REEME Orin)D —ANERE BisbilE 5%
B ART Y, EEGEEWRET, R BRI AL R, TR QR R D
BB K 5 5 R RAEAE S MR e O B b, SCILAE i BN R B AN B 4% 5% 4%
[157][158]. TP HRIATE (EAR KA R4t T —Fof 8L 2 H 2 sl L] .
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66 L % B R R & BB/ FuTURE 78 7%

1
09
06
o7
Hos
B ——— s
3 04
; 03
4 02
i 01

0 50 100 150 200
¥ (m)

P 5.8 237 R AT 3 ORI

FECH CSL B DL, LRI BT ] R A% 48 MIMO R IR it Jr ik, L
i1 K AL 4 (Maximum Ratio) + 38 % f£ %) ( Zero-Forcing ) Al iz /) ¥4 75 72 4% i
(Minimum-Mean Square Error) , VASEBUERIR A AR T3 V- AL 4k, I BRI %
FEAERIEG R M EHEE . RIS, Qe ss s, EEgiisid, A M REER
R ERPEH) RT3 OR A fig BB WS T IR AT o SX R IEAS I R 8 FE Pk o« (4 P
P ITSI s B TE A RSV E AN A A T B IR AE TR . IR IR A 1k RIS
HR R B8 E RN AR FE PO E (1591 BRIk, 7RI IEIL T, ORI RE 6 R I R i R 2R 4
THEE A AR, SEOUSE i B R A e E e ST, A RAmE T, et
YN

: HE
! L SE 3
— b e Hﬁi
i i x| | L]
i <
S
Vs :'<
1 1
| i
. m i
— T BN (e
1 ]
AR | I_Qv,y E a
1 ]
e
K 5.9 AR S - AR I R IR
| 1
! s !
| SRR i
sl
1 .
- 1
= e LS
: =1
1
| s o -
AbFE ! 5 !
1
1 1o
] ! 12
— 7 iR
U : i (<]
1 ]
]
BT

Kl 5.10 FB7 B2 SE-AHFE BORMTE
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BEifE s
AbER

AAAANAAA

Hr iR BT

—
Bl S 11 H AT R LA I AR

FEZ RER 0 FR G0 P A7 7 XOUEE Bl RORE, — 2 B 2 AR U 5 R AR e i 28R, — & F
T RRESUAR T A 125 18] Bty RORL o AR Bl AN 3 B0 I 1 T8 R A e b v, sl 77 7™
(AL 1] ER I R o X Bk mT LA Sk 2 A A B RAT SR R, 80 A AR A S ) IE 58 AT
Sy E A (Orthogonal Frequency Division Multiplexing, OFDM) . %% [&] % 5 R0 W U] 4 A
[5) ) F K J8 DAAS [ 7 £ JEE R EE B “ L7 P 6 B o ZEMSCRBILASE PR DO RE ) VR & B A DAk
SRR TGN, P RE H I SRR Bl TR 70 210 . EAASR B, A% B0l 5 o TR T A A R
F AT PP AR S BRI RO R, TEVE X AN ) 7 300 A 22 S At o, R G TV A g
WRAEAS R B ERGHEE A o NRIX AR, [159]MI[160]58 H T — Fh A3 42 ) %E-
MR IR A BRI ZEH), W] 5.9 FioR. X —ZR 0t 5] & &1 Bt 45, SBhseat
BESIAR AR AR, A B8 IR T IR A AN B SR 73 24 )

SR, LT A, AR — UL 1 Y0 B, S8R 7 B R LR B A A& R LR,
TN T LI AE & B AT SR A ORI SE SR M T PR R . BEXF IR, [161181[162]53 2 H
TR R R AT R S AR U AR R 484 (U] 5.10 AN 5.1 B DR K AE
IBFER, I BELE AR A4, ARG R .

® BRI M- R BRI [161]: FEMCER AR S A e e L I SE 2 A AR A%
PERER Y R T MRS o (R, R4 GE 2% R 75 250 IR AN 41 1 8 SRR AN 3R 4
IR A THEI A BNITAE, L E R 1 5 R 4 73R 7T LUK KA. 4R,
F TR AN AIBE TOVE 70 70 R B RGBS, I Fh A T B 275 SR AN P a8 4 (¥ M R 2

®  RATIERN -ARR BORIRIZ[162]: XA AR A AR T 2, (HER A
FELAIFBR T BT A, T R EE — S . AL, 122K R 5 ) FH 22 AN LA IR S fr) B 42
#ok BRBCR BT AL, A 80 B FLAR R ZR R 1 (05 R AR PR 73 22 10 /. AT, X o
BB 7 SR BN T BA AR AARRE, DRI 75 B T LA 1A R [ 2 LA ZE 3%

B AT R, FERBEEFRZM T EERSE LSS, TR HESH - Hih
R R WX IR VR Bt Tigihis . # &R L VR ML T8N K BLEE 1 Ry B 53
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66 LG BAZHRK G LB/ FUTURE 7% 4%

RAIORLEH, FT VR Wit BT i gE0% 2 2 (R BRI I A BRI AR 2 .

SCHR[105)42 AT 3 T fE i RIA A, THE & TR M R A ARIE A, TR
FIERWAE SR E SR TS S . e, BTN VRELE, M VR XN
B EE, BB T VR MRE RIS, IR, RS VR RERS ERICE 45 K
ZHIE SRR, ILERAENE KL S BT A SRS T TR S BRI PEBE . BR8] VR 1ERE
(RT3 TG 5 2 A% B AT SRAFAE P AE A T 2 ] o B KRS R 51 B e 55 K8 FH P 1D
HRE R AR B oA, F P REEA AR KIRE VR,

Rk, AT TR RN R FE, KR AMEL VR AP 2o —41, IR0 T
BEFEBAT AN TIOHER . ML T e iR P 3T 8T TR, 2T 1 2 4K
SFPERE R — P RIS E A . i TRV VR AR P H T AE
NI ALIEIT 30, LN T PR Sk a8 Se L 5 A F P TR BRAOS BEL (K R SEPE RE[105]
RIS, (16317 B HE 17— Fofr il i R FH A 2000 FH 2 sl 3 £3538 Ah THERAS I R AT AL X3 A
5 R RAEAT BRI T A7 58 o 3 FEHE b A0 A 3 T B 47 10 23 A7 U T, o] A 2408
RUBTERI AR AR, RV SEBLSE IS 2%, JF H3% T randomized Kaczmarz (rKA) 5%
B AR R 2% UL REWE SEEILIE REAN R 2% FE 9T

A b T T i
S

’ F T,

2 @ @
| b
FrF3 %//
K 5.12 CPU Al LPU i [FIAbBE B R HIE 2 R 2k R Gt

SCHR[16418ETF T AR ME-RIS PRI 7 %, W&l 5.13 FioR. AP s BEAE A RIS
AR, 0 RIS Wire: &5 X RIS H TR A7) 26 A G R QBB I ) - A ar . B
PRSRAE, B AR B 1B T A5 () BRI A R % 17] RIS Kdte 4 RIS RSJ 285 K,
A DA I g 4 1) R 4% B TR T 1) YR RIS A NI Th 28 o0 A1, AT a8 P I A o 7 B 1
RIS FEgc. N—4, @ R HE0E K RIS FEJCHIAE AL RIS &R T8 1A H -~ J7 1A, k2
FHT R R AL i . IR A YA BE-RIS PRI R AT 7 S AE R SR R 2P B B AN 1) A4
N, SRS T AL, AN AT BUE LoS MIMO {538 IE434k,  PASRAS & 2 18 2 H
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WAL RIVERE . MAMZ TS SIE AT DL AR SR 2R I BRAMIZIAE, SR REERCR; [FINA)
R 22305 5 A, SERAMR A 3 5 IR 25 B ) A o

BS

- g RIS (FH)
7|
?E%EE? RIS R
[ 4
(-
/
FEEPG R SR
. UE
[ g;
Y

K 5.13 A% RE-RIS 5 2% R ITE 5 s = 1K

5.3 A Bt

H AT i A Bt T EE i = KBk o 58— R AE SRR N 2, 37 I R AR AT FE B R
FURLRE 51t I o TR RS R S 0] 25 IR P 0 W e S e, SSURR EOE 2 (AS 4 Re 7 i A i
Yy ] o XA IS A B AR E R, BRI GRFER A o 55 — R  i A 75 ZE ) J5 15 Al
PR AR B B X e, PRSI B R IR S, TR T AR R =
T 39 25 [ 3 DA TE A 43t o 2% I FF) TE A8 A3 A 2 A A B 3R, RV B = 2 T ) 2 o) A O,
AN TR =7 2 18] 23 T B LE AT o i) T 30 AR A AR, 5 BOX W AN 5% - A A B SR A
EA Py S A A PR B 2, & S B A TR E & A ], B EX.

A I IE S M A T AL, WA A3 o 2 U 2 M 7 o, PO AAEE TR IR

EIA 5G NR W, F T487% CSLAE & 114 i F 4 7~ (Precoding Matrix Indicator,
PMD) {574 K ] DFT [a @R Wi i 7 (M A B0, m DOPEXS M RS 3 A0 ek, 9%
JER AL T g 5, AT BUR 70 8018 LM A2 4t (Fractional Fourier Transform, FRFT)
I A A AR M i B0 165]. Bk, W&l 5.14 FizR, 76 ULA 5, i htt
(sin 0, cos? 6 /r)ﬂﬁ/\iﬁ%ﬁ%iua@ FRFT [ i UPA #%5t%M (sin 0 cos @, sin 0 sin®, 1/
DIEIRAE . 2 FTd 2o A s (1 75 B 45 SR R EA 0 B, FRFT iR {K A DFT 3%,
TREEXT AT PMI RS A S IR L . @I 5 il T i 1) & 560 5 AR PR W] LUR B, X
TS A e ) 45 18] B9 59 SR ORAE T AR DS ML BR o AT I 50« R Bt etk mT AAS
FOFEIE Y N KRG R REIRZE . [N, 2K R ] DU k2 5k
N, BUAHSRMESE m AR o Tt mT DA AT 45 2138 30 d A SRR (B B% . BB A0 A ],
FERS AR INZ BRI G L, REAR S A B St AT B Ak, 33 51N 1) B 2 3 X 75 /b B ) SR A
MG 1~3 RS SRBIT A BR T 75 AR Hedgl S5 1A B SR AR SRAF I S T A LASE, 388 W] DAFE B 25 35
AT N B 515 Bk “ AEEREAL 7 SRR B TR, X R A A By AR 1R
RIS ) R AFEAH E B B A e, AR AR M R L 77 22 0 77%

58



6G L BAZR K @ B/ FuTURE 735

103 f-=3GHz, N =64
P ) YR p N S 1) T —— S
6@/,, 0%55 S o Codeword \
% | ¥ Max. Quan. Error|,

4r ]

sind
o

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
cos’
2r

] 5.14 FRFT 47 Ak 1 fg s & K

o o o o O
sl o Codeword [
060 o o o o o o o
04r o o o o o o o
02
> o o o o o o o o
E=
“ o o o o o o o o
02
040 o o o o o o o
06 o o o o o o o o
08
o o o o o o o o
0 01 02 03 04 05 06 07 08 09 1
cos’f
2r

K 5.15 R AL L i AR B it 77 2
5G NR & T B 5 & B A2 e (DFT) o) B AT i A Be i, Wil 5.16(a) s . {E47 K DFT
T AR B N FH T3 i RO, W 2> fH T 5035 (5 8 A VC A, 5 800 B0 ™ 25 (145 e Ll 43 2k
52, CABRTHR A BB Gt ) 38R 2R £ (beam focusing) AT LA I 3715 38 ) e AR T
WAURIEAS, W] 5.16(d)FTR. HELAR R P HCR AR T AU UL S H g, i HIEvEEr
X W DL FR 251 50 R TR B B A 48 2 DL o B A se AR T s dnl o . BRIE, 2% R8O KL AR
MIMO R FEF it B i Ia s A .
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CUPFEEE T mSRER wiems S

= | »\
s

l :m#//’ 7
: MM//
mmmn

(a) (b) (c) (d)

k=N-2

k=N-1

—

"y k=0
—

k=1

& 5.16 3% AT AR R FRAIAR L 4 A % % I

Tk At T WA IE T e R IR RS AR o BB — PhRR N T A U R (two-step
beamforming) [166], ZIGARFEARJTH Ny, K KA MIMO REFEFIRI 73 v HEN T
B, fEFH P b TSRS RS, AT AT DAFE £ R A DFT SR . IS AR R 77120
5B S N IEANBE S i — MR 5 ) DFT B0R 58 —8 FRB AR T RE I T ORI
% K 5 FE 5228 mAR N L B e — 52 ML, TR AR R — MR AR AL, DAk
PRI AT S EOAI AL o ZRI AR 592, IF HARA 2 10 RRAEHM o 56 A RS A
(ring-type codebook) [167], ZIGANXE L) 5 —F NE T FEIR /R IR B BTHI A ) 5 5
fEJE; %5 2 N DFT MEMEZ, A DFT A, 3T/ Ax 515 2% S ki siE R,
TGRS A 35— 2 F T Ha R T — MR R AR ORI R £ U R TE F P BT AL I £ P[]
o TS R A ASE R 1 DFT 1) 54 58 — 2 T F ) 3R AR U SRV A5 7 T i 5 — 2 A 4R 17
FF o MO R T , 2 AR AR T, 2R S 1 FLiZERD AR TEAR ELARS SO A = Ak
TSR BE IS B e

Fe GRS AT A 3 AT BT, BB R DRI K, I X IgbE 2 95K,
FH P64 BEAL A A 73 3 5ROz 3 [X SR [168] 0 B AL A 75 38 37 FIUIE 3 o 1) A% FR R AS ),
e G 11328 IR AR BT 37 B AR AS T T RO 3 1R A 40 A (K137 5[ 169]. WATE P 40 A A
BRI DL SEBD R TY , ATKE I 3 BRI 3 T T 0 A SRR ME A 46 4, it T AT e 7
W AE g F P RS a7, AT AL 2 — A [R] IR d T30 3 Mzt by FH P (R332t 338 RS AR [170]
(1) BFBEZXERG: WE 517 Fx, Ee5ET BBy ir, KR HIE S

R o i A sy, Rt —5 805 P AN X
() FRASEEAE: W LR i 75 78 5 0 DX, AR % DX I 1y P A A A, MR



66 LG BAZHRK G LB/ FUTURE 7% 4%

AL EE 25 X I 2 U H TE
() BFRISIE: ST RN, X R o R AE S RO C, B
A DX IR S AT F T 00 FE T2 RN R R S5 f5TE, A — 3 iH 5T @ oy — ik

R A, W] ERAS P U

P”cu,4+1‘v., L -
7 Preart2 e
ST\
M1 P »
1137 P NP1

K 5.17 I3t v i X sk 2>

ARSKT] LLNAG 5 Ak PN V8 5 A A 2 20 il S R e, IR F A 37 e ik S8 I 315
TE ARG A B RN o 3 b7 1) R S o b Ja AR~ AR 22 (A5 B 2 B S ) R . R 5 P AR
ST )45 - PR AUAB E J8 1) RARABA o GE I 19 2 oF B, 0 A7 ) P s Al s 22 5 1) A% 5
BExS 28 RS it TH SR T LIS A% 230 1y ) et ep RA T A [ Az B ) R 267 B i iL 7 15 18
7 I FS , AT — 20 4 5t P BB RN T () 853 37 S S 4 . ARRIT RS AR e it ] LN
L E S AR AR AT BT .

MR £ FE R T AL U 2 T e 4 J n [ BB AT 1R AR T I (B S B S a A B
KX @ s 5 2 0 LI L AERFAE, BIE 525 AR 4EE T miLn(E 52wt drLk
YRR, RARYERIE . MAh, EZR 5N, KREE SRR ELZ W2 IR R, Mk
BT 37545 5 7 ) () i 2 2 18] AN LA TEAE G &R AR T T 15 5 28 ) FF AN AR B T SRR R IR
%, HEAARAZNE . BIFEMES ER B PG RN TR, H B RE 5 2 TR
AR R B A THE (5 5 R TR A, PR IR4ERIE e 2 — il b, i
e 5 23 6] R R ] R 2 3B A D3z 3y 1) 7L

Zia UL B, AL A BT AT DOA LR JUAS B T -

o  AHHAYR T HAHRIE MDA BT B o AR G A BT HHE AR 2 s F s i A5 3E
ARG, SR 15 HAH A B K RS A 9 B 4 i 26 T B o AR ELAH 5% R U S H T
TR A 77 18], A& TS TR BRI d 2 0 | T3 UG 2 IER TR RR 1%, A AR it
A 75 L[R2 R UG Y 7 I A 22, DR — I BAHOGE A B R e R A F oK, B
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IRAE T AT LR S B R L 65 AR

o  FIRYE L HIGR M R BT “ MR A AR BCRHT R EFE S B, IR
AR EESZ B =A PR MR 56— D BT AR REARMA RSB THIR; 5H
TR BT R ERAT IR S BUNATS LR =R B AL BRSSP
i B2 TR R LA R AR U o X =R AR AR & 3 280 T DI BOR K AR . (5 e AE
BEHRSAIT, AT DIORE = 5 Z AR 5 20 0l B R, AN ELRAE = MR ER G R 045 R L E %
A lin I L FNS

®  FIIRIERS B E I AT BT ASAS, A T B s B g AT A .
BRI 1 PR R R AT ST PR B T 788 1 T RO AT I 5 T 3 37 14 98 0 T A BR T ¢ 5
DS L A5 P 7 9 AR AT 0 M R BT A5 A S iy 2 5N BA I 1) 83 o AR 30 X 2 Ul B 24 R P e 14
TERTERATRE , A R A R bR oR O SR AR S5 TR PR R 0D g2 T 0 D
REE XTI, REERTERE 3N o FER T Y 2Q R i R 2R - 30 7 IO BRI 38 2 b T T R 3
0 A B V8 2 7 3T 3 BR TR S D 87355 B o DAL UG R T AR R S AR B T I I S A AR R Y

PIANRZ

5.4 RN 5

T R B XL-MIMO BP0 ok I 405 26 B, eS0T 45 B R 26T L
FEHEAT (A TR (2 AT 10 BS AR P 22 ] 57 0 06 0 25 (256 L 6 TR L
MIMO (1305 T 23 5 R e Bk 25 T A Wk B FE T . PP b B9, (EL X [ ki
ol T IR IR T BBk B IOPF SR, HERIET DFT [iE 5504 T
ST 53 RN e KR U G 2 o AT T e i T O3 0 2 1 R
EOW R B B T K PR S Dh SR ELIE (O P AR S R
YRIR, AR MIMO 353 1 1145 7 10 o b O S 95/ 4 FE A7 oA R

SCRRL14S TRt T — Fgr (R A AT A, o i A R 46 ) LA A T B
S0 L o 7 P RO S SRRE T, 00T T2 W R A P M50 R, BEBS AE 50R
FER M o FLE 5 1 SRR 2 R 7% B BB M KT, SR A B A/ AT AR 5 e 51 T
Ve AT IR ALIED A, — B L B R 1 5 R A T R B R S 47— 455
HHE,

ORI, SO0 S BT B IR TP R AT 95 26 R Y 6 S ITFR, (17114t —
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T R IR B PR 3y e RN 57570 FARME, S 0E iy DFT R A Hmny, 72—
E IR (FROV 2 AR, P A DUCEI AR B s R D% . (e R, HAP A
SR BE R AL T2 2 A B X b ) . (Rl FIAHIX — B2 IR, B 568 H A 8 DFT
P ARG T P AL, SRJE 8 R AL SRS AR gt — 2B A T F P IR RS o 207 R S B
GIHFHN, Bz BRI REERC: Lo, 17208 — P T 5 2 %
WU, Bk YL, B —B B SR 51 ) 0 7 BRS84S 1 3 5y 2
R ASAE ff B2 P A RIS RO P 7 ) o 280G, BB BB, fEgs e R R 7 ), AR T
BT B A I A E AR A 3B 0 15 R AIRL I ) 7 7 ) MR < 207 58 B B RO 2R 0T
B REFERRZHN BIELE, #E— D BERBAR NGRS IOTA: [173] P GF PEdh H —Fb
F:T DFT WAHIICE A 5 B B R 2R 07 58 o AR GBI ZR T VA 2 AR FH P 1 e K
WeThZ R E P AL, SR, X0 78 23R F B P Ab S B i D 32 7 281
2 ANAE T B A3 T DFT A A3 (I 3 RN G it 8 W3R HB A 0 Sk
BRA G TH R M ANV o BRI, WF T & 56 0 29I B R O 1) A TR F S 72
PR R 7 P, R SRR — AN R O E, BV I 7 1n) P 5 A O A
JEATEENE R . AR5, FETIZO SR A A S 77 ZRER G A5 T P A AT . 1207 &
FE AR 3y I 25 3 BT 45 1) [R] IsS SRBCT SERG B P B A5 6L, A7 B T F P 1) s A 25
H

N T B BN S RO RN R T %, (174182 T — il 37 —4E(2D) 43 2 ik AR I 5
T % RMITIEW K2 0 Prae i AR et , B NE 5 il I 2 R BRI S0 b 3145
R GG, 3 IR <7 (8 e e AR 7 1) PRI ANS S 25 ey s 1 A PV L, i LY
A AR E WP R VA o HOE 2 R PR AR ) A B S SR AR A b BB A BT I L B
J&, FEERIL IR b, H R R BORIR & SRR T AR S SR A, HiE T SE R
I8 o AT 4504 B G O 1 52 17 1) Gerchberg-Saxton (GS) 5k 3k 15 Rk, 1E#$2
7 — AT GS FEBUT IR R PR T Tk . BT ESERRET XL-MIMO Z4¢ sk
e e B ) AR T AR A AN TS, R B AR S A Bt T SR BRI . R
M SEPRAS B 1 2 HEAS A, JRIRH 1 — My e E AR IR R .

a8 TP 4 o R ARZe I 0 R ST RED, R 2 S E B 2 I — A sz 31 T
JZ B RTE, WU WIR 5 3T U792 N T 30 3 R I e o K 2 3 B AR5 0T
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[1751[176] A I3 T8 B AR BRI HEMUE 5 R A TR IOR, RS T PRI 4507
%, RIJRAGTT SNt T7 58 o JRARTT 58 EL AR I 22 0 2% (i Al v dee 3RS 5. AHEEZ
T BT HHT T AN BRI, AT DU R ORI ZR PR RE o 27 TETR B RO T
HNGRA 122 R 26 5K T 18] 5.18 s

Processing Convolution Full connect
module module

P
- P,
EEEEaaa) ‘::%::.| P

w

HH S

BiEEssaiitEeasass 2
=% Py

Kl 5.18 T dm i R Il R 22 I 45 45 4
B 1A A BE SR S A 28 P AT AT I B R AR R A b, 3 W] DU 28 1) 07 LA )R
B W BRI A BRI SR R 2% L - R Ak (178 i Y LK) 20 o 2 TG WA, A RS R K
NAVET I AR R S ;. vl e A I G PR REGAL, XIA IR REAT RS AL, 1
FHL T AR 2R ) i A0 TR AL i A% R Tl s AR 2 1O BLAS U2, T 283 Ak T 00 4R
AR IE R T S, W RE N AZAE P HTAR AR B A R AL IS v BT — 25, RS AR A i b T P
TG FE A A% o FR) L AR A X A% i S L AR ) A IS A TR

5.5 tHAR

551 Afrrgik (LDMA)
TLEERF W FE B —, RAWHR S s, £ — & 1w i EA M T,
et T A B ey AR T P RO AR IESE T . 5G KFRE MIMO R 4815 2 4R Tt 3= 2l
1224y 2k (spatial division multiple access, SDMA) AR, HIFZHiAT 8. Sk 2 4h
G, A A AR B R OR R RIS 2 A . 9SEI SDMA, B 5G KA
MIMO % i = EEl i KR 4 51 R 2 A= Bl 48 2 ) i 1) PRSI, R AR ) PR SR AT o 46
5T VL IRAER T A L BE i, XS ANTRL ] P 4% P b A FE AT R 70, AN R R e T AN R A
FERI R, FESETHE U A e EE PR [RIIN R AN [ 3B R B3 e LE A2 e, A 25l
FAE)FAR, AT SE AT R % ) i f SR T
WA oR “ M E-FR R YRR, A 5G 1815 R4 1 SDMA F
FH A FESOE A B ) kAt b, IR “ B eg” 4R IR BRI AL 73 2 3k (location division
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multiple access, LDMA) $iA, NIEFIRERCRIEME TR H AR B AZ[177]. BAAME, W
5.19 iR, ANIE T3 R AR A M I — 4RI R, T BOR B A RE-RE R
() YRR AR, BRI R T DS RS 5 AR THRpE A B2 SR e B (RIS —1r )
FET IS BORM —4E R AR, SSLT I 0k A 1 A BE SO I IEAS 1, [177] 3SR T
AT 37 TR A PR B T A IEAC I, BB REMUSEY R, SRAETEAH R M A [ R B I 37 i8¢
FHETIER. T, T ARETHAE SDMA ) LDMA BoAR, SZEL A EEIIX 5 2 H
PR CHEE-REES T MK 2 . EESHE S SREIET, RFET SDMA H
[ AR 55 AN TR A BE O 7, LDMA AT DU T 37 38 BRI — 4 3R AR e [0 AR 55 AR ) £
AFFEE I . LDMA 50 T SDMA == B SERG IR LR HOR S T+ AR e i B A L %
E T 4% 8 5 R FH R T R I B B I B A B U, AR T T BRIE M5 R G A AR R T — o
AR &

The angular domain representation The polar domain representation

K 5.19 mip 4y 2k S5 4 2 hk R

552 JFEIEXRZH (NOMA)

BRI S SRt 1 5 m 8 7 R, (R AACE M BR R« A A7 i E i
SEIN 22 F P A AE AT IF HE DL A2 TG 2 W9 2% b R P BN R oK. X2 Ry, —J71H, Ll
15 R R SR AR IR 23 R SR BRAE P 23 S Bl A 100 AR A 31 58 R HERA BE[178]: 53— T
T, 337 3045 v JE il iy () DR RASE R 2 M A A AT R F VR 5 S R R 2R 454, anR I IE A2 2 4k
F2 N\ (Orthogonal Multiple Access, OMA) FiAR, Hodg K] SCHF I £ 52 IR T 5 A0 % 1)
g, HTIFIERZ 3 A (Non-Orthogonal Multiple Access, NOMA) HARREFLZAH P E
PR RN TE 2 IR (Ui B, 7 8pe . 2 ()RR A5 FFAE D) 3 S sl 38 b X 73 %A
PAE— DT I 4 B0 R FIH NG T TR, 3% NOMA 15 & — M E 8 ) 1 fig
WRIT% . AR —IRAE, IS R R AR RE /1t oy NOMA A5 1 — RVUH Bt i
BRUNP 5.20 R, AAKIIE:

o “MImEBL”EATTINVEE: (Successive Interference Cancellation, SIC) : ALy
NOMA {5, i TR R BT R, mes B~ G ) v L3RS b EE i
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SRR GEF D B s . BT X —Ret, 153 NOMA REfS Seail Aoz $if >
(1) SIC fERSNG T BETH[179]. I FH 7 0T EAE N NOMA 58 1 - e g 6 BRIt P (NOMA
AP BT, RS ECES . 7R NOMA (S HIX LT —AREL I .

o [EEIE NOMA A F4r#&: AHLLAE ST NOMA I f BESsH = o 1%, I L 0%
R AR BE B4 fHE, I3 NOMA v r] LUK AE R — A B2 B A Pk — 25 R4 it
N NOMA H %, LLE & jkb 7 18 F4[179].

o ZITIREEY NOMAEME: W TR REN A e, IRE i M ik
WG S BT RE R TET A AL B N o 56T 3% — ek, AT DATEAS 8 1 3 43 e AR ST 1) il
b, FIFH NOMA HiARNRS SRz, LAt — 0 1 9 46 1) F P 3 N RE J1[180].

_ i R
ERFES | [BRARE
g || St

NOMA NOMA ;
58 Fi FHEA 4t

& 5.20 i35 NOMA BE ¥ it R E K

5.5.3 FTHAPHIRFENEN (URA)
FEN, AR U NE AR B T 2 B i B AL A S R R R N TR R . X

Se P B AR B BOE MR, Bl R B m R AT BT AR . To A AR IRBE LR N
(unsourced random access, URA) [181][182]& — K@ AU K MBRENIEN T % EATA
TEAE R P 3l — B ARG A, I AR A 1 TH B 5 S s U A 5 o, T /R AR
Sty B AR R 2 — B T8 P AR IR T B 81 36 o Bl TV I 47 35 b s 85 B 1 e 4
G35 LA BGE KR MIMO #5028 S UKL R B 80, w] SR A AR A 8 s i P AL Tk
Xid. K, TR URA J7 ZEMGHF—PRE.

5 18 B A A rp D A B AR K, URA S8R 2 Bw i A
77 SR APRAR RS AR . VRS oS B D B, S0 7 SR nE A A i 5, JF S50 B
FIMEIE, MDA EE A TR AN IX — A AR PR T Hii e . B, R Z KREMEET
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FAAE T I B R T SRR SRR, AR IR Ry — A WIS B e, 46/ T RE 0E
e . 358, EA/NRIERAERN, B A T (5 TE R A AT R AR AR I 1 5 15
BT IR TR ANE TEAG TP BREE BAT AT T8 70 ) 330 W A W S5 T RO 45
P, WA T ERETHR ST, R T e

F— I, TIHEIEAE AR AN ER AR, RS RS BT A5
B SEBUER P RRIR I 2 B 7 BRI X — A BRI R R A T8 A AR UL 2E 4T SRR 73 [183],
T AR IITCARBI s, A BT 3R g 5 55 i 2k e

5.61 L RARM EHE

MR T 3.1, RS PR AR PE BR X Ay i s M ) X 4, 1200 5 2 B e 21 3 R
TR AR g NG N . fER R 6G KBS RGP, AT HRBREN RS RERT, &
REMIRI . BB Z AN Z 4 . KR 2L IBA5 55 6G 131 BIAR 75 TR MRS A J5 R 2/ IR
FROGIHR, Bl R R AT T R B B R AT, AT S BUF AR T A 2206 f it ) P 3 o
JUREEE BRI, JRAREE T 3% 177 m00 B SR AN T IS T 6G IR USRS 5] (4
EEB A S/ TCIE RS o BeAh, R RUA U5/ JCUR B 51 (135058 75 00 1 1 A5 b4
AE BB, G FRRE . St LRERE. BER—ARERAREAF RS S
AT A ARFE R SEIAR . TR mURCE SRS 02 J23 350 25 R Ak H A 1 #f FE R
AR 8 77 1

(1) AT RUBCE SRS I BERTE , BEOUBERE 5 3838 15 [ 1841 W] DAY Ay S8 e Rk
641, HBFELEFLRM185]. BT T MI[186]. BB AELM[187] (WK 5.21 Fir) -
Hh H DR AR 71 BT ekl i 4k M E S B 25 B S . TR RS R R 1),
W e LR BB AR L/ T AR AL TT DR B PR TR IS/ TR 4k (i AS RS A R AR S E 250,
H T3040 FH P A T R/ v 4k (R S I 3 X3, R G BETH 77 B35 FR VR i I 3 A A B
B5IEH AP Z EETH . ST TR S G BRI e S/
GBI, A AT LS TRl rh 4k TS 7 SR VO B, 3B T UK D> B/ 4k A 1) CRED
REH . MAh, ToURFEF 5] R etk B A5 1 6t 05 I o KRS TG Y g 37 5 i rpr 4k 2.
() 2 8 P /N T O, O, R M VT AN 75 258 FE i I VR 28 0 3 RO AN B 1) A
I 5 B2 L b 4k 5 R KRBT VR R 51 2 (] AR 3 380 55— 5 THT,  EH T RO A REFE (1
BRI, 2 P 000360 28 e X RS VR R 51 AN sizBe s T4 e AR T CRVR MRS B A& IR B AR AT
RBEFESE MRS, FA T Re S IUAE A P 00 (0 K AT 2 o e T A FE U 12 P BEATL 230 137 55
N5 FERHURETEYE B 51 AT DA (5 5 A R s 2B 70 FH P 0, AT S5 3 B 0 5 P e
SR FOR B B IR AN P E S PERE . BRE, Hh TR ORI RE S AT P 2 e R N T
IABE RS, TE R G R R 75 2 R 1 KOS R R

(2) W4 2 E0E WA ERE, BIERES] (AL &8 KA Y5/ TR IR RS 058 T A
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73 S AERE A A KR o X T4 B AT PR R TE I T, XA AR U7 U R
AN B, SR 3R 73 A1 20HR 28 B A0S B AR S5 R8UE TERASANFD, AT AN R g
A AR AL E o FLk, PR AT NERE T, B ST K P A e 52 HL I R 51 R
MBI a8 ML F, SR R BB RS RS, HLFRA 0 AT R 2/
JEAT AR SSAE TR (P3R5, BRI AT DRSS ORI 28 . 535h, 70 A 3GiE
BALAEE Z IR R R e LB i a8 5 20 2 (0 IR R R S A5 2, AT 3 BUE
IR Z8 TP AN 28 28 FE o B T 20 A S8 e RS s B 31, B b v s 2 o
B 55 M SRR BE B

. itk
HAREPAL g | i GEEE)
1A Uty

J
g..! I
':.:-:---.
J

(2) FBEAE 4K

RS 2, >~ ERHBRES 1

1 I...|
LT e -
B Wl

L . s
B A
oz N2 e S e
e D <4

9 i

Fra v Huh P

(3D HREAE R (4) HREAESEE A
K 5.21 BCUBRE S AR B 5 (DL e R I A8 )

(3) EEILAL AR L [188]. X T GLm b i i e 5 M 2% 028, EE UL H x
e WA T o (A5 5 SR AT, BRPRBERR AL . AR, XTI B s s EE AL B bR
A AFEE 75 WS S 9mEEA, IE/FE AL & SR VR RN 22 18] F  BE AR fE . BRI,
FEIL I AL TR B T, EHIRIE R B S . RESURRIRT L B8 5 5 A LA X 78
o IR A 2 A

BEAN, EBA i S O e, LA VR R T AT I T, B T
FE & iy i s i B IR o =5 FE 2 P ) o341 s & LSS 0 A a4 ke, 5 8 — A
FT iy rh Ak IR A IEEAN, Hoh p gk AE A B R AR E,  AT T AR i
Wi E A T R A R 4R ER B LU R, AEBE AT T Ak 11815 5 8N Il E . BT
Dy kIR IS 2N, B SR AR S, DU A R AR S5 AN R L3 4
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((M)) L%ﬁfn ﬁﬁ”;r, M
£ L g

ﬁﬁ)t'
K 5.22 BT Ak v Al AE 224

5.7 bR HER

MIFHEAC T A K, A BE E R AR AL 2 T @ A O S i, TeiE i TiE g X
W, fEEEMTE BWARE . AR BORIZREE T, B ATAsdER A BB o L&
T X, 55 HME AL MIMO DL i S AR e & () S, A d s R e b T
YERCNTTRE, RIS HARHORTHIAR B8 240 H P DA R AL Ty, R 7EIE . RIS
FARNEA I AR R TR B BT . 378 e bR AL TAE T ) 45

T [F) T 3 (5 TE AR Y B AR v, FRATTRR 220 2 FhE 18 BT REATVAG . FEILA B Fi
FAAE— S mATIETT S B0, KA TR38.901 1 {F E AR A [189]Fxf Hodb AT id 2 1 %, (04
B EESH SR, S fFEianTER. DRET R E RN YA S, i
ITIEGTE L. FEARMEAL I35 AR Y B[R, U35 izt 37 2 6] (1) 7% 224 1n) @t 75 B34 T
W IR AEAL o BT X B AP AR, FRATE ﬁﬁ?L%%ﬁﬁ% ﬁ@é?%jﬁjﬁ)ﬁ%ﬁ@ém
SIESHAH RS TT I 7E . i h AR EcE . BRATORIE . ARG R i A AL 1 5E
DT 5 AR, 7FE ST EE, RAE, JFNEIE L*%*T{E TERA T 1R R T 1M,
FF U FIBEHLE B (Geometry-based Stochastic Channel Model, GBSM) &4 ¥,
Oy TR, THE S ARG, BRI AR UG . BT 1B TR 515 T 7Y (Map-Based Hybrid
Channel Model, MHCM) f& —E#fi € YEAE By BRI Gt &, A — e kit Bt

TR HE MG TEEA (i 208 5715 MHERIAES WK il B S AT E IR IR ,
BAR S NRE IR BRI . fEhn il TAE T, 724 S0P &5 8 @B i p sk
M, MRS S R R R E R EEA S, 2023 4 12 H, S ARAEKAE TR (3rd
Generation Partnership Project, 3GPP)7E RAN#102 4=2Hiliid | A % 7-24GHz {5 1B 15 44 3 5%
ST [14]. 152N 5G Rel-19 BrBUMFRHEMCITH 2 —, 30 H KT TR38.901 H {5 IE
RUbRE, IOREHTAEL . IR REHEFRRRRE AL, TRANIA 5G (BB R HER)
JRIBR A, AR 55 IR B AR R AT RE IR 37 B FH PFAik 75 5K

SlEAETE ORI . AT BORIZREE DT, H ATAR R FH R BOR K BT H P A7
T B, ¥ LRI AR P T F AR T R EEN AL 2 R8RSR %,
BRI G 75 AL TG FE BR T A T R AR T 56 o HrP BT IORIBE B, A% Tz @ E X n] 7E
FAFEGHEAT IR, 56T BRI AR R (1 3 37 3815 rhon] SEE e s SRR, I SR mT [ B PE AR AR A
HH R AR R ORT R B B R AT vt o AR, ORI R AR B v 7R A i T 3 X I
UED

69



FEIHIRR . RIS A fE i 25 BT T . BRI, RIS SRS X
fEIERAL. 454 RIS AR MFF i, BEiT RIS AT XA R R IR . B iEAh . A A
BTSRRI %
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6. L 5RMEARBME

6.1ix3% 5 e fr

TEAE SR8 7, BRI 29 1 B AT O 2 2 B 0 15 5 O B3 AR s, T A A
3R T AR S A B Ay, TSI L BRA 5 03 . ATEZ R i
388125 75 R BRI NS PR 20047 0 (O R 7EBRTET BT O (5B T,
HIBLAEIR s[RI 6L 25 T BERS RN BLA 8, B At FRRHEAT R B 5 G 03 0 DR, PR
BB RIR I, I E RS & AR K 6G MU EBERA.

6.1.1 EHEEA

Y RS
1 R -
Z X emwny X

&

L3

Kl 6.1 iLpfs SN 5 S

(R Py STl R iz sy, FUE SRl P I ATRAE . R P A FHloR&ivin sy, HE

SRR BRI AT R AE . A1~ Bl 45 L 1 25 T 3 ) R R R 80 PR SEARS ff (R A 3 15 5 7R

K 6.1 43 1ilpfs SHAAE G SR A WRIEE 6.1, IRAKMREIL L4k 1 BRI
BRTRAEA B TR m e AR EE R R (1) @5 5 (0 P I AT AR 5 SO AR R 4o
PESRASHI 2L (AOA) ZAHIFIN, B AIZE 7 B~V T A A R B il v 20ik A o o SR A
THAN S A B, 75 2R A I B A 20 25 A T 2IIA I TR 538 R ] 21> R B R OR 2
T2 ANREMA. (2 SR, BT ERE B ATE BT (5 5 RIE U AL U & 7
(0 5 S s B R R MOR ZR A BE o X AEAG BA T T AELRR SRS A A m RO 7 LA L, TS i
PIAEE o

TEN, A T B AR BN A A I RUR N R ER A O AT RE . BAAh, R R
LS MY BEIRA O, X THRARLI R, HLE b =42 m g7 R AFK=
[ 5 i) 2 S B AL A AN [, AT S B0 K I AN T o i A3 HL R A5 5 R S R 2k
ML BAT — R BAGTRAR, IXAEARBA TS A TH A RER LA

71



14

Kl 6.2 i3 e b AR M ARG

FESCHR[190], X T JoMe el e, A2 4 17 AR AR 2E 5 A0 (1) P 440 SR 5 2 ot
K53 S v A B X 8], o TR E X ], AR 34 T AT IR & 7 R4 T Rkt
HaL 1 7 RE AL IR A

HW, o FAs e, Ba e ARE AN T Z R S T Ee ET . SCHR[191]
ToH TR BRI S R Y , 22K BB Bl SV A 2% A EL LI T 1y RUSE 7 S 5 R 1
KRR, AL A TR BT LUS B ok . E[192]70, (E&TFR T A A RIS Al 28
) Ziv-Zakai F 5. AT /REE ) Cramér-Rao R 5t, Ziv-Zakai | FAEARAS e LE X 45t B
SRBLUEM I VERE TN . 83 Ziv-Zakai T A, fEERWILEHMTHRTLLEH] 0.1 & (it
ZEHIN£0.1) .

EAHERIR, WA EBAL T WAL B SH (STEARRS TRl M g s
TR s, JEEAEE 2 — ADNECE fhTE i @i 235/ (Angle of Arrival, AOA) 3K
BT @I RER A (Time of Arrival, TOA) IRTEFE B fhit. SR, ERBEA T
FERERO RS R/REZANMEAN LSS, A SEEEMME, B aRme. 4k
2 e N I m e B BINTIA RS, BallUE 5 A BRI A0 i AR, PRIk v AR A 20 7 BRI O
RFPESG SR e AL, SEIELHE E AL [193 ] AR, WT LU BRI BT (12174 #1 % (Curvature
of Arrival, COA) EL#THHE MBI E, SEHLFRFES [F) I 2 BB AT [, T AN AR
w3 A ST T K45 DOA il BA B A B 5 45 5 AR AL 3K 75 TOA flith, TES& T & S fli it
N JEE (1 ) B S 35 ARSI T A E [ 194]

6.1.2 ET RIS KL A

FET R MIMO R (i @ E FGE A, 772 RE R R R AuEE, Hrha,
A JRIES . ADC %, HAECRRAR . fHELZ R, FT RIS Mg e A a] LA o
R IE R D) A 8 A RE /7, SEI R SE R IE A5 BN B » RIS PRI A K& 1 A
HHHEAT B o mT DORECGE & 19 € AT B (8] (ToF) AT 2 (a5 S, AT A S 0HE YR A7 B 21T R 6 11
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fitith o SEVRANGT R RIS PRI, HBITEANF] H T AR AL HE IR 52 A5 -5 2R i O [ B B o
AT RE(O,0) AT B KL, 3K REOR R A 3 4 1) 7 S Bl AU SR A - (059 AT DA {5 IR EAT 3 2

S o [19510196]

1st source } 2nd source
g’ s f
- Tog” f

1 q | ] v | a

M i1 ) - |
= Y ' (e i} | FPGA
1 - £ r | e Non-Uniformly Periodic
Time Modulation

. M
i 1 1 i
4 ¥ ! S E RF amplifier
n=1 Sub-array N
| fmphhad waves

Receiving antenna +1st harmonics Y,

" Frequency

Kl 6.3 3T RIS LRy St (A ) 1) —4E DOA it n = EI[197]

(R A3 )58 AL S UG T S AR A A VL C & LU s, (B i TR 2 BA R B 2 4
FI R, B TR T RSB, XA R AR 0 B SR R T ESeBR R S, [
WIEH IR Z ) R A . ok, RIHE T Bk s b 4 AR (M S B T 7 VE[198], K 2 4E
A RBFNEFE N T IR— 4 R, IS A ST A BRI S S8l it sksh, &
T RIS (19 H b€ 7 7] AR 35 BRRAE AR A0 B2, i A5 G0 7R 22 2 N JIURAE [¥) DOA flivisisb
— Ao T LAIE I 2 I G R SR A S AR LS B ARAAE S, sl 6.3 B, ORI AR A
e T YA, ST AT 2 A R S R R R s Tl e o 2 AR R, K
2 B S 2 R s 5 .

FERFUME RIS Sl BKAR 225 ML R Gk, BV R AL T RIS Mg X 38, ek ok 14
Bkt AN RIS [ Jo 3 UE 5 R AR B RE M (Angle of Arrival, AoA) AT f#
RGBS S HUs T N A . Rk, R 4kl il i b it T s i S 4
it S, AR o AT,

Hur, O T/ERI 7 RIS #l 2 H P K22 R L& E 8 iH 5 €467 (near
field joint channel estimation and localization, NF-JCEL) J73%:[199]. t/d 6.4 ffiz~, % TLAEAE
LA ER WAL A B AL A R AL b SE B T BT AR A, LUF P 3 RIS bt B T Bk M L BEES
AR AT TE I 25 A TR R, FEARE LT O S AG THA P L B o WF B TE X B B AT — S

TR FERL b, SE¥cit RIS MRS I ZRAE G AT (R T PE, DARES LS Al i 7] B 51 & g
FEBOR s PRI 2 K AR TE R BT T RAFE Toeplitz ¥ 77 256 AR E B AN AR 2, JF 4>
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LT A R B RA . fom, WHFCE A — 4B RAGTHR P BEES, JFARYE LTk
F P 2% 38 (KAl VA5 38 2 H5E B P A B T

6.4 RIS i B A 24 2 1 P 33 7 i R G A 1
el 6.5 iS4 R TR, BRI AL NI BT AR T35 N E 55 RIS &
B A R BE AR S, A BT R ZEIL S 550 TR T2 Tmn e g7 ik . b
IS T AR, T AP I BA M AE BN, AR ZdE D AR, B,
FEIL I3 55 N AT DB A T RO BE R S e H B 2 (1 R RIS A3 244 i A EE %

10°F
5
E= ; =E—Prop Sum-RMSE
810 == Prop RMSE of near UE
- —+—Prop RMSE of far UE
9 =—8B—FF Sum-RMSE
g2 —¥—FF RMSE of near UE
10
= —©—FF RMSE of far UE
i0#

1500 2000 2500 3000 3500 4000
Number of RIS elements

K 6.5 ey ik 2 bl RIS [ o H AR L R
6.1.3 HET AT RS KL% E AL R
To i R MIMO 2 Zi 8 F #6541 43 45 K%t OFDM 155 BEAT I AU I 23 % 26 ol ki (i B
RS, Herbr, 328 7 o i A% 2950 A A5 A [ A 1) 1 BB U R R A BE DT R0 4R ) R AR T AR
[2001[2017, T 37 I8¢ SR i 7 S50 ASE 45 A ] 4312 - BB AR ) SRR BARZE T A% - & 6.6
R TR e 10—, e — 38R ML AT R, BEE TR R,
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66 LG BAZHRK G LB/ FUTURE 7% 4%

AR T BB BRI SR A AR AL B, I HT DOERETE R — 25 i 02 . P i
F A 0 AN F R E , AU 28 AT 38 M AT 38R - 18 6.6 1, TSR ARSI Mty =
30GHz, ik RIS AE7E(10m, 60°) 4k, sy 36GHz, Hik&ik IR IE e 2
(22.99m,46.19°) kb HHUL AT, I3 AR i F8 I R AE 57 R GE h R AN AT BALH o

90
25
60 RAEMIEL,
2 36GHZ
s r = 22.90m
15 6 =46.19°
30
10
A
5 | 30GHZ
r=10m
6 =60°
= 0
AR
Kl 6.6 15371 A #% L =
80
. 100
T1, (5m,859~(80m,85°7) | 60
T2, (30m,-60~(50m,-60°)| i
T3, (3m,60°)~(82m -60°) |
wigse T4, (60m,309~(60m,-30) ‘ - \
N T5, (80m,659~(78m.407)
- | T6, (75m,659~(72m,40%) ‘ 5 , .
= linplEss
20
RS @’—Y ;
59 : N
—{ i Pl \
ﬁ& v 4
S 210 330
Bt —)
Eﬂjﬂﬁi M 240 300

N/ 270
Kl 6.7 v 2 R A S 2 s e R

Wl 6.7 i, 5 IS AERE B BERE HONRE DR AR B — D B2, JE DAL i B A
AR SELR PR ERARL, 7T DA R 2 0 7 U o AR % I8 2 AN i, A A R T Bkl R 458
SEHUR T OTTHE 1 - s e 7 « B, & 6.7 feoR 14 i vl 428 R A A I8 (1) 7= 481
Hrp il E 7 2048 780 PUIE T1 M T2 M ZARIA I EL, MR LG s H R
FRE, IRAAE SN T AT T2 IR AAE [ Bzl ol LABR g N P B H AR ER RS . 28 T3
s T B iy EEAN B B IRV, T AP AR R . I T4 AR B R B AR
o IR FRAE A AT FRAT T BCE HARIIAEE . P TS A1 T6 £ —NE/IN I XSk A fi
¥, XA FITPRAE A CRARAE KA AR, A S 56 55[202].
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NS S FH P AR e 7, B A8 F BT (0 98 T 0 S 2k B (X3 37 ] 5 ORI A2 1R 35
FIR I 7 SEEAT RN U 5 A da, 4R — FMIRE R B L3y F P DR E 53, B s —
P2 RN B BON SR — B R RN B

S A B RGN B BAUE ] — R R — BRI A s L (A Al o T 5
I3 R BE AL A A5 X BUEL AT 1 3o AR AR U0 5 (Mg, Ostare) - » 30 T 1 88 LIS SE 2K (1 UAE
A T B IR &L 5 (Fmig2, Bend) £ A i M mic2 2 91 T Fiin a8 B8 PRSI
B i 1 Pmax 73 1 Ay 32 3 BT 85 22 0 37 S R0 0 L PR /D BRLBS AT B KBS 5 Bt F11Bgng 73
) v T 5 PR A 47 R R L L 8 i R A PR M i /I A JEE o SR i ki A P 30 B T 4 B AR A % 2
WA — R AE S, BT M+ LA B BRI A BB T M Otar A% 5500, 7 i
AN IERER AR LA A] R SR AR R B BT i RS M, B 3 AR A % 32 240
T B 6.7 FRIPIE T4, Praismi@ s M BB P 0 780, 570 A RT3 7 3
(RIBI R S A5y Bkl il R FH 3K A A K B 2R - B A AR AL 37 v 28 SR A 4% 41 J5E 2 3CRI AT
BRI

FEAS B M LRSS R 5, BENGE T BE BRI B RORAE M R
FERE B IRFN S q R AT TP RZ P B o S 1 R AR A A R UL A B
RAEAE AL B 2 (P, Oyrear) b, 30 I U B 0N S8 28 00 OB A A5 7 By R B &0k
(Fmax, Ounear) F o IR 5 vl 5 F AL 3 W] 428 R A SRS RN — IR HUE 5, T M+ 141
B BRI A IR L O yrear , T TEAR B B IB T i TS 2o, T
PR AL L SRALT ] 6.7 IHELIE T1. ZiLH P IS M+ 1780, IR &R
HRFBPIVINR S5t Sl Hevfi i By B K 236 1 3B (M AR DA S 37 v P2 R A A% L 5 2
At E W P R THER, WSy € hr.

JIT et AR 3 T T 4 R S 3 3 78 L T P b MR T R S BRI A T
FRGEIRIIN AT, ROKFEAR T A% Geale 37 5 A 5% AR () 44

6.2 5@ —k{L

6.2.1 MITIRREN BT R EN

ST B AR AR T BN R AR B R R R TR R A () =N B bR . fEAE R
T RN, IX =R FR R EN P R 0 0 Bk T R 2R B B RS « SRR - 1 5 DA SRR R
G SR, RGN H AR T, (55 BBERTHE AL R X = AN Fa bR R AR R 1 258 i
AR, HARIE

o TIREXA A EAMPERIRA: EImRM ARG R, A AR BRI 7 A A )
SR AT A3 I R 28 3 SRR R R G0 B SRR K [ B B 2 AN BN T e 1 [
YFE, CASRELN BRI AL, SR1M, (BRI R G, I KFLE R LIS 5688 A i
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66 LG BAZHRK G LB/ FUTURE 7% 4%

SR ABE B 15 B, S AR I b 5 67 7 S 4 1A 45 5 b TR A B AT 5% 12 [203],
AT T B R G R SIS, KRR T REMRAFE AR . 46, 3585
5 R T RS S B A B3 51 T B R R S a3 . SCHR[204] S T 5
RRAT RS e b PR R Feia 2, R A T s oh i 4R A Ak, S99 5 T 1568 EU B R 2%
BRI SRR AL, R T SCIR205] 0 % B MRS MIMO 753 5 M4
BB, S e S T30 5 R Bk 5 Ut R 2R 0 A4 B DA B 9 S I s 3 B i T X
Feikat.

yt Bix

M RiERL N ElRe
K 6.8 FERHIE MIMO XUkl 37 &K £ 4;

Bk, 57K 6.8 sl KMBIE ARG, M KIERL N BBCREGAR, 1)K
RRERETCEEE N dy S dy . R ZRIEm SHICRNEE . FEHHRR, BirEK
B o RS AL B MR B ANE N (0,7, ,1) « NRERFHE T SR,
£ R ORI T, R HWCR S8R N R w5 808

I(r,0) = R* + 1 —2Rrcos#,
rsin@ } 6.1)
JR*+ 7 —2Rrcos6 |

o(r,0)= arcsin{

BT AU Fisher {5 B[

o))

Forbrw RO ILECIE B LS 5, z REHETHIS AR, Ny NBRAEDIE, WX

L {F) #7118 45 B B s 36 B T AR o B LA, o 4 SRR, B R LR TC KR 3 K,
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VT BN 5 T A R DL PR RS 1 st B 36 B LS R AR T BRI A, iR G T — AN E
1#[205].
1 A%d,sin’ 0

lim CRB, = T ,

Drg_,w 2yL 87°r” cos O

rcos 1 AZd 0 (63)
lim CRB, = 0

Dr . 2yL  8rm'r

rcos6
Horpy R RORAE MR, d RS REFESIRIBE TR, A NE Sk, BAh, %4t
T3 i AT B e 13 B R SR AT BRI O[206].

1 317

C, = , 6.4
© 2yL27*d*M(M* —1)cos’ 0 ©H

Kl 6.9 fE7r 1 Hiuh MIMO T ik 5 AHIZE R d B A A S B 3= 2 7 5 R &R T
AR AR HAT I, BEE REFE TSR M AWIE R, S ms s v hi 8%~ 5k
PAEBCR IR ZE o LAl T AR R B IA AR B ARG 2, TR R FUBAR 12 B T A8 K 3R 15
FARMKISHA T ERE. K 6.10 JRor 7 X 5N, A CHUEE MIMO T8 1K 37 Bk A R 25 o
PR T EREFTTHINR R, 5 4k MUSIC 5%, 1037 Capon BLik#EAT HUEL

i 23 CRB

—o— W AMIEMIMOTIA
—#— ZHMIMOE B
R 42 B 0 | o
= = MIMOE BRI
AH ¥R R T IA AR FRAR

10*

-
S
N

#ESECRB (rad)

2
e

>

1 1 1 1 1 1 1
16 32 64 128 256 512 1024 2048
REBEICH

3
&

=
o
&
[

K 6.9 BT 37 BN I A E e h Se B A
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6G L BAZR K @ B/ FuTURE 735

B2 2% CRB

10%% T ] ]
L —O0—IEHMIMO
N —&—2-D MUSIC
Capon

10%

&

T 10%

e

O

E

L.

& 10

ey

-
(=)
<]

8 16 32 64 128 256
(5T 1o
P 6.10 XUl 37 TR (1 PR 5 s 1 56 20 9

o ZAREERM207): WK 6.11 P, ERGEAARG T, REMIIPRIPIAR
2 LT LIAH R B “ 00887 IR G0 H AR, 1S BUBRIME 5 v 0 22 5 B4R A et H Ao 2 12
FET7 18] BRI REIE B, BERRONAR R L o DRI, 2837 8RN AR e R e AR IO — 4 B R A R
ToVE A AR BN H AR e Bz s R . SR, A& A, AFFREMAE <0
7 KGN H bR, IXEAREN AR H AR AR A B BB 8, iE 6.2 Fros. B,
3 B RE WS R A IR0 b A (i) T BE AT [ 52, SRAT S8 BB ZIR SR 2 . XM 8B
IBEPIREAE BT REVE RS HE TN T — 200 H AR B BON T BE . 23815 RGP, X—JrikmT
FI T 3R Bt T — 3845 A I AR, KM el D A5 T Al T A R 2RI 5 2K

-»

X

Radial
velocity

g
=
<
<
=
=
2
= Transverse
< (I e
velocity
L4

Trajectory .

B 6.11 73z i mn
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/
Radial
velocity;

Antenna array

AAL AR —

1
V Transverse
velocity

yr

Trajectory

K 6.12 337 5 I
6.2.2 LB —AL

JEAG RGN — AL (ISAC) AR T B ANH AR FTC LR 1845 28 XA A8 4 . ISAC %02

T g R A NI A 2 ] PR A A AT 3R =, AT G A B 20T S HLAE SR Rn AT A 2 T] 613
AV RO PMFIVEF o B TR RIS R 51 R K i SBOE B H A, ok {5 A A BB
XA LA, ML G (132 1) 15 38 AL 1) 0T 47 15 0 S ASE[208][209] o 12X 3875 2% 18 LABR TR U
T AN A2 ST T ARFAE , I 1 45 0 R B 930 3 e £ R e

FEIBAS 5 TH, 51288 R T K ke AR B 10 AR5 7 e AN T, T BRI 0 P 30 47 1 SRR
TESEIL T W R IIRE, KR B R P ERF E AL B . XA T H bR P AR R
(5 2hEe, i LB Tt AR BARA P 8. J0k, iy, TEvkIX 43 b4 R s Aol
MR, HP W TRA T BE %, METS T, BS W LURAETEARFMEER, Mk
R B8 XA Rt TS TE M A B, Rt — Dt a R A& mirE Ay,
M I S BR T i 5 H b FE AN BRI, WA RO ong o3 A s S HL R AR K o[RS, 4
KRB FLAZ TE Fi330R B B SR B A1 1 SE AL JEE (1 25 IR0 0 W o b, R RTIE 3 ORI
JSL A LA i [0 A5 5 R A (S e T, AT S B SR B (K A o T T At s s,
NFVEFN RG], BRI AERE B T AAMNIRAE, R B TR m R s

FRATTRE AN B3 3805 GRS B 3 S AT S A A 5 BN = AN A FE A
5 ISAC 7 K FT HLB APk [210].

o ALY B

PR G RIS R AE B AL {5 e LU BE I (06 X057, (BAEIR S, PR
VIZRTE Fiy BESSRI R B4 SR BEHEAT , ORIE R TUIGRIT 8 . A T B P s I 4, FABERR
A2 AE B Bk I 7 R 275 (8] [205]. G 6.13 s, R F B AR X & 2 4%
RS, LRI BAE B AR AR, DU BT B RN k. R I ZR0T aat,
L BBl (1 T RN P P (KRR B, ARJE S BS B /NS ] Y AT AR B AS 13 SR )1 5 LA SR A5
BRAEPAR R R UHAER BRI R, 80 RSG5 B U INE i RB ER, iTA
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6G 3L @ AE K & B/ FuTURE 76 4%

PB4, SRTHEE TS e, At b, R T DU B C L SR A R e, ££
EFIE IR SRS . ATBEIAEEA LAT 2% AR ARG BBt BRI S, [R5 8l Rk RE, A
11 A LT e U0 i) 77 (AR i To 4% 1) v o3 i 95 (206 o

S IRV B 140 I AR R B AT Pz 3 SRR Al S T B b TR AR 51 B T ) A
PEARAY o E T 13U SRR PR 2 I R 5 S AR SK e PR o e e v, g S 30 3 U SR R
SN K T 7 DR R R 0 37 AR R v v 28065 e ) A [l BB TR B B 2R R gt o
Kbk

fE B R B
8
EsE A 1=
Y4 o
I= Y IR
'.'.'iﬁ RS~ B
E% d y wmmu &
il k:i;Fi 2
m :
AR&sE FEIS4 T A
PSRRI

MHEFHE D

B 6.13 A5 4l T 37 S e AN i BT 37 15 s s
o E{EHHIL KN

S D Re AT T A B S B AR s AR VG B R RGN SR . b IR
WA T MU RE B AT H b2 (B AER S T8, AT, BT BENLRRRS I AEAE, MERETEIEA A
SEAFAE o R FH T 28 0 24 BEAL 3R AT A5 JE R A 2 S BT 3 9 488 Ak B0 AT A e (e R [212]. dn
6.13 i, EMRSs BS Tk BRI T HARBEAS 8 2 MO AR, w55 B 4040 HoAth
kY B bl @ IR R E AR BS. Simly T F EAUMII S E, iR T ek
Bk, A BS WA HARIE R A L. R, AR BS M HALTHE B RS
BS, fi% BS iRAEFIX AL E AT ARG E . dhslh, EIRIGIERE RS, 8 A
45 R BRSOV BR AT R E W] SRR EE B RURR AN SE A BN e . 6G IR(E QM B AR
PR AL IHESE, DASCHRR 2 550 10 K R RN s 4% i B B A s TH SRR D Rl & oL i /R
K.
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N TR E AR, R TTIZ B BS SEHLR A I MW AE R, i BS REAEAH
HILERGSHUG T, SLES T AR BRI . (H A2 &2 RB AN S R L . O
PRI R e Hi . fREE BS SRS Z RN, ARMEEEE, SO &%
E L& — > H B vt ) R

® TG IETE 5 RGN

St ISAC, —FBET 7 3R A0 3L 5 R GRS (T 5 b St A4k 15 5 ek den

o BRI, TERUTIEAS R PERERS, 05 R UFMET LA BN . 3 T —ME L RS,
iC 45 B K LR 510 1) ISAC [RIE A 2 ANE (5 P SR BEIRSS,  FEAE Fm 3 DX K n Ja) 1l ) o
T I A R, T UL R SRR SR A M o Ak B ™ B 1 B AR R BRI 5
N T BRI B S TERE, SR FH T R SR B AR A D R B [ e AL E . Sy — T, i
By B 5 A0 R AR A S B T R B b, T B AR S U 0 £ L PR R REAT AT, R
IR SR AE A SN B 8 45 B A5 A ORI X 35 O T P ENEAE S I EERE, — BT SR
R TT 2 R T BRI 43 10 2 R BT, K BEABESIR) 9 2 A7 5, A7 151
BT — AT o SR, I8 TR A A I R HUR, @ 1E P AR AN
HAR I FREFI iz s, T R R AR RN o (R, A 6 A B s T3 A5 5 I
W55 FREAIBCR, AR S S R 2R E, A B8RS 5 R AN e T A

I 32 B VAR T 905 T AR W) AR T o MU AN B I RS 1 A3 37 5o, Bt
R AR HEIE T {5 5 385 RSS (Received Signal Strength) FRITE A7 5 %8 He T 352k i 1] 1) 58
PLATE (ToA A1 TDoA) « - A 0 & Al 1o 515 5 5 8 AN B I 18] 7 52 (4
S YR I AR AT PR, DRI A R R U I PR B2 R A K HLBE MIMO A p 34 . 2T
8 B Ak 1) SRR R R TS A L I I B I BRTHT A G A o AR T 7 BRI I A S A Y
TN 1) S S PRI B0 5 o, EL AR I A8 VA5 5 BUIR R ZR B B 1 A R 2R 110 1 FE R R [RT I
HE T BRI IR0 51 N P IR 2 )R 57 I 22k AR 0 e 4 153 52 e A 42 SR 30347 X 3 P 110 52 7 S
SHE 55 B I EERPEAK . SCHR[213][214158 SIBGAE 1 33 5¢ N BANRIE AL BEA [ 7] 474,
I HINAE A RS 515 58 6 4 SN E SRS B RS9 AH ORI o SCER[213] R ik — P IR AIE T
3800 R 2 ALK IR SRS 2 (4R TH 5
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66 L % B R R & BB/ FuTURE 78 7%

0.10 = - = T m—— =
Standard d t y
0.08 1
E 0.06 Standard deviat
------------- L dntuluntulutiutn, dstatateietatad, sttt J
go00a7
Bias in y
0.02 4
000 B - -— -

Standard deviation in SNR

SRNEFE: TS e ]

0 20 40 60 B0 100
Number of subcarriers

K 6.14 Ui BRI SR, AR 515 501 T 1AL A 213]
6.3 5 kiR 6k

Tghe AL (WPTEORBEY LALLM T AV B &, £ 6G 5HECM I AR
A EERN AT A LR R R RT3 5 A BRI B AR, TE 6G
L, &I BRI AR RIS H S AME 5 0 fe A 2% B Rl B IS a8 A TRl AT K L s il
AR [215]. SRR, o o e B 0 A 4% 8 BE s A R AR U B 0 1 45 W A% 1 A
Hrod AE 7S H b DX S R LTS e, AR OR TR R R AR SR AR TR T R Y R AT R
6.3.1 HEIEN X WPT

B 5G/6G 15 BRI PO JE, R e B % (BInFHL. A K
AR BeAR KA ) AN AR RER], XS T Z0m TR s, B aEIE
HERIFE Bk . TCLRAE BAEH (Wireless Power Transfer, WPT) H{AR NiX 67 5) B4 (K178 L
) REER AL 15 (A o LR, ] DAAE DRIIE i RCRr 218 1 1Y) [ I i e 4 2% B R I FL T4k ik, R
Aty RIEHET LA S, AR S AT HEOR . AT WPT B E 2R
BERER . R ER . R AR I S 216, o () e AR ST 30 WPT IR AT % F R AT R 3
R, WA BARIRTE R RE B A F DY REREAT AR R ¥, BTAEAR 2 iy WPT 77 30
ORI . EH B Z . SR REESNH. £ WPT 240, HES XRS5
(s T e T A SN AR, AT E 5 420 ELIBR P ARt S rh 8 o3 SR T AN TR IR 1 4% 5 3 5%
o [, R ERE AT IR (5 BATRE B E A, Rk WPT BRG] 5B ahiifE 4,
T 7F B4 663815 ( Simultaneous Wireless Information and Power Transmission, SWIPT) &4k,
FER KR fo AU 8 (¥ R FH 221 7]
(1) R4tuiseit

PTG S 20 WPT (4 L E B — MRORT I SR 2, Herh I e Th % A% % (Microwave Power
Transfer, MPT) A AN 52 KNG BLEL I, (34 KA TAE o SRGEI RS ot ol R R 26 S LR 57,
NPT R LG O B R G55 [218], M@ B o ISR A8 T RGiMERE . W
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TR FE T Dy F R A L 2 PT84, R RS IR SR e A, 7 e 1 R S0 R e
N R, M SEBX FRRE IR . R AR AL AR 46 B () R G R 4%[207], AT
KA B AL A R R 2y S B E R G g AR T R A,
TS X R A DR S £ U A S T R T B e D U A T s B e i ) T S R T
BETARYE Bk 5RO 5 R SIS 42 . &Fxd WPT 335 b RDp B BRIk, vl 7E8
R TC TR, AR R BRI . W 6.15 fe7x T K F ml g F il 2 0 o
L E N eI 78 F R G s = B [220]

.
~ Receiving Pad
~ and Cellphone

B 6.15 35T T 45 R0 2R 1 10 120365 9719 8 T 340 76 L R 46[220]

(2) Ao

N T AR 7 P9 o R e AL B K E R EEAT AR R, TR BRI TR AR LR e e A A
ZHTHR 0 E AR DR 555 v e 28 Y AR IR Iz S RRE B, SRR TR R T LUK R LT R B B
VO Y, IR B e R RO, RN RO T R K DA B R ERNAERE T 24
Hbx, WArgEAT 26 Rt SRl SR SR e Be[221]. BEAN, WIR A TCATSY
U PR 400 1) Al B R B R il R b SRR R S KM VS B S o = MR Bz . ]
6.16 Fi7~, BT DUFE/R BRI B BATHARE S 1 B AR, BRI T 7E il R AL 1 A2 LT
A BT 7, AIH 2 H bx WPT o —4E/E Y 78 28 = 4E[222]. ATH APk
A 5A A5 IR ER) Airy SR Pearcy AR SFRFIABA, £ DUSE/RBOR KA Bt —20 B
A HE AR, AR EETT RRASY SEEL WPT HIRE 11[223].

Receiving targets

6.16 JE T VI ZE /R SLHL L Hbr WPT RGEHI/RE K [224]
(3) #Hellim i it
WPT F 48 G 5 A S im e, A BER R SRR B1, - B 2 Ao 3% i ke s
I A A oK 1) LB B R R AT R [225] . BR T AE R R B E LTI RE R R S R E AL, BT

84



66 3 %W R AR G Z B/ FuTURE 76 7%

XF E AR BE BT LR RE B HE (Wireless Energy Harvesting, WEH) . [i# /i) H.
WA M AN I R0 7 52226, 8 RITTT R BELE AT vh ) R B RE RBOR %2, WEH R
PR T 3 G A Jo 2 55 FH HBL A0 1) LV BE 0 B2 3 )V R TERRICRE B R R RS, I
i e B B LN BB R, R AT IR B AT AR A . AN RGO 1R
6.17 iz~ B8 E| HARMBEHIEAEAE KBHAE . WUBE . #ABeSE K& B ARRRUE, K i iRe a5 =
fib R AT IR & B USSR Uy WEH 4R 0L 58 £ AT e

i e S ey S
IO CR R NI TS |
i A eoe l E|_>§ 8_, BB B ZS i
E Bk WIFI : E BT B E
i L ' |
PR (@R
E £ AEEE i i R BERETEARE i

K 6.17 LLREREIUIE RGHER]

N T BRI A G RE R, PROR 2 MR AT RES R 2 B 3 e s A, R AT XA
(7 A% A PR P B e HEAT AR A o 5 ) P PR S T PRI A B e, T ik — 5 40 JR X SR N
S AR AR R NE S AR A AN B , AT AN [0 L e Ty 1) 1) L R e et AT A TR 227
X NE FRD o S B A L Bt 5 S HEAT 22 BB BETE s IF LR A AR R Th FRJE BT e R RE R
R ([228][229]. KIRWUE R T 5 B BB HT A S i, WHE— PR B UK T,
6.18 T RS AR R T ST 1/ . XUBEE « TENSS A IR AU DA S BB TR
FELFRE A BRI A B ik BE[2301]

Am=
(R

pC-
DC
o Iy Chip
Capacitor
Metasurface with Via-free unit ,Chip
Integrated Diodes {DCH Inductor

P 6.18 Byt ke & I 45 4 7 i
(4) Thaeh e—i%ReE s
LRGSR T 5 RER A, B TTINEAE S, R BB PR Th REREAT 45 5 W i R A
(SWIPT) R4t, XXt T ARKIMEIRIIFE XAR L. £ SWIPT M, HEGRSELE
i BB S RIDIRE, RIS =& A I T, X0 RGHER WO I BA
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TR, Ak, CAAERN BLE B RMER RS LA HIRE RS, o4t bR A #UR
WAE R[229S R 2SR A A [ 4 FE X R R AT 0 A

T SEBUAL RE HIEETIRE. WK 6.19 73 7 Dy dk T3 73 S [23 11 5 AL 70 4R [232] 19 SWIPT
Gt, 6N [ T g F R AR S EL R . S R R R R R L A SR T Th AR O
KMV, TR LS (S B M RE R I, 8 RGREIREREEAL .

Kl 6.19 T () HiENE. (b ML ERIEREIESE RS

6.3.2 JLiE3 SWIPT

bR 75 BB AN, BRSSO TRE BfLid . G TTL% L4 (WPT) f#
IS S Re R, W LONRIIFE & IR b B . EER LI, TUREE R A, B3
NBEHNA ISAC S5 & FERSE T, WPT C 2 T AR&ME, A m BB,
VER— T B F IR, I3 [0 To e 45 B AN B 4 (SWIPT) AT LA [RIH T 25 % o $c
AL Fye Horf, 5 BT BRI AT DUOE S i 1 D) 4 5 3 4 e 1 5 i AT [233] . BB

Be ALt THRR 7O S R B R R TR, TR R R 1 RS Bah ik
AUEFIE. I, SWIPT AW /MRS & A AT WA RN H -

BINKZHONA TAEMEIE TInpeim il s, EART A< UL Fa iR & 1E
RGP RN AR I Rz 7 F 1 [234] X RS E MR B E g 5, B el REAL T IR B
BS LA X4, I SBOEE R TH R BAARY, STR[234] PR T —AN
MR, BE T AR BN, Y3 T B o A8 (DFT) 1imd ORI 72 18] £
FEIZ M P AL, 1 P TR 2 2k B ISR KSR, 55— 07, XFEL)
MR AT U T P25, Wi S BUR G710 SWIPT #1155 .

SCHR[233], HEE T —FEIN SR, BOMRA LS ALY SWIPT, Horh g sl
(EH) A& MRS (ID) FEHCas 70 i Ar T8 KRS 51 BS fI iz A i X 8.  Bdoki,
M T E T — MR L E 1D AR BS BH IR MA R T, @ BAE BS B
SR AN T 3 5y B Rdse KA T EH Bl A SOk 1y AL T2 o 4 1 il pax AN D AR i)
B, BRSO RS, R e AR R BRI K T 5 VE R SR AR A
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E KA 25 38 45 B RIS 3845 9 SWIPT SR, e Jall f xR R 21 R 2k 10 22 Jk i/ 2
RIS IR AF T, AR TE BB AU 43 RIS m O IR R AZ I B L. 25T, BT
BOF DRI A0, ATy X AT A P BE[235]. TR KR 2Z i85 RIS @511 SWIPT
BOR, 45 RFR S0 AR h T Rl B RIS AR BT DA 2 RGP R AR RE . B KRS
FURER IR, A 24 15 TE AR B A0 R 3 BRI R AR DO, 2 B4 G IR R B4 S Ty
BT BFWIERETAEHEAT, FHEMBCRILA /RIS 454 Tha 5B XA fe
G BAERT UG NT, MR IDRE . S PERel SWIPT R%:.

Power « ))
Transfer é

Power
Transfer

Information
Transmission

& 6.20 i3y SWIPT

633 £RE SWIPT

b AR R R, B 5 0K TR R R 4 PR oo 1) 4 JEL R R T AT DS I 82 1 R 2k
LR, AT EA 9K 1 R ER IR 8 1[236]. AR —S SWIPT R4, 787 FIH RS 1%
FEREE, XTRER A PRIl KM RE R IRAE, XHE B P SEELER KT bR, AT G FROE I
SWIPT HITEREMRPR, X524 8 SWIPT HIA%E[237].

X ain g iEE S, SRR T — AR S LA B, R Rk ) PR i
WA AE KT REFEFIFLAT . BT FEM R BL, U35 f5 TE AL R H —Fr el 2=

MZBUEIT V1+x =1+x/2-x"/8+0 (x*) K47 Fi1k[238]. EXFT SWIPT, Ae&

AR KM AL T AR W ST A AL X3, 3 T R B AR TT I 37 15 38 19 3R 22 2 BRI
SWIPT [TERE. PRI, 5 2R SEIIAS i 1) A TE A 7R [239]:

iK'Z eirrH pll N i T 1 i
G(r,s)= 2 ) || (13—pp )+—(I3—3pp )+ —2(13—3pp )
z |l pl xllpll (xllpl)

Horfrs sl RS KR AN IR m RO BAR RS, p=T—S o J5 PITIR R Tt

B, RAEEMRIER AT 8, 2 UANBAK AR B AME T LU o 1T — 000 S T8,
I AR FE VR R X AE R EE T ER AL L, A2 58— TUhat— 2Bkl o
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120

—— Electromagnetic channel

—-===Fresnel approximation based channel-2nd
-~ Fresnel approximation based channel-1Ist | |

(=1
=]

Harvested RF Energy (mW)
'S o @
o o o

ny
=1

1 1.5 2 2.5 3 3.5 4
Distance (m)

K 6.21 48 WPT[237]

SCHR[237IHERE T — MK 1.5m 58 0.5m (14 SR, BRLAe R H A7 T 3% gl 2 i
iz b AWK 621 R LUEH, AR RGBT N ar IR 2 2 (REE. MG
BORSHLRIBE SN, FEERIE AL T I (5 A AR 228 RN, AT SR A5 H A —
FER WPT P

Electromagnetic Combiner at users  Recovered
wave ymbols

€xn
Yk
%ﬂ WK-JKH Energy

harvesting

4 N X

Transmitted
symbols Beamforming

for DU,

X a6 —

: Beamforming | °

for DUy

Xy

O (s)

—ah

Xen Or4(s)

: Beamforming
\_ for EU, y
—
Xesr 6;.;(s)
Beamforming

for EU.

nK +1

S 3
Electromagnetic F

wave

YL Ener;
'/,;[+LYK+L harves%iig

R

K 6.23 ZH 45 SWIPT[237]

X2 - SWIPT 5, 7 ZERTWUR ML 4 B R ) R b AT R O B s TSR sl 42 5
SWIPT, GG IIRIE . AL AR T7 7). T L5 5 AN R F 45 B i fE re &
JURR AT RESRAE, TEA5 B A AR ATREIERS, DLW 2B 5 AT WPT [a] (AU . SCk[237]H %
BT —/ 4K SWIPT R4, HPRMHAMZAMGEER 7. feEH #4174 BRI,
BARRUL, Wik 7 — MR, e Re R P R R R TR R ETIR N, & E RS
IR . O T RO AN IR LA ), BT AR AR T BRI SR E TR T A B AR
UES

6.4 MEERE

6.4.1 THWEERELHEETT

ERGAGES, HTRLEER) R, L&ES#RE T HHBTN, BEOEEEG
# (Eavesdropper, Eve) Gilr. JfEPIX—m @, #50N Rigt 793 2% 4 (Physical Layer
Security, PLS) #&. PLS RefR|H LA G E MR E (#0305, WS & mfERl
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ZEFEPE) RIGSRIBAE 24, TG 7 R 28 A AL AV E B, SRED TR A L . Y
BZRIMARH SEEIE . s EE =R,

N T 6G 2% [ UL _E SR 80 AR 7R, 22K (mmWave) K ##%4 (THz)
A KRR Z 3 A 24 (UM-MIMO) S8 X BRI U S AL, SR 11X SRR A A
TR I AN B i RO R, KRR IR 2 B 51 ) 8 B e Wl /N A PR 8 P R0 8 2 S 1 B A B
25, AT 37 96 B R OR S, PR e T 26 435 A2 3 3 XS it L a8 A2 A

it P BB A DN [X 23328 37 AN I A Ha RO S SRR e » 308 B o e M LS AR AR A R B AR S
WP ARSI EAE B PR NI, AR ST T R B A G, e 5L
RUORE, AR ASE AL S R B 2 [va) B 5 BRIV R 7R o A SRR o2k A5 18 RISz 17 37 55t ra o £ D F
T 5 AR Y [240], KR T I738 (5 2 MR I it ok i 2 et ot . mdnh, e
FALT IS GIE 7 Z A, A58 5 Ak EIE A M B b Ao, sERAX b ik,
Yyt AR T EM T Gk R R W 2 18] ) 22 S . 308 15 1Y) HELE ( Electromagnetic,
EM) A4k ER T B (FE A HER [241], 5T IR A, BRI BAL RS T Hlds
HIT7 AN BE B PIRAE S, A3 RERE S I BOR AL 06 AR T B dr S A A0S 8 m CRIBEARERD
PRIE, T3 IE 5T AR BB IX B4R 5, SRBLTC LRI 2% SRS A (K45 5 1 s A T 0 B

Eaﬁesdropper 0 4/%‘7/1
//' TN ( \\ <
(

\ \ E € /

' \
av rop/p)%r

\ S \ & ’ /\ . Eavesdroppé\
( J | L~/ FA Spherical |\ . \
') 7 Favesd \
S / L B wave ayvesaropper \ \
) ¥ ) ! \\ () \

\\' Legitimate use1/7
. Y

Eavesdropper ——

K621 Irinel = %4
CL A W TE T 408 R 2% M FH B T 904 45 T A 20 o ) P 2 4 P2 R M 5l 15 22 42 [242],  (HAET X
MIMO P45 [ ER B U R SR EETT =P T A 2 o A, ids MIMO J815 b ) R R 42
W51 A4 807 B RO R A R I i T BRI A, BRI T R R AR R i K MIMLO [ 2% £
PR RETT R TR E . R RN, A — Mo i 2 e mte e,
XAFAETAE R T B O 8T Bk i) ] 7 2 il 5 2 . W& LT 1P A
FLuli Z [A)I, 7T R — FhoRe R 0 2 TR A R B SR 1) 22 A R R BRI R
SPREEREIIT A . CABETCRET, BME W I L aE P SRR Sk uh, i s thag it
— R 7 I E AR [243]). (R PLS M5, HzelE ke EEBL T S

FVEM P R ES, WA G 5 3t 2 A R PR

&9



6.4.2 RIS FBNEGWE R Z &Mt

H T S S GRIBA T X S 7 DA R B BR AR AR (KR I, AR R B R R (RIS) %l
BhTC A5 I M RE 3 25 2 IR . 5 8 3 RIS P A3 25 1E LL T SR S oc AN F 77, 3400 RIS
BTN BORT DA RO SR AN IBRAR B ) 527, R 4% 4t RIS 1] K RURE RIS (Extremely
Large-Scale RIS, XL-RIS) it . XL-RIS flid 5 RS 5 5 W L 7 5, J 24k 5 i 2
XL-RIS 8 XL-RIS 2#icn SR B /N T-H FIEE RS, XL-RIS SV TCLIE1E KRG RCNIEY)
A RGt[245].

TEILERARORAE RS, MUV 5 G 3Eaom i T 17— f 2 I8 R i e, &
G PR IE MR RCBAS 1 2 . IT%I81E RS EA MRS A B, ke s [ f
DMEAF R RS RAAE LRI R W] USRS IE IR RS RE % . SCHR[246]0F 78 T XL-RIS 4
BhIIE S REMOEIE RS0, i Ak Bk IR A Tgm A% A XL-RIS 15 REGHERE, $27+HiE8
IS RG MRS AR o A% TR I — B0 TR SOE 5 R R AR Z R A BOR SR
F= A IR R ol T AR B AL REE RS 7y, 30 XL-RIS Hi B i b ) OB TE AT
Wt IEAS . ] 6.22 R R T BORGEST IIH— LI B, XL-RIS A T-44% (0, 00 &b, #TEA
RILPB A e et 0T Willie, 4SR50 R B & 7EBI0H Bob Ak R LRG0T IR 0T LA JE 2
XL-RIS B2 /7 245, NOMA R4 UL i 1 W o 2 2 4 2%

1
5XL-RIS{HEE & (m)

K 6.22 377 Gt

6.5ETIEFHHK OAM

TELIB 5 BORIE I LB IR . MRS AHAL AR SR BERARBE B, B2kshE
AR TIA4E 8, A LLSe IR R 4871 . Bl fzh& (Orbital Angular
Momentum, OAM) {ETHi ) F— AR SEE R R EAR, BA AR T b &zl
BPERT, BOWRER TP RG24k AT AR R AR 4 B B E o i B e B AR
W, WA R, IRIHRgike
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6.5.1 HIEANESRIRREK

OAM S35 8 T 1 o)) 5 (1) LR [ DB, 577 OAM 11 FELRIZ I8 v R )y e e P Rk
(TERRIATERD [247]. 58 HFHEIEAHE, RiE A SR oA AR AL T, Il il
WA L AR T 1 RSP AT AE R (PR A BEAS) (X 43« BRIE b, BRI #53 ( OAM
G5 LR EIEZ RS, STV B i R) . 456, WA 55 e i AR B A
PR EAE A B2 U H 5 1 2 HLIB AR e el o e BEAR PRI 100, FETCZRiBAE . Bt S5 4R
677 T AR It B FE I TR N 1A

OAM X AH A 77 0] b 1) 23 [ BE VR EAT X 43, R UEIBOR RS2, Tof 2 2RI SE3 LOS
S 18 N 0w [ PR 25 1) S R A S, AR AT LOS 1538 T 5 H M B 22 BR 198 . OAM @
IR R S B A, RIS 2 1 R R v, LA 1A P ) T
S A Y P 1 B 7/ N ol A s /W o O = i 7/ P ST D W E I Rt i K =7 o O i /R AT L T

OAM HARTE AR TG LB h A T Rl (R F A 5. OAM IS PESE F T JE 4R Tl
FRBERE, SIS RO B e R 1 TO 2R A, A AR RO A B B A R 1, 48 g D 245
HRE M RIGIE . OAM HAA s R, sell mudl i sc B, ) DL SCRBC7 2R AR IR 2 g
AEHA 6G Hibpsn. M4k, OAM W] LI T iteh o5 il 0 5% o B 5 B FH P el o o SR i A%
. TR OAM BURATLAFE 7 FIH] LOS (5 TE i m H L, I 2 A2 i
OAM BiZs Hi4lt. OAM FY R B IE & il (s, BT Shi I3 4 R A i 26 B R 42 T
] 5 = A EAT 45 A R ARk OAM BRI — AN K s

AT 7 A S R RIS R IR L SRR S ) FE AL o T S B 16 T R R R AH %o 8
(¥ e (Forp j NMBHCRAT, [RGB, ORI MR, A4
B IV ARIEREF (Uniform Circular Array, UCA) Bitf UCA #E4T & FIARAL 5 RS, 1)
7775 R R REAHAIAR « REGRES . AR BRI S Rk B bR . Mi7ERE
Yoo, T I 5  S it N PR BN ke B AT SRR, A TR U RS A AT A I, T R A
TR R 1) 2 18] 7 67 A4S OAM ASAS I 1) T F P8 L AR 06 2R, ) FEL v A 4 J5 6L
RFEEEL, XA BEN ) OAM RS REFEAT BT
6.5.2 IRIRIHIIES A

PR IR BTl R AR5, BRI S U RIS 2 2 %t LOS (5184 Rk Fem, il
S IEAE M . I i h 2 AR R0 W R AR, SEAFHBRIE OAM RS R IEAS TE, JHAR
WY, ST SU I MU 97 F8, CRF 2 Al P R

P B8 1) T SR B AT B S P R R R M7 B 8 7 PR A A B2 PR, ) A 30 4 [X 3 Py
R T U A TR o D B R LA A ot R P 3 i ARV 18 OAML BF 9 01 B2 FH 1)
REEFAR . At TR TOAT SR TR i AL IR 3 AT SR g 5 T e ik
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ATl NI SEEUE — € & FR B0 B N R A AT SRR PR R e 1T JEfT S R 55 T e 8 14
VR ARy R 2%, D AR AE 75 BER LR 51 BB R T XA R A A ST MRS 20 A A R
K

SR (V) TEATT S I SRCEL ARG DU ZE JR I K (Bessel Beam) . 3 HLUE AU (Airy Beam). & E iR
(Mathieu Beam)=5, A iy UUFE /R IR B 5 R EAT i BeRe 08, 110 A I AT AR 8 ARAE A th vl
I AL R R 5 R AN L 45 5 T TERT S I e . 18] 6.23 Jois 1 HIE I Y e ke R i, J
REWE B S ARAL RIS s, PR AR HETCATSY Bessel i BRI R I £ BT [248]. AT LAE 2K TS AT
SHBOR 5AEGEH OAM BORAMES &, (LI X ] LA REms A, AT BE 4 SEBLR ]

@ s e @ O .
Feed Horn : ; 5 : Fesd Hom
0.5m . i .
L

D &anciqalm? pistance=2m! Distance=2.5m 1d8) Distance=1m: pistanse=2m Distance=2.5m (d;l
E : [ GEI
(/;‘ (6/ ) G |
N )W i(J')L L) JE

8)

[DIe:;.) IDe:éJ

Kl 6.23 (a) W OAM Y (b) JofiT4f Bessel i iei R 705 L KI[248]

6.5.3 RREHIEEE OAM Il

B SRS OAM e Il & BR8N 32 AT 78 ) 38 2E0R A, B OAM Ui T5 2%
I AR SRAFEBEATFR U, AR RAE EAR RN, X N 58 B AR RN B2y FUARREE,
Kl 6.24 [l SRR RAFLGE W] LU JOREA [A] OAM BLZS Z IR I IEAS P, &R 73 1
TEPTREMS I OAM RAZS 2 18] F5 BEAH 22— 2 % . Bbhbh, BT REEAEFE I 04T, 72
PN AR A2 564 RSB OAM ISR I [250] . 127 VAT R TER: OAM B HIHEL
TG OFERE T RESR A IR, T AT DR SR AOFERE T RE SR AR T3 CInag AE 0, e/ 3
20, B BE S B TR GI . KRORIEE T OAM SR AT 7 R0 B A SE BT B

(a) ¥ Whole circular (b) vl
| aperture I 1/P circular
eall + / o _: aperture
- | -
N 9 e
/\IP’ l N i 7 ! 2r
| |
/ | \ M / | PM
/ | \ I :
|
— e e e e s — e et e e =
ot L =3 o {r e
\ | ! \ I I
0 : / \ : /
\ | / A I 4
N 4 N >
| |
‘(}_l_,@“ S
| eee I
| I
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K624 (a) BBOBREHBEWTINES (b) #7 DEREEROT 7R 2 E[249]

6.6ET Al HIiLi@E S

6.6.1 ETITF@EERIESGEEEM

N T BT TC A AF (A Ha 24 DL R 78 40 R FH e #s R TE B RE 7, 4 S 06 1 258 Sk
ITRHEFREL, 15 BIAHCHE UE R, R R ME UG B @ T 78 (5 & 284, mTL
SUE S SRR . SERMEEANFSET, BT E e SCREREN, RFE
137 (S T8 2 FE B A R S i i B W AR 1 U AT B IR .

. Joint Design for JSCC Joint Design for Edge Inference

E ; ; , Near-fiel
ear-field \I/ N

Multimodal p*{ Channel 5 Lok

Signals

Semantic Channel : Channel Semantic ()
DD ice 1 Encoding Encoding . Decoding Decoding Server
evice

GDeVice 2 GDeviceN / Machine Sheeth
Translation, Recognition
Goal: Signals Tasks |——
CITOrS Ground

Recovery
y Truth

€ITors

Objective: ‘ y =X

K 6.25 T il s (s SGE1E 280
6.6.2 ET T3l E KBRS 44
B JE AN T IO S M RS 2 S R G, N TR P B BRSSP e
Rl 1 T LA AR A T SRS B R R B 2 SR, R A B RA B, SR AR 2 1Y
JRIFBIBEAS 5 SRR AT S o B RE B R RR il (8] (5 8 I I (5, DRI 75 S i e
T IR 2] R G AY , MATTT J 573 T 1T 47708 15 IR 27 =1 JR G 1) fie B RN 28
R, R A A A A 27 21 (0 2 HOR IR AT BRI A0 B L T
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Local
Model =
Update i

Client 1 Client 2 Client N

B 6.26 3T I3 15 HBEHS 2 5] 424

6.6.3 FT Al Wil % BRI

SENRES BHIAE (6G) R G HAT KSR 2 [ 51 R oo AR 1) S R e a3, B T i
TR XA TAE . FE R SRS, fE G dE T8 Al 25 AL IOLU SRR T 7 v 2 HH Bk o 43 2/
RAEIG, SFEOE ARG &5 AR O 7 BRI R SR AR S i R 2, WLAER
28 S B T T B S 5% P VR A5 A FTS SAE , TE 2% BE A of S [RS8 3 B A 5t I AN TR (R A
HET SEI T8 R R 20185 RA NN R AR o BEX B T SE 23 (VR SR Wit A4 757%
SR P A B A ST A SR AR 0 B SRR T R R SO R T B RS S % AL R - bt
i BRI T 2 (WMMSED J5 72 SR A e (K4 B WORTRE 2%, A8 A LA b N B
T AT AT I AR 35 VR B VR R TR I 4 R ORI 3% o AR, BT AR ek
JPERIE S B8 BRI ST E T R AR 5 A5 TE PR B AR A g ) &5 1) L. gtk T
LA R 6.27 (Fo) BB ML 5875 B AR B R o Eedn, IREESRAL 2] (Deep
Reinforcement Learning, DRL) i AEHS S 15 FREE A8 B ARSI 25 A5 BAE il T
B4, A LARRAE G T 8. W0 6.27(4)FTR, DRL J7ikBeis KiE 154 ik i%
AR 8] HL B9 1A 2] WMMSE AL 7572 90% (KT AE[251]
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6G L BAZR K @ B/ FuTURE 735

JHP B A BT RS IAR rate 5 DRLUR s A rate i L

®

rate(bps/Hz)

—— WMMSER f# ) i it 4§ 7= AR rate
2r — AP A G4 rate 1

— DRLKf# 44 rate

EBe

AR

E e

0 L L L L L s L L s
0 10 20 30 40 50 60 70 80 9 100
B

B 6.27 IS RSO MO () PR RERTELES )
6.7353%5 i L IELiEfE

6.7.1 ET R ER&H R ERLBER

Bt R S (5 ST R B, A5 RGN R R ERIEY. F ERERE
SERRAES T B R ER G5 M, BA /N AR 15 BRI [R5 i B BB B RO R K
TR AR P SR, RAES R P B RE &S5 BRI TAT IR . B0 RO 6G 1S RGP
K H B 224518, (100 GHz 3 10 THz) , REHIWIER RS KRG8/, XA v ERE
SIS R RS, AR AR R E LS RGHR AL T ATAT M, ARE TAE S
ERAAMMURFR & 7 BIRAERER, RN KRS T RGEMERE, By ERERAR R
6G A AUk AR B B AW S| SR 5T 1)

Fr BB R A 6.28 By RETAMI[252]. FER S, WHIE T2 TR
#(PA) JOKJE B BRI 250 Ballui i) i B R BB T RIS SR 4 IR 5
JOR# (LNA) BEATARMEFSHOR, @ m el R, R 2Rl M. CKs
fRAHEA S5 . RIRAE REMBCRNLZ RIEE SN, BTk 4 o 26qiC. S A i
BAE T B RS BT REEAEARL T R 2.

Transmitter Receiver
Antenna Antenna
Input
Data
Power >
—>»| Modulator [—» ’ LNA »  Pre-Amp —» Detector
Amplifier

T

Carrier in GHz

K 6.28 & A Ll 5 RGHER[252]
SCERI2531H, BFFE N LB T RE S T4 B0R, R AP I v RS n i an ] 6.29 Bk,
T A A A S A R 2% (Network-on-Chip, NOC) J&@{5. th4h, @t 0l drdde it
T dt 285 ) SR A 28 EAG ) FRL B (Electromagnetic Band Gap, EBG) 454 7] L
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Fr TR JC 2 BE S ) BEAA R BE[254] . O W SR IE S Al S AR R BRI Sl 15, $2 1 T —
Foft FH P A TE A K AR 24 T bRk, HORSE /N HL AR A R AR =, KO R
R 7 REEEAR T 5| AR FE[255] -

K] 6.29 Fr N RLHEA[253]

! Undriven

*‘element

; 1pm

- iq--------’ﬁ--p

S10:=4) Driven
element

=

Dor |

- -

*' U'OZHm L] ii..- i"‘"]’ort

Si0, (2. =4)

Lumped

i lpm i
1!
SN

e e

Ground plane

K 6.30 HEH FLH TR [257]

LA T T RELEE RGN LRGN, 4RZHEREETRE T 2[256]. (EARErESE
T2, feaet e A B R (KA A e RO R A IR, S BOK St SR e 2 5 0
DG LR L, RSN AR T LR A ROR AR ST R K i Bl R P R R
FREAREAKPBERE IR BBCRE, W& 6.30 i, I 225 GHz f Eiil
ferh, SR T AR T 1R 50 R T R A, S0 T (32 S R AR R R I L4 5 R R
B RR[257]. WAFE LA T GaN T2, f£ SiC #f i _Lli&E Kfisa iy BoREk, nl&l 6.31
Ji, W5 GaN MMIC & 7 sEBL EAagEmk, i — D4R m R AR 23 G 25 [258].
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K 6.31 #T GaN LEM A ERE[258]

Fi RG] LA RN B 4% BT R A 2 AN filn, L BE 28367 f1is
W BN R ZG T LU I 5 R AR B S, e wT LS 2 MR IRGE —i, E AN RS0 —i8
IR NMR G L TS . I B REHR I TC &ttt R 5 28 6G A2 S
(RIVEEAR S0 2T R
6.7.2 ETF=4HSCHKF ELLER

SRS 1R SR AESN T R G0 1 I, W] LATE Rl —Heth B Se I SE 2 1 TR . SR
SOC (¥ Btk ANl AR THI I — e Pk, LLn B AR IhRe R 2R AWM T 2H
AME LB S BRI RERR LS . O T R IXse gk, I IER 6G IBAE MR, RN Rfe
T EYEESS EOR, AT R RS A HERAE — R = AR5, RS RGN
J¥.

SR, Y HE S BOR 5 B 25 O 18 ) ELIBG I R, I 0 [ B SO A R G 1k
AE F O H (259, H AR T =483 S0 7 M BB AR AT LU N B LRI FI R, ALk
HIERARASE 200 B 2355 R (multi-chip package, MCP) Filfiili fLAE A (through silicon via,
TSV) [260]. 20 E#HHH ARG EEHES, BAGH {55 A YR pad @ik LR
P25 %45 S BNV Y L A (Printed Circuit Board, PCB) b, AHHAE . FEEFLEA S B FH 3 Bk
AL 8 B B ELIR IR 725 o L3 B A 7 2 B PR T DA e ot ) EL T 8 2 11 1) AL
{H [F)BS t47 7E — LB, a0, MCP HRAEAELR R KRS IRINEA F I8 S, TSV HiR
AFAETT R RS o MRS AR ) 0 8L, [ P T P A B RS 75 2 51 N A M PR e FELORAP 2 o N
TS O IR BRI Z A8 E A f SR EEE AL, fe98H R00 R
BRI, ARG B AR R G A BRI EER 7 0] o 7E = AEHE S S R
T2 HIRHOR EEARER AR A ML LREAR, DL 6.7.1 W g3 EREHBE AR,

FABEHLR IR AR: S s s, Me B ARZHT 6G
A AR, 2l AR G B B A 7 U . ARG R A A4S
TR AR R PT BE ST, IX R 508 A G T HE S, BT AR & BN 2 2
T EBR ] (BUEH T 2 At ), 362 2@ wEE B Bl sk, s BT AR,
B0 ZF HALEE T LT, HEMEG LR EEE B2 M. BEE LA
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AR MIMO XL-MIMO Extremely Large-Scale MIMO

B RIS XL-RIS Extremely Large-Scale RIS

R R R 2R 1 ELAA Extremely large-scale antenna array
FATFHOHE R SIC Successive Interference Cancellation

B A AOA Angle of Arrival

Bk h 2 COA Curvature of Arrival

BT ] TOA Time of Arrival

H=AE R 3GPP 3rd Generation Partnership Project

FAL 1 EM Electromagnetic

ZHNZHH MIMO Multiple-Input-Multiple-Output

T Eve Eavesdropper

JEIERZ ZhEEEAN NOMA Non-Orthogonal Multiple Access

oG FRFT Fractional Fourier Transform

A3 T7 R 2% NMSE normalized mean-square error

G M) OAM Orbital Angular Momentum

7SI 2L ring-type codebook

FET HO R S (5 AR MHCM Map-based Hybrid Channel Model

BT U A LAS G A 7Y GBSM Geometry-based Stochastic Channel Model
WA 4 PT polar-domain transform

S CEINEY; #-r ATE P-MSRDN polar-domain multi-scale residual dense network
WAb 38 2 B 5% 22 B AR I 4% P-MRDN polar-domain multiple residual dense network
PR A 38 IE A U e 38 B i P-OMP polar-domain orthogonal matching pursuit
TG EEM TS E AL NF-JCEL near field joint channel estimation and localization
bW bk NFC Near-field Communications

el lApiA UCA Uniform Circular Array

AR X 35 VR visibility region

AR MA Movable Antenna

=hr 2tk SDMA spatial division multiple access,

5 HIA LA 4 DFT Discrete Fourier Transform

LR CAP Continuous-aperture

LR CF Cell-free

4= & MIMO HMIMO Holographic MIMO

IR P25 53 HTAX VNA Vector Network Analyzer

T DA% 4 MPT Microwave Power Transfer

i1 4y % it LDMA location division multiple access,

TR RE B AT WPT Wireless Power Transfer

TR ER WEH Wireless Energy Harvesting

Tod ARt SWIPT Simultaneous Wireless Information and Power Transmission
Ly/pL N ey PLS Physical Layer Security
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Z T8k i 7 CIR Channel Impulse Response

RIEIRASE B CslI Channel State Information

T RS B 7 PMI Precoding Matrix Indicator

IERZHHEA OMA Orthogonal Multiple Access

IEAZ VLB B LA OMP Orthogonal Matching Pursuit

ER A5 OFDM orthogonal frequency-division multiplexing
ER A5 OFDM Orthogonal Frequency Division Multiplexing
TE AT B 4517 [A] OTFS orthogonal time frequency space
HEeHRmE RIS Reconfigurable Intelligent Surface

K H AL MRT Maximum Ratio Transmission

S USEE MMSE Minimum-Mean Square Error
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